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PREFACE

It has been almost a decade since the first edition of Clinical Management of Diabetic
Neuropathy was published. Since then, all societies have seen an explosion in obesity and
diabetes. As a result, there is also an explosion in long-term diabetes complications,
including diabetic neuropathy. Diabetic neuropathy therefore remains a major health
problem that has not only serious consequences for the patient but also carries a signifi-
cant financial burden for the health care-providing organizations of every society.

Another change that has taken place since the last edition is the accumulation
of considerable data that has drastically expanded our knowledge regarding the
pathophysiology and natural history of the disease. Unfortunately, this expansion in
our knowledge has not been accompanied by success in treating diabetic neuropathy.
Thus, considerable clinical research efforts that employed various therapeutic modalities,
including aldose reductase inhibitors, nerve growth factor, and PKC beta inhibitors,
failed to provide positive results and are currently not expected to gain approval for
clinical use.

For Diabetic Neuropathy: Clinical Management, Second Edition, we have made ev-
ery effort to reflect the above changes. We have included new chapters that focus more
detail on the pathophysiology of the disease, and we have also expanded the sections
regarding the diagnosis and the management of the various presentations of diabetic
neuropathy. We feel very fortunate that we were able to recruit all leading authorities in
their respective fields, and we believe that this has tremendously increased the quality of
this edition. We therefore hope that this edition will be helpful not only to the practicing
clinicians but also to researchers who would like to examine this condition in more detail.

We would like to sincerely thank all of the contributors to Diabetic Neuropathy:
Clinical Management, Second Edition, as it is their hard work that has resulted in this
successful textbook. We would like also to thank Humana Press for their trust in our
abilities and all of their help in accomplishing this project.

Aristidis Veves, MD, DSc
Rayaz A. Malik, MBchB, PhD

vii



LisT oF CoLOR IMAGES

The images listed below appear in the color insert within the text.
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Color Plate 2.

Color Plate 3.

Color Plate 4.

Color Plate 5.

Color Plate 6.

Fig. 5, Chapter 6: Bar charts and Western blots showing the
effects of insulin, fidarestat and the p38 mitogen-activated
protein kinases inhibitor, SB239063. (See complete caption
on p. 103.)

Fig. 5, Chapter 8: Axoglial dysjunction is a characteristic
degenerative change of type 1 DPN. (See complete caption on
p. 142.)

Fig. 2, Chapter 13: (A) Localization of CML. (B) Quantification
of staining intensities of epineurial vessels, perineurium, and
endoneurial vessels. (C) Comparison of the staining intensity for
CML and the receptor for advanced glycation end products.
(See complete caption on p. 234.)

Fig. 3, Chapter 17: Normal human epidermal and dermal inner-
vation visualized with confocal microscopy. (See complete caption
on p. 297.)

Fig. 5, Chapter 17: (A) Method to measure collateral sprouting of
human epidermal nerve fibers. (B) Example of collateral sprouting.
(See complete caption on p. 302.)

Fig. 7, Chapter 17: For each subject, a regression line from

postcapsaicin time-points is generated and the slope of this line is
used as the rate of regeneration. (See complete caption on p. 304.)
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Color Plate 1. Bar charts and Western blots showing the effects of insulin, fidarestat and the
p38 mitogen-activated protein kinases inhibitor, SB239063. (Fig. 5, Chapter 6; see complete
caption on p. 103.)
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Color Plate 2. Axoglial dysjunction is a characteristic degenerative change of type 1 DPN.
(Fig. 5, Chapter 8; see complete caption on p. 142.)
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Color Plate 3. (A) Localization of CML. (B) Quantification of staining intensities of epineurial
vessels, perineurium, and endoneurial vessels. (C) Comparison of the staining intensity for CML
and the receptor for advanced glycation end products. (Fig. 2, Chapter 13; see complete caption

on p. 234.)

Color Plate 4. Normal human epidermal and dermal innervation visualized with confocal
microscopy. (Fig. 3, Chapter 17; see complete caption on p. 297.)



Color Plate 5. (A) Method to measure collateral sprouting of human epidermal nerve fibers.
(B) Example of collateral sprouting. (Fig. 5, Chapter 17; see complete caption on p. 302.)
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Color Plate 6. For each subject, a regression line from postcapsaicin time-points is generated
and the slope of this line is used as the rate of regeneration. (Fig. 7, Chapter 17; see complete

caption on p. 304.)
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1
Historical Aspects of Diabetic Neuropathies

Vladimir Skljarevski, MD

SUMMARY

Ancient records of diabetes generally contain no reference to its complications involving the
nervous system. A few rare exceptions describing autonomic and painful neuropathies are all
coming from the Orient. It was not until the 18" century that Western physicians started study-
ing diabetes and its complications. Eventually, the works of the 19™ century (de Calvi, Pavy)
clearly established the link between diabetes mellitus and diabetic neuropathies. The epochal
discovery of insulin in 1921 triggered a wide interest and more systematic approach to research
of diabetic complications, leading to S. Fagerberger’s conclusion that many of them share the
underlying microvascular pathology.

Key Words: History; diabetes; neuropathy; complications.

INTRODUCTION

The history of diabetic complications, including neuropathies, cannot be separated from
the one of diabetes itself. Ancient texts describing what is believed to be diabetes mellitus
represent clinical records of polyuric states associated with increased thirst, muscle wasting,
and premature death. In these early texts, neuropathic elements of the clinical picture of dia-
betes can be found extremely rarely. It was not until the 18th century that neuropathy became
recognized as a common complication of diabetes and the subject of scientific interest and
systematic studies. The epochal discovery of insulin opened a whole new chapter in the his-
tory of diabetes and diabetic neuropathies. However, everyone will agree that the problem
of diabetic complications, although extensively studied, is far from being solved.

THE ANCIENT PERIOD

The first ever record of diabetes appears to be the papyrus named after the Egyptologist
Ebers, who found it in an ancient grave in Thebes. It is written in hieroglyphs. The exact
time of its writing is unknown, but most estimates date it around 1550 Bc. It contains
descriptions of a number of diseases including a polyuric state resembling diabetes, which
was to be treated with a decoction of bones, wheat, grain, grit, green lead, and
earth (/). The term “diabetes” was first used by Aretaeus of Kappadokia in the
2nd century AD. It comes from the Greek prefix “dia” and the word “betes” meaning
“to pass through™ and “a water tube,” respectively (2). Ancient Greeks and Romans alike
saw diabetes as a disease of the kidneys. “Diabetes is a dreadful affliction, not very frequent

From: Contemporary Diabetes: Diabetic Neuropathy: Clinical Management, Second Edition
Edited by: A. Veves and R. Malik © Humana Press Inc., Totowa, NJ
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2 Skljarevski

among men, being a melting down of the flesh and limbs into urine. The patients never stop
making water and the flow is incessant, like the opening of aqueducts. Life is short,
unpleasant and painful, thirst unquenchable, drinking excessive, and disproportionate to the
large quantity of urine, for yet more urine is passed. One cannot stop them either from
drinking or making water. If for a while they abstain from drinking, their mouths become
parched and their bodies dry; the viscera seem scorched up, the patients are affected by nausea,
restlessness, and a burning thirst, and within a short time, they expire (/).”

It was not noticed until the 5th century AD that, at that time, rare condition of
polyuria was associated with sweet-tasting urine. Chen Chuan in China named it
“hsiao kho ping,” and made a note that the urine of the diseased is sweet and attracts
dogs. He recommended abstinence from wine, salt, and sex as treatment (/,3). At about
the same time Indian physician Susruta wrote in Sanskrit that the urine of patients is
like “madhumeha,” i.e., tastes like honey, feels sticky to the touch, and strongly attracts
ants (/,4). His treatment recommendation is colorfully summarized in the following
words: “A kind of gelatinous substance (silajatu) is secreted from the sides of the
mountains when they have become heated by the rays of the sun in the months of
Jyaishitha and Ashadha. It cures the body and enables the user to witness a hundred
summers on earth” (5).

Susruta may deserve credit for what seems to be the very first record of symptoms
attributable to diabetic neuropathy: “Their premonitory symptoms are—feeling of burn-
ing in the palms and soles, body (skin) becoming unctuous and slimy and feel heavy,
urine is sweet, bad in smell, and white in color, and profound thirst... Complications
(upadrava) include diarrhea, constipation, and fainting” (6). Susruta also made a very
important observation that the disease affects two types of people: the older, heavier
ones and the thin who did not survive long. All other known early records that most
likely represent a description of some form of diabetic neuropathy come from the
Orient. Persian philosopher and physician Ibn Sina, known as Avicenna (980-1037 AD)
in the West, described diabetes in his famous “El-Kanun.” He observed gangrene and
the “collapse of sexual function” as complications of diabetes (4). The same manifesta-
tion of autonomic neuropathy was recorded in ancient Japanese text containing a
detailed description of the “water-drinking illness” (mizu nomi yami) as suffered by
nobleman Fujiwara No Michinaga from the Heian Era (7,8).

THE MIDDLE AGES

During the Middle Ages, a number of writers made mention of diabetes, but not its
neurological complications. Interestingly, none of them spoke of the sweet properties of
urine either, and it was not until well into the 17th century when Thomas Willis recalled
attention to it. Another century had passed before Dobson, in 1775, showed that the
taste of diabetic urine depended on sugar, which he demonstrated by evaporating the
urine and producing the sugar in crystals (9). The Middle Ages should also be remem-
bered by the most poetic description of the diabetes-associated copious flow of urine
ever. It was made by the English poet and physician Sir Richard Blackmore in 1727.
“...as when the Treasures of Snow collected in Winter on the Alpine Hills, and dis-
solved and thawed by the first hot Days of the returning Spring, flow down in Torrents
through the abrupt Channels, and overspread the Vales with a sudden Inundation” (10).
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DIABETIC NEUROPATHY IN WESTERN MEDICINE

John Rollo, a surgeon of the British Royal Artillery, was systematically studying dia-
betes. He was probably the first person to use the adjective mellitus (from the Latin and
Greek roots for “honey”) to distinguish the condition from the similar one but without
glycosuria (in Latin, insipidus means tasteless). He was the first one to recommend a diet
low in carbohydrates as a treatment for diabetes. Rollo summarized his therapeutic experience
with diabetes in a book published in 1798 (11/). His detailed clinical observations include
symptoms consistent with diabetic autonomic neuropathy. “His skin is dry. His face flushed.
He is frequently sick, and throws up matter of a viscid nature, and of bitterish, and sweetish
taste. After eating he has a pain of his stomach, which continues often half an hour... He
makes much urine, 10-12 pints in the 24 hours, to the voiding of which he has urgent
propensities peculiarly distressing to him, and constantly dribbling” (11).

Despite his remarkable insight into the nature of diabetes, John Rollo failed to acknowl-
edge a direct link between diabetes and the nervous system. This was not the case with
Marchal de Calvi who, in 1864, correctly identified that relationship (/2). The works
generated at the end of the 19th century had definitively established the concept of peripheral
neuropathy as a complication of diabetes. In 1884, Althaus confirmed the findings of de
Calvi and emphasized the nocturnal character of pain (/3). In that same year, Bouchard
pointed to the fact that the knee-jerks are frequently absent in cases of diabetes (/4). A few
years later, Ross and Bury systematically studied reflexes in 50 patients with diabetes (15).
Frederick William Pavy, in his address to the Section of Medicine of the British Medical
Association, provided a classical description of neuropathic signs and symptoms associated
with diabetes, acknowledging the link between them. His description included “heavy legs,
numb feet, lightning pain and deep-seated pain in feet, hyperaesthesia, muscle tenderness,
and impairment of patellar tendon reflexes” (16). Pavy also made a point that occurrence
of neuropathic symptoms may precede that of clinical diabetes (16,17).

Davies Pryce, a resident surgeon of Nottingham Dispensary, deserves credit for
providing the first report on macro- and microscopic changes in peripheral nerves of
diabetic patients and suggesting a connection between “diabetic neuritis and perforat-
ing foot ulcers” (18). “It will be seen that a good many of the causes which have been
believed to produce perforating ulcers and peripheral neuritis were also present—i.e.,
cold, alcohol, diabetes, vascular disease, and continued pressure. It is probable that all
these played a part in the causation of the disease but I would venture to assign consid-
erable share to diabetes and vascular disease” (18).

Layden proposed the first clinical classification of diabetic neuropathies as follows:

1. Hyperesthetic or neuralgic form;
2. Motor or paralytic form; and
3. Ataxic or pseudotabetic form (79).

By the end of the 19th century, the awareness of diabetic neuropathy was sufficient
enough to enable Purdy to conclude: “It is rare to meet with a case of diabetes in which
there is not more or less nervous disturbance” (20). Charcot brilliantly summarized clin-
ical features of diabetic peripheral neuropathy (217). “He complains about flashing pain
existing for 18 months which wakes him up at night. The pain is occurring five and six
times a day, followed by hyperaesthesiae. He also has pins and needles in the legs which
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prevent him from feeling the nature of the floor. He always feels too hot or too cold in
his feet. On physical examination there is complete absence of patellar reflexes,
Rhomberg’s signs very positive, pupillary reflexes absolutely normal for light and
accommodation” (22). Scientific interest in diabetic neuropathies witnessed during late
19th century led to initiation of animal experiments in this field. Auche from Bordeaux,
France published the results of his experiments with injecting sugar into the nerves of
guinea pigs. He concluded that diabetic neuropathy was a vaso-motor problem, but that
the sugar itself did not play an important role in the pathophysiology of the disease (23).

THE MODERN ERA

Banting’s epochal discovery of insulin in 1921 changed not only the world of diabetes,
but also the history of medicine (24). The postinsulin era brought a surge of research activ-
ities related to diabetic neuropathies. Several authors, including Jordan and Broch, observed
a common dissociation between neuropathic symptoms and objective signs of disease
(25,26). Wayne Rundles from the University of Michigan published a review of 125 cases
of diabetic neuropathy. His observations created a basis for the suggestion that development
of neuropathy is dependent on the degree of glycemic control (27). The work of Rundles,
along with that of Root, significantly contributed to the understanding of diabetic autonomic
neuropathy (28). Garland provided a description of the predominantly proximal, often transient,
painful neuropathy not accompanied by sensory disturbances. He named the condition diabetic
amyotrophy (29,30). Stainess and Downie, in the early sixties, started using quantitative
sensory testing and nerve conduction studies in neuropathy research (37,32).

In 1959, Sven-Erik Fagerberg from Goteborg, on thoroughly studying 356 cases of
diabetes, proposed an association among diabetic neuropathy, retinopathy, and
nephropathy. In approx 50% of the cases, he performed microscopic analysis of peripheral
nerves and discovered substantial abnormalities in the nerve microvasculature, especially
prominent in those with clinical signs of neuropathy. By combining epidemiological
and pathological evidence, Fagerberg proposed the theory that diabetic neuropathy,
retinopathy, and nephropathy share an underlying microvascular pathology (33). In the
arena of diabetic neuropathies, the end of the 20th century will be remembered as
the period of large clinical trials testing potential therapeutic agents. So far none of the
agents tested, with the exception of insulin, have as both safe and capable of altering the
course of diabetic neuropathy (34). Therefore, the race continues.
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The Epidemiology of Diabetic Neuropathy
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SUMMARY

Peripheral neuropathy is a devastating complication of diabetes mellitus because of the debil-
itating symptoms it causes or associated higher risk of other complications, in particular those
involving the lower extremity. This chapter will review the prevalence, incidence, and risk fac-
tors for different types of diabetic neuropathy. There are seven major types of diabetic neuropa-
thy: (1) distal symmetric polyneuropathy, (2) autonomic neuropathy, (3) nerve entrapment
syndromes, (4) proximal asymmetric mononeuropathy (also known as diabetic amyotrophy), (5)
truncal radiculopathy, (6) cranial mononeuropathy, and (7) chronic inflammatory demyelinating
polyradiculopathy (CIDP). This chapter will focus mainly on the first two types of neuropathy,
but will review the available data on the epidemiology of the other types of neuropathy. Cross-
sectional or case—control studies conducted in a population-based sample (such as a defined
community or health plan enrollment) were considered for this chapter based on review of
Medline citations using the keywords “epidemiology,” “diabetes,” and “neuropathy” from 1966
to February 2005 review of bibliographies of the articles obtained from the Medline search for
relevant citations, and review of the authors’ files. Clinic-based cross-sectional or case—control
studies have not been considered except in the case of rare conditions, for which no other data
exists. All prospective studies, and some randomized controlled trials, were considered. Of the
five community-based cross-sectional studies reviewed of subjects with type 2 diabetes that pre-
sented data on risk factors for neuropathy, three reported a higher prevalence of this outcome
with longer diabetes duration and higher glycosylated hemoglobin, and two found neuropathy
prevalence correlated with age and height. Only three community-based cross-sectional studies
addressed neuropathy prevalence in subjects with type 1 diabetes in association with risk factors.
Two of these investigations reported a correlation between diabetes duration and neuropathy
prevalence. No other significant risk factor was reported by more than one community-based
study done with subjects with type 1 diabetes. Prospective research on the risk of distal sym-
metric polyneuropathy confirms its relationship to poorer glycemic control as reflected by fast-
ing plasma glucose or hemoglobin Alc (HbAlc) at baseline. Four prospective studies reported
duration of diabetes as a risk factor for neuropathy, three reported smoking as a risk factor, two
reported age and two reported baseline coronary artery disease as risk factors for neuropathy. The
literature on risk factors for diabetic autonomic neuropathy can be characterized as smaller in
size and less consistent in comparison with that available for distal symmetric polyneuropathy.
The only risk factor reported in more than one study was female gender, found to be associated
with higher risk by two authors. There have been no prospective population-based studies
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of diabetic amyotrophy and mononeuropathies in subjects with diabetes. However, some
prevalence figures for these types of neuropathy can be derived from a few cross-sectional
studies, which are described in the chapter. CIDP is a relatively new diagnosis. In 1991, the
American Academy of Neurology defined diagnostic clinical and electrophysiological criteria
for CIDP. All studies on CIDP are cross-sectional and clinic-based.

Key Words: Diabetic neuropathy; diabetes; epidemiology; incidence; prevalence; risk factors.

INTRODUCTION

Peripheral neuropathy is a devastating complication of diabetes mellitus (DM)
because of the debilitating symptoms it causes or associated higher risk of other com-
plications, in particular those involving the lower extremity. The epidemiology of dia-
betic neuropathy is not as well understood in comparison with other complications of
this metabolic disorder, including retinal, renal, and coronary artery disease. Different
peripheral nerves may be damaged through a variety of pathological processes as
described in other chapters of this book. This chapter will review the prevalence, inci-
dence, and risk factors for different types of diabetic neuropathy. The natural history of
diabetic neuropathy will be briefly described regarding foot complications.

There are seven major types of diabetic neuropathy:

Distal symmetric polyneuropathy.

Autonomic neuropathy.

Nerve entrapment syndromes.

Proximal asymmetric mononeuropathy (also known as diabetic amyotrophy).
Truncal radiculopathy.

Cranial mononeuropathy.

Chronic inflammatory demyelinating polyradiculopathy (CIDP).

Nk W=

This chapter will focus mainly on the first two types of neuropathy, but will review
the available data on the epidemiology of the other types of neuropathy. With the excep-
tion of nerve entrapment syndromes these remaining types occur infrequently.

EPIDEMIOLOGICAL PRINCIPLES RELEVANT TO THE STUDY
OF DIABETIC NEUROPATHY

In order to understand published research on the epidemiology of diabetic neuropa-
thy, certain principles of epidemiological study design must be taken into consideration.
These principles guided these authors in the selection of relevant citations and data pres-
entation. Cross-sectional or case—control studies conducted in a population-based sam-
ple (such as a defined community or health plan enrollment) were considered for this
chapter based on review of Medline citations using the keywords “epidemiology,” “dia-
betes,” and “neuropathy” from 1966 to February 2005 review of bibliographies of the
articles obtained from the Medline search for relevant citations, and review of the
authors’ files. Clinic-based cross-sectional or case—control studies have not been con-
sidered except in the case of rare conditions for which no other data exists, because of
the potential problem of selection bias associated with these study designs (7). All
prospective studies, and some randomized controlled trials, were considered.
Prospective research is less likely to be biased because of differences in probability of
subject selection based on disease (neuropathy) and risk factor presence. Prospective
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research is a stronger study design in inferring the possibility of causation, because the
presence of risk factors may be determined before neuropathy onset.

The problem of measurement error in the assessment of the presence or absence of
diabetic neuropathy is well recognized. Nerve conduction velocity, arguably the most
objective and accurate test available for the diagnosis of this complication, is known to
sometimes result in erroneous classification. For example, nerve conduction velocity
may be normal in diabetic subjects with symptoms of distal symmetric polyneuropathy
(2). This misclassification problem is even more problematic when a test result is used
to formulate a clinical plan for an individual patient, in comparison with epidemiologi-
cal analysis where population statistics are the result of interest. When misclassification
of neuropathy or risk factor status occurs nondifferentially (randomly), the net result is
bias of any observed difference toward the null value (/). Therefore observed differ-
ences found in an epidemiological analysis of risk factors for diabetic neuropathy
validly reflect potential causative factors for this complication, but probably underesti-
mate the magnitude of the risk increase. Epidemiological studies may draw valid con-
clusions regarding risk factors for diabetic neuropathy even if the techniques used to
measure neuropathy and the potential risk factor are known to be inaccurate.

DISTAL SYMMETRIC POLYNEUROPATHY—PREVALENCE AND RISK
FACTORS (CROSS-SECTIONAL RESEARCH)

Dyck et al. (3) examined the prevalence of neuropathy among all clinically diagnosed
diabetic subjects who resided in Rochester, Minnesota. Only 380 of 870 eligible sub-
jects (44%) agreed to participate, possibly because of concern about the lengthy neuro-
diagnostic study protocol. Neuropathy was defined if two criteria were satisfied:

1. Abnormal nerve conduction in more than one nerve or abnormal test of autonomic function
(low heart rate variation in response to breathing or the Valsalva maneuver).
2. Neuropathic symptom or sign or abnormal quantitative sensory testing.

Median duration of diabetes was 14.5 years for subjects with type 1 diabetes and
8.1 years for subjects with type 2 diabetes. Although the prevalence of neuropathy
was high (Table 1), most subjects with neuropathy were asymptomatic (about 71%).

A community-based study in San Luis Valley, Colorado, measured prevalence of neu-
ropathy in a bi-ethnic (Hispanic and Anglo) population (4,5). Neuropathy was defined
if two of three criteria were satisfied:

1. Neuropathic discomfort in feet and legs.
2. Abnormal Achilles tendon reflexes.
3. Inability to feel an iced tuning fork on the dorsum of the foot (test of thermal sensation).

Subjects with type 2 diabetes had the highest prevalence of neuropathy, whereas sub-
jects with IGT defined according to World Health Organization criteria had prevalence
about midway between normal glucose tolerance (NGT) and type 2 diabetes (Table 1).
No subjects with type 1 diabetes were included in this study. Significantly higher preva-
lence of neuropathy was found in relation to greater age, diabetes duration, glycosylated
hemoglobin, male gender, and insulin use. Factors not associated with neuropathy
prevalence included blood pressure, height, smoking, previous alcohol use, ankle-arm
index, and serum cholesterol, lipid, and lipoprotein levels.
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Table 1

Wheeler et al.

Distal Symmetric Polyneuropathy: Prevalence, Incidence, and Risk Factors
From Cross-Sectional Research Studies

Significant Odds ratio
Reference Subjects Prevalence risk factors (95% CI)
3 100 type 1 diabetes, 259 54% Not reported -
type 2 diabetes 45% - -
4 277 type 2 diabetes, 89 27% Age (5 year increase) 1.2 (1-1.4)
IGT, 496 NGT
11% Male gender 2.2 (1.2-4.1)
4% Diabetes duration 1.3 (1-1.6)
(5 year increase)
Glycosylated 1.3 (1-1.8)
hemoglobin
(2.5% increase)
Insulin use 2.7(1.4-5.2)
6 363 type 1 diabetes 34% Diabetes duration, 1.2 (1.1-1.2)
10 year increase
Glycosylated 1.4 (1.2-1.7)
hemoglobin
(1% increase)
HDL cholesterol 1.2 (1.1-1.3)
(0.13 mM)
decrease
Current smoking 2.2 (1.3-3.8)
Any macrovascular 2.3 (1-5.4)
disease
10 2405 DM, 20,037 30% type 1 Diabetes duration Not reported
non-DM diabetes,
38% type 2
diabetes
Hypertension Not reported
Poor glucose control  Not reported
11 1084 DM 14% Age at diagnosis Not reported
Diabetes duration Not reported
Plasma creatinine Not reported
Insulin dose Not reported
Orthostatic blood Not reported
pressure fall
12 1077 (20% type 1 Type 1 diabetes -
diabetes, 80% type Height (1 cm 1.06 (1-1.13)
2 diabetes) 17% increase)
Retinopathy 9 (7.7-10.3)

Type 2 diabetes
Height (1 cm
increase)

1.06 (1.03-1.08)

(Continued)
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Table 1 (Continued)
Significant Odds ratio
Reference Subjects Prevalence risk factors (95% CI)
Age (1 year increase)  1.02 (1-1.05)
Alcohol “units”’per 1.03 (1-1.05)
week (1 unit
increase)
HbA1c (1% increase) 1.2 (1.1-1.4)
Retinopathy 2.1 (1.7-2.6)
13 375 DM (78% type a Type 1 diabetes -
1 diabetes)
Age Not reported
Diabetes duration Not reported
Type 2 diabetes -
Height Not reported
14 137 type 2 diabetes,  53-63%, Not reported -
139 nondiabetic depending
controls on the test
15 2451 non-DM, 13.3% Age Not reported
419 DM non-DM,
28.5% DM
Ethnicity Not reported
Diabetes Not reported

“Not reported, because all persons with diabetes were not included in this survey

The Pittsburgh epidemiology of diabetes complications study included 363 subjects
with type 1 diabetes more than 18 years of age in a defined community (Allegheny
County, PA) (6-8). Two of three of the following criteria had to be satisfied to fulfill the
definition of neuropathy:

1. Abnormal sensory or motor signs on clinical examination.
2. Neuropathic symptoms.
3. Abnormal tendon reflexes.

Overall neuropathy prevalence was 34% (18% in 19-29 year olds, and 58% in those
30 years of age or older) (Table 1). Higher prevalence of neuropathy was associated
with longer diabetes duration, higher glycosylated hemoglobin, lower HDL-cholesterol,
smoking, and presence of peripheral vascular, coronary artery, or cerebrovascular disease
(Table 1). Another analysis of the Pittsburgh population explored the association between
physical activity and distal symmetric polyneuropathy among 628 subjects with type 1
diabetes between 8 and 48 years of age (9). Male subjects who reported higher historical
levels of leisure time physical activity (adjusted for diabetes duration, age, and current
activity levels) had a significantly lower prevalence of neuropathy. No association between
historical levels of physical activity and neuropathy prevalence was seen in females.

Data from the US National Health Interview Survey were used to generate neuropathy
prevalence statistics on a nationwide sample of diabetic subjects with diabetes (/0). A total
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of 2405 self-reported subjects with diabetes and 20,037 self-reported subjects without dia-
betes were surveyed for the presence of symptoms of neuropathy in the extremities (numb-
ness, pain, decreased hot or cold sensation). Prevalence of symptoms was more than three
times greater in subjects with diabetes vs subjects without diabetes (Table 1). Among sub-
jects with type 2 diabetes, higher prevalence of symptoms was associated with longer dia-
betes duration, hypertension, and self-reported frequent high blood glucose, whereas age,
gender, height, insulin treatment, and smoking were unrelated to this outcome.

A population-based survey in Western Australia included 1084 diabetic subjects with
diabetes, estimated to be 70% of the total that resided in this geographical area (/7).
Sensory neuropathy was defined as a bilateral reduction in pinprick sensation in the feet
during a sensory examination performed by endocrinologists. Neuropathy was found in
14% of subjects, and was related to greater age at diabetes diagnosis, diabetes duration,
plasma creatinine, insulin dose, and orthostatic blood pressure difference (Table 1).

In a survey of 10 general practices in an English community, 1077 subjects with dia-
betes were identified and screened for neuropathy (/2). Two of the following five crite-
ria fulfilled the definition of neuropathy:

Neuropathic foot symptoms.

Loss of light touch sensation.

Impaired pinprick sensation.

Absent ankle jerk reflexes.

Vibration perception threshold greater than 97.5% of an age-standardized value.

A e e

A total of 16.8% of subjects with diabetes fulfilled these criteria, in comparison with
750 non-diabetic subjects controls drawn from the same general practices. Risk factors
associated with higher neuropathy prevalence are shown in Table 1.

A survey of subjects with diabetes in a defined community in Sweden yielded 375 sub-
jects between the ages of 15-50 with diabetes (78% type 1 diabetes) (13). A vibrameter
was used to assess vibration threshold and pain sensation was evaluated with application
of an electric current to the foot. Among subjects with type 1 diabetes, neuropathy pres-
ence was associated with greater age, diabetes duration, and height, although the associa-
tion with height disappeared in multivariate analysis after adjustment for gender. Among
subjects with type 2 diabetes, neuropathy was associated with greater height only.

A survey of subjects with type 2 diabetes in a Dutch community revealed a high
prevalence of neuropathy, but also found that a substantial proportion of subjects with-
out diabetes also tested positive for neuropathy, probably because the high median age
of the population (70 years) (14). Proportion of subjects with diabetes and control sub-
jects with abnormal results by test is as follows: temperature 63% vs 49%, vibration
(128 Hz tuning fork) 53% vs 33%, and absent tendon reflexes 62% vs 21%. Analysis of
risk factors for neuropathy was not performed.

The 1999-2000 National Health and Nutrition Examination Survey (NHANES) (15)
examined 2873 men and women aged >40 years, and included 419 people with diabetes.
Peripheral neuropathy was assessed using self-reported symptoms and by testing foot
sensation with the 5.07 gauge Semmes-Weinstein nylon monofilament. The plantar sur-
face of the foot was tested for sensation at three sites on each foot. Peripheral neuropa-
thy was defined as >1 insensate area(s). The overall prevalence of peripheral neuropathy
was 14.8%, among whom over three-fourths were asymptomatic. Among individuals
without diabetes, the prevalence of peripheral neuropathy was 13.3% (95% confidence
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interval [CI] 11.4-15.3), of whom only 2.3% were symptomatic. The prevalence among
those with diabetes was 28.5% (95% CI 22-35.1%), among whom 10.9% were symp-
tomatic. The prevalence of peripheral neuropathy increased steeply with age and was
higher in non-Hispanic blacks, Mexican Americans, and people with diabetes.

Another community-based study that was conducted in two municipalities in Sicily
will be mentioned but not discussed in detail, because only subjects who responded
affirmatively to questions regarding the presence of symptoms of neuropathy were eval-
uated further by a neurologist (/6). This method likely led to considerable underascer-
tainment of neuropathy prevalence.

Although not community-based, two other cross-sectional studies are worthy of men-
tion because of their large sample sizes and, in one case, multinational composition. The
EURODIAB IDDM Complications Study examined prevalence of neuropathy, defined if
two or more of the following were present: symptoms, absence of two or more ankle or
knee reflexes, abnormal vibration perception threshold, and abnormal autonomic func-
tion (postural systolic blood pressure fall of 30 mmHg or more or loss of heart rate vari-
ability as demonstrated by an R-R ratio <1) (/7). The factors positively correlated with
neuropathy prevalence were age, diabetes duration, HbAlc, weight, current smoking,
severe ketoacidosis, macroalbuminuria, and retinopathy. The UK Prospective Diabetes
Study examined the association between neuropathy and potential risk factors among
newly diagnosed subjects with type 2 diabetes. Neuropathy was defined as absence of
both ankle reflexes or both knee reflexes, or mean biosthesiometer reading from both
great toes of 25 V or greater. A cross-sectional report on 2337 subjects at the onset of the
study found 5% of subjects had absent ankle or knee reflexes and 7% had abnormal bios-
thesiometer readings (/8). Neuropathy was significantly related to the presence of
smooth or hairless skin, but unrelated to HbAlc, fasting plasma glucose, smoking, serum
lipid and lipoprotein levels, and the albumin: creatinine ratio.

Of the five community-based cross-sectional studies reviewed of subjects with type 2
diabetes that presented data on risk factors for neuropathy, three reported a higher preva-
lence of this outcome with longer diabetes duration and higher glycosylated hemoglobin,
and two found neuropathy prevalence correlated with age and height. The remaining risk
factors reported were not reproduced by other investigators. The 1999-2000 NHANES
study did not determine which type of diabetes the patient reported, so it is not possible to
determine an association between diabetes type and risk factors. Only three community-
based cross-sectional studies addressed neuropathy prevalence in subjects with type 1
diabetes in association with risk factors. Two of these investigations reported a correlation
between diabetes duration and neuropathy prevalence. No other significant risk factor was
reported by more than one community-based study done with subjects with type 1 diabetes.
Cross-sectional research affirms the importance of intensity and duration of hyperglycemia
as potential risk factors for neuropathy, but also suggests other possible etiologies, as shown
in Table 1.

DISTAL SYMMETRIC POLYNEUROPATHY—INCIDENCE AND RISK
FACTORS (PROSPECTIVE RESEARCH)

The most important epidemiological study performed to date is the Diabetes Control
and Complications Trial (DCCT). Although designed to answer a therapeutic question,
this trial provides much valuable information regarding the incidence of diabetic neuropathy
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Fig. 1. Cumulative incidence of neuropathy after 5 years of follow-up in intensively treated
and control subjects enrolled in the diabetes control and complications trial. Definitions of neu-
ropathy and primary and secondary cohorts are provided in the text. Intensive treatment con-
sisted of three or more insulin injections per day or an insulin pump, in comparison with two
injections of insulin daily in the control group.

and its relation to glycemic control. This clinical trial included 1161 subjects with type
1 diabetes who were followed for 5 years for the development and progression of neu-
ropathy. Subjects were randomized to intensive or control treatment groups, after being
initially divided into a primary (diabetes for 5 years or less, no microalbuminuria, no
retinopathy) or secondary prevention (diabetes for 15 years or less, moderate or less
nonproliferative retinopathy, urinary albumin excretion less than 200 mg per 24 hour)
subgroups, depending on the presence of end point complications at baseline. Clinical
neuropathy was defined as two of the three following conditions: (1) neuropathic symp-
toms; (2) sensory deficit to light touch, position, temperature, or pinprick; and (3) abnor-
mal deep tendon reflexes. Confirmed clinical neuropathy was defined as an abnormal
clinical exam plus either abnormal nerve conduction in two or more nerves or abnormal
response to autonomic testing. After 5 years of follow-up, the cumulative incidence of
clinical neuropathy, confirmed clinical neuropathy, and abnormal nerve conduction was
lower in the intensively treated vs control groups, irrespective of presence of complica-
tions at baseline (Fig. 1). Among controls, the cumulative incidence of clinical neuropa-
thy was 15-21%, depending on presence of baseline complications. Cumulative
incidence of abnormal nerve conduction was very high among controls (40-52%). These
data demonstrate the crucial role of hyperglycemia in the development of distal symmetric
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polyneuropathy, but also suggest that neuropathy will continue to develop even in inten-
sively treated subjects exposed to milder degrees of hyperglycemia.

The UK Prospective Diabetes Study (UKPDS) (19), a randomized intervention trial
of intensive vs conventional diabetes treatment, enrolled 3867 subjects with newly diag-
nosed type 2 diabetes, with a median follow-up of 10 years. Neuropathy was defined as
loss of both ankle or both knee reflexes or vibration sensation measured with a bios-
thesiometer having a mean reading from both great toes of 25 V or more. At baseline
11.8% of subjects assigned intensive therapy, and 11.4% of subject’s assigned conven-
tional therapy had an abnormal biosthesiometer reading. After 12 years follow-up, on
average, there was no difference in the proportion of subjects with peripheral neuropa-
thy between the intensive and conventional treatment arms. Absent ankle reflexes were
found in 35% of subjects in the intensive treatment group and in 37% in the conven-
tional group (p = 0.60). Absent knee reflexes were found in 11% of subjects in the
intensive treatment group and 12% in the conventional treatment arm (p = 0.42).
Biosthesiometer readings were abnormal in 30.2% of the intensive treatment group and
32.8% in the conventional treatment group (p = 0.42).

The European Diabetes Prospective Complications Study identified risk factors for
the development of distal symmetric polyneuropathy in 1172 subjects with type 1 DM
in 31 centers throughout Europe (20). The subjects were assessed for neuropathy at
baseline and again an average of 7.3 years later. Neuropathy was defined if the patient
had two or more of the four measures: the presence of one or more symptoms such as
numbness or burning in the feet, the absence of two or more reflexes of the ankle or
knee tendons, a vibration-perception threshold measured by biothesiometer that was
abnormal for the patient’s age, and abnormal autonomic function (loss of heart rate
variability with an R-R ratio of less than 1.04, postural hypotension with a fall in
systolic blood pressure of 20 mmHg or more, or both). “Pure” peripheral neuropathy was
defined as distal neuropathy without autonomic symptoms or abnormal autonomic—
function tests. At follow-up, 23.5% of the subjects had developed neuropathy. After
adjusting for complications of diabetes, which included urinary albumin excretion
rate, retinopathy and cardiovascular disease, the risk factors for incident diabetic neu-
ropathy were duration of diabetes in years (Odds ratio [OR] 1.25, 95% CI 1.03-1.51),
current glycosylated hemoglobin per % of hemoglobin (OR 1.64, 95% CI
1.33-2.03), change in glycosylated hemoglobin value during follow-up period (OR
1.44,95% CI 1.17-1.77), body-mass index (OR 1.20, 95% CI 1.01-1.43), and smok-
ing (OR 1.68, 95% CI 1.20-2.36). The presence of cardiovascular disease at baseline
was independently associated with a higher incidence of neuropathy (OR 2.12, 95%
CI 1.16-3.86).

The Epidemiology of Diabetes Complications (2/) Study followed 453 subjects with
type 1 diabetes who were free of neuropathy at baseline, for an average of 5.3 years.
Diabetic peripheral neuropathy was defined as the presence of two or more of the follow-
ing: sensory, motor or autonomic symptoms, sensory and/or motor signs, and/or absent
tendon reflexes. A total of 68 subjects (15%) developed diabetic peripheral neuropathy by
the end of follow-up, giving an incidence rate of 2.8 per 100 person-years. Risk factors
identified at baseline for incident symmetric polyneuropathy in a Cox proportional
hazards model included (Hazard Ratio, 95% CI): type 1 diabetes duration, per 1 SD
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increase 1.82 (1.41-2.33); height, per 1 SD increase 2.04 (1.57-2.66); glycohemoglo-
bin, per 1 SD increase 1.64 (1.27-2.11); smoking, yes or no 1.73 (1.06-2.82); and
hypertension, yes or no 4.10 (2.33-7.24).

Several other prospective studies were designed to specifically define the incidence
of and risk factors for diabetic neuropathy. Of 288 veterans with diabetes but no neu-
ropathy, 20% developed neuropathy after 2 years of follow-up (22). Neuropathy was
defined as insensitivity to the 5.07 monofilament at one or more of nine sites on either
foot. Risk factors for incident neuropathy in multivariate logistic regression analysis
included (OR, 95%CI): height, 2.5 cm increase 1.2 (1.1-1.4); previous foot ulcer 2.1
(1-4.1); age, 1 year increase 1.04 (1-1.08); glycohemoglobin, 1% increase 1.2 (1-1.3);
CAGE alcohol score (23), four questions answered positively vs none 7 (1.7-29); cur-
rent smoking 0.2 (0.1-0.7); and serum albumin level adjusted for serum creatinine,
1 mg per dL increase 0.3 (0.1-0.8).

The Rochester Diabetic Neuropathy Study (24) invited all the subjects with diabetes
that lived within the geographical confines of Rochester, Minnesota to participate. The
study reported on 264 subjects, 97 with type 1 diabetes and 149 with type 2 diabetes,
who were followed for a mean of 6.9 years. Although this study is prospective, inci-
dence of neuropathy was not evaluated. Severity of neuropathy was the outcome stud-
ied. Neuropathy was defined using the neuropathy impairment score of lower limbs plus
7 tests. These tests included vibration testing at the toes, heart rate variation with deep
breathing, and nerve conduction studies of the lower extremity motor and sensory
nerves. There was a 36.4% prevalence of at least one nerve conduction abnormality in
two or more nerves. Only 9.5% of these subjects were symptomatic. Higher mean gly-
cohemoglobin, duration of diabetes, and type 1 vs type 2 diabetes were associated with
the severity of diabetic peripheral neuropathy. However, the authors did not adjust for
baseline severity of neuropathy.

Another investigation followed 231 subjects with type 2 diabetes, who were free from
distal symmetric neuropathy at baseline, for a mean follow-up period of 4.7 years to
assess risk factors and incidence of this outcome (25). Distal symmetric neuropathy was
defined as described previously for the San Luis Valley cross-sectional study. Incidence
of this outcome was 6.1 per 100 person-years (95% CI 4.7-7.8). In a logistic regression
model that included age, duration of type 2 diabetes, insulin treatment, glycohemoglo-
bin, smoking, Hispanic ethnicity, gender, history of myocardial infarction, and angina,
the following factors were independently related to neuropathy incidence: Duration of
type 2 diabetes (5 year increase) (OR 1.3, 95% CI 1-1.6); current smoking (OR 2.2, 95%
CI 1-4.7), and history of myocardial infarction (OR 3.5, 95% CI 1.2-9.7). Insulin treat-
ment (OR 2, 95% CI 0.9-4.4) and female gender (OR 1.7, 95% CI 0.9-3.3) were asso-
ciated with neuropathy incidence at borderline statistical significance.

Data from a cohort of subjects with type 1 diabetes seen within 1 year of diagnosis
at Children’s Hospital of Pittsburgh were analyzed after four years of follow-up to
assess the incidence of neuropathy in relation to baseline glycemic control, defined as
poor (glycosylated hemoglobin 11% or greater, n = 220) or fair (less than 11%, n =438)
(26). Distal symmetric polyneuropathy was defined as presence of two of three criteria:
neuropathic symptoms, decreased or absent tendon reflexes, or signs of sensory loss.
Four year cumulative incidence of this outcome in this cohort of subjects with a mean
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age of 28 years, all of whom were diagnosed before age 17, was 13%, with an approx
threefold higher risk in poor vs fair control groups (RR 3.2, p < 0.001).

Finnish subjects with newly diagnosed type 2 diabetes (n = 133) were followed for
10 years for the development of peripheral neuropathy defined on the basis of nerve
conduction velocity and clinical symptoms (27). At baseline, 4.5% of subjects had
polyneuropathy, whereas after 10 years of follow-up this proportion increased to 20.9%.
Higher cumulative incidence of neuropathy was related to higher baseline fasting
plasma glucose, lower fasting serum insulin, and lower serum insulin one and two hours
following a 75 g oral glucose load. Baseline age, smoking, alcohol use, serum lipid val-
ues, urinary albumin excretion, and use of antihypertensive medication were unrelated
to incidence of polyneuropathy after 10 years.

A sample of 444 younger onset (diagnosed with diabetes before 30 years of age and
taking insulin) and 406 older onset diabetic subjects without neuropathy from an 11
county area in Wisconsin were followed for up to 10 years for the development of self-
reported loss of tactile sensation or temperature sensitivity (28). Higher glycosylated
hemoglobin was related to higher incidence of symptomatic neuropathy, even after
adjustment for age, duration of diabetes, and gender in a multivariate model.

The only other prospective study of risk factors for diabetic neuropathy that
enrolled more than 100 subjects compared baseline measures of HbAlc, age, dia-
betes duration, and height in relation to change in thermal, vibration, and monofila-
ment perception of the feet more than two years of follow-up in 201 medical clinic
subjects with type 2 diabetes (30% African—American, 67% Hispanic) (29). Subjects
were divided into an upper fiftieth percentile change for all sensory tests vs those
with change less than the fiftieth percentile for all tests. The comparisons of baseline
measures by this classification did not show significant differences for any potential
risk factor.

Four other small prospective studies have been performed on risk factors for diabetic
neuropathy. A cohort of subjects with type 1 diabetes (n = 96) enrolled in a randomized
control trial of intensive glucose control was followed for development of neuropathy
defined as two or more abnormal lower extremity nerve conduction velocities or abnor-
mal vibration or thermal sensation (30). No association was found between baseline
HbA1c and incidence of neuropathy over 5 years of follow-up, although higher HbAlc
during follow-up was significantly related to this outcome, except for change in vibra-
tion sensation, which was related to diabetes duration only. In another cohort of subjects
with type 1 diabetes, 77 subjects ages 25-34 years without clinical neuropathy at base-
line were followed for 2 years for the development of clinically overt neuropathy (as
previously defined for the Pittsburgh Epidemiology of Diabetes Complications Study)
(31). Nephropathy (defined as an albumin excretion rate greater than 200 g per min on
at least 2 of 3 occasions) and higher vibration perception threshold at baseline inde-
pendently predicted the development of neuropathy, which occurred in 9% of subjects.
Change in vibration sensation was measured over five years in a cohort of 71 newly
diagnosed subjects with type 2 diabetes (32). Mean fasting blood glucose over the
5-year period, male gender, age, and body mass index positively correlated with change
in vibration sensation threshold. A study of 32 newly diagnosed subjects with type 1
diabetes followed for 5 years found poorer glucose control (HbAlc of 8.3% or greater)
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related to diminished nerve conduction and decreased thermal (but not vibration)
sensation (33).

One large cohort study is worthy of mention for historical purposes. Pirart followed
4400 subjects with diabetes in a Belgian clinic for the development of complications
between 1947 and 1973 (34). The cumulative incidence of neuropathy was 50% after
25 years of follow-up, and was found to occur more frequently in subjects with poorer
glucose control by urine and blood testing. Although the sample size of this study is
impressive, its methodology is compromised by a vague definition of neuropathy and
outdated methods for measurement of glycemic control.

Prospective research on the risk of distal symmetric polyneuropathy confirms its rela-
tionship to poorer glycemic control as reflected by fasting plasma glucose or HbAlc at
baseline, as reported by nine of the eleven largest (more than 100 subjects) and two
smaller (less than 100 subjects) cohort studies. Four prospective studies reported dura-
tion of diabetes as a risk factor for neuropathy, three reported smoking as a risk factor,
two reported age, and two reported baseline coronary artery disease as risk factors for
neuropathy. The following potential risk factors were reported in one prospective study:
male gender, height, increase in body-mass index, nephropathy, high CAGE alcohol use
score, low serum albumin level, insulin treatment, nonsmoking, and fasting and stimu-
lated serum insulin levels. However, another prospective study produced contradictory
results by finding female gender and current smoking associated with neuropathy (25).
Whether these discrepant results arise from differences in neuropathy definition, dis-
similar patient populations, or both, cannot be determined at the current time.

PREVALENCE, INCIDENCE, AND RISK
OF AUTONOMIC NEUROPATHY

Diabetic autonomic neuropathy has been the subject of fewer research investigations
in comparison with distal symmetric polyneuropathy. The Framingham Heart Study
performed a cross-sectional evaluation of the 1919 people from the Framingham
Offspring Study who had ambulatory electrocardiographic recordings available (35).
Subjects were categorized according to normal fasting blood glucose (<110 mg per dL),
impaired fasting blood glucose (>110 and <126 mg per dL), or DM (fasting blood
glucose >126 mg per dL and/or the use of insulin or an oral hypoglycemic agent).
Autonomic neuropathy was defined by a time domain variable, the standard deviation
of normal RR intervals, and three frequency domain variables (low frequency [LF
0.04-0.15 Hz], high frequency [HF 0.15-0.40 Hz] and the LF:HF ratio). The authors
adjusted for age, sex, body-mass index, heart rate, systolic and diastolic blood pressure,
hypertension treatment, cardiac medications, cigarette smoking, and coffee and alcohol
consumption in multivariable regression analysis. It was found heart rate variability was
decreased in subjects with diabetes, in comparison with subjects with normal fasting
glucose. The subjects with impaired fasting glucose had decreased heart rate variability
intermediate between those with diabetes and those with normal fasting glucose. In a
community-based cross-sectional study of 168 subjects with type 1 diabetes, abnormal
autonomic function, as measured by the expiratory:inspiratory (E:I) ratio and the mean
circular resultant, was associated with female gender, high LDL-cholesterol, and hyper-
tension (36). In addition, abnormal E:I ratio was related to low HDL-cholesterol,
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whereas abnormal mean circular resultant was associated with higher serum triglyc-
erides. Definitions for abnormal E:I ratio or mean circular resultant were not provided
in this publication.

Several prospective studies of autonomic neuropathy risk have been reported. The
DCCT found mixed results regarding the association between intensive glucose control
and 5 years cumulative incidence of autonomic neuropathy defined as R-R variation
with breathing less than 15 per minute, Valsalva ratio less than 15 with R—R variation
with breathing less than 20 per minute, or orthostatic blood pressure drop of 10 mmHg
or more with a blunted catecholamine response (Fig. 1) (37). Greater R—R variation
with breathing was seen with intensive treatment in the primary prevention cohort only
at the end of follow-up, whereas Valsalva ratio did not differ by intensive treatment in
either cohort. A Finnish cohort of 133 newly diagnosed subjects with type 2 diabetes
was followed for 10 years for the development of parasympathetic neuropathy defined
as an E:I ratio of 1.10 or lower, and sympathetic neuropathy, defined as an orthostatic
systolic blood pressure decline of 30 mmHg or more (38). At baseline, 4.9% of subjects
with type 2 diabetes had parasympathetic neuropathy, although apparently none had
sympathetic neuropathy. After 10 years of follow-up, rates of these neuropathies were
65 and 24.4%, respectively. In a stepwise logistic regression model that considered as
independent variables age, gender, body mass index, systolic blood pressure, fasting
plasma insulin and glucose, and ischemic ECG changes, only fasting plasma insulin
(OR 3.1, 95% CI 1.3-7.6) and female gender (OR 3.4, 95% CI 1.2-9.8) were inde-
pendently and significantly related to cumulative incidence of parasympathetic neu-
ropathy. In a similar logistic model for sympathetic neuropathy cumulative incidence
that considered all these factors plus use of diuretic medication, only diuretic use
entered the model at p < 0.05 (OR 2.9, 95% CI 1-8.2). The previously mentioned
Stockholm clinical trial followed 96 subjects with type 2 diabetes for changes in auto-
nomic function as measured by respiratory sinus arrhythmia, Valsalva maneuver, and
orthostatic blood pressure fall (30). Baseline HbA1c was unrelated to change in auto-
nomic function, but HbAlc during 5 years of follow-up was significantly related to this
outcome. The remaining prospective study was small in size (n = 32 subjects with type
1 diabetes), and found poorer glucose control (HbAlc > 8.3%) related to diminished
heart rate variability at rest and during deep breathing over five years of follow-up (33).

The UK Prospective Diabetes Study evaluated the heart-rate response to deep breath-
ing as one of the surrogate end points (/9). There was no difference between the inten-
sive and conventional diabetes treatment groups after 12 years of follow-up. However,
the median basal heart rate was 69.8 beats per minute (IQR 62.5-78.9) in the intensively
treated group in comparison with 74.4 beats per minute (IQR 65.2-83.3) in the con-
ventional group (p < 0.001).

The Steno-2 Study (39) randomized 160 subjects with type 2 diabetes with microal-
buminuria to conventional treatment or to intensive, multifactorial treatment which pro-
vided a stepwise implementation of behavior modification and pharmacological therapy
that targeted hyperglycemia, hypertension dyslipidemia, and microalbuminuria, along
with secondary prevention of cardiovascular disease with aspirin. Subjects were fol-
lowed for a mean of 7.8 years. Autonomic neuropathy was defined as heart rate varia-
tion on deep breathing. R-R variation higher than 6 beats per minute was considered
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normal, 4-6 was considered impaired, and less than 4 to have absent variation.
Orthostatic hypotension was defined as a drop in systolic blood pressure of 25 mmHg
or more. At baseline, 27% of these subjects with microalbuminuria had autonomic neu-
ropathy. Autonomic neuropathy progressed in 43 subjects (53%) in the conventional
treatment group and in 24 subjects (30%) in the intensive-therapy group. The hazard
ratio was 0.37 (95% CI 0.18-0.79).

The literature on risk factors for diabetic autonomic neuropathy can be characterized
as smaller in size and less consistent in comparison with that available for distal sym-
metric polyneuropathy. The only risk factor reported in more than one study was female
gender, found to be associated with higher risk by two authors. The absence of a con-
sistent relationship between glucose control and autonomic neuropathy risk raises the
possibility that the course of this complication is set soon after diabetes develops and is
not amenable to change thereafter, or that available research, including the DCCT, may
have been statistically underpowered for the detection of this association.

DIABETIC AMYOTROPHY AND MONONEUROPATHIES
IN PERSONS WITH DIABETES

There have been no prospective, population-based studies of diabetic amyotrophy
and mononeuropathies in subjects with diabetes. However, some prevalence figures for
these types of neuropathy can be derived from a few cross-sectional studies. In a cross-
sectional survey based in Rochester, Minnesota, asymptomatic carpal tunnel syndrome
(CTS) was found in 22% of those with type 1 diabetes and 29% of those with type 2
diabetes, whereas the corresponding prevalence for symptomatic cases was 11% and
6%, respectively (40). Ulnar and femoral cutaneous entrapment was found in 2% of
type 1 diabetes and 1% of type 2 diabetes subjects. Cranial mononeuropathy and trun-
cal radiculopathy were not observed in the Rochester population, whereas proximal
asymmetric polyneuropathy was identified in 1% of type 1 diabetes and type 2 diabetes
subjects (40). No incidence data were available for any of these types of neuropathy.

In a cross-sectional, hospital-based study, O’Hare et al. (4/) studied the presence of var-
ious types of neuropathy (by interview assessment) in 800 consecutive subjects with dia-
betes (336 type 1, 464 type 2) treated at one diabetes center and 100 subjects without
diabetes attending an otolaryngology clinic. The prevalence of neuropathy in subjects with
diabetes was 22.9%. Less common types included amyotrophy (total prevalence: 0.8%),
oculomotor neuropathy (0.1%), peroneal neuropathy (0.1%), and truncal neuropathy
(0.1%). Risk factors for neuropathy in type 1 diabetes were age (56.7 & 15 years in subjects
with neuropathy vs 44.9 + 18 years in those without neuropathy, p < 0.001) and duration
of diabetes (17 % 10 years in subjects with neuropathy vs 13 + 9 years in those without neu-
ropathy, p < 0.001). In type 2 diabetes, age was also associated with neuropathy (64.2 =9
years in subjects with neuropathy vs 60 + 12 years in those without neuropathy, p < 0.002).
Unlike previous epidemiological studies, the O’Hare study documented the presence of
various types of neuropathy, in addition to diabetic peripheral neuropathy, in a large group
of subjects with diabetes. However, the interview assessment of sensory neuropathy was
likely to be insensitive, and the study was neither prospective nor population-based.

Another cross-sectional study assessed the presence of median mononeuropathy (MM)
in 414 subjects with diabetes and mild neuropathy enrolled in a randomized controlled
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treatment trial of tolrestat vs placebo (42). MM was defined by criteria from nerve con-
duction studies and was differentiated from CTS, a diagnosis based on history, physical
exam, and electrophysiological findings. The prevalence of MM was 23%, and it was
associated with longer duration of diabetes in both type 1 (22.5 years in subjects with
MM vs 16 in those without MM, p = 0.003) and type 2 diabetes (8.8 years in subjects
with MM vs 7.0 years in those without MM, p = 0.034). In type 2 diabetes, height and
body mass index were also predictors of MM. The inclusion of subjects with mild neu-
ropathy already enrolled in a treatment trial creates selection bias. A fourth cross-
sectional study of CTS included 470 subjects from a diabetes clinic, a neurology clinic,
and community volunteers (43). Fifty-two had neither diabetes nor neuropathy, 81 had
diabetes without neuropathy, and 337 had diabetes and neuropathy. The prevalence of
CTS, determined by clinical evaluation using accepted criteria, was 2% in subjects with-
out diabetes, 14% in patient with diabetes without neuropathy, and 30% in subjects with
diabetes and polyneuropathy. CTS was linked to a longer duration of diabetes (14 £ 12.5
years in those with neuropathy vs 10.8 £ 10.7 years in those without neuropathy). This
study was one of few that examined the point prevalence of CTS in subjects with dia-
betes, and like the one previously described, suggests that MM and CTS are common
in people with diabetes, especially in those with diabetic peripheral neuropathy.
However, since these studies are neither prospective nor population-based, these results
may be biased and cannot be extrapolated to the general diabetic population.

Case—control studies have addressed whether diabetes is a significant risk factor for
CTS. In the earliest study, 156 cases were identified from the population by self-
report (n = 28) and from neurology clinic (n = 128), and controls were 476 subjects
without CTS from the community (44). The diagnosis of CTS was confirmed by neu-
rophysiological testing. Significant independent risk factors were height (per 1 cm) (OR
= 0.9), frequent wrist activities (OR = 1.1), leg varicosities in men (OR = 9.8),
menopause in the previous year (OR = 2.3), and hysterectomy (OR = 1.8). In order to
examine the effect of selection bias, risk factor analysis was repeated for the 28 cases
derived from the population (rather than clinic) and yielded similar results. The low dia-
betes prevalence in cases (2.6%) and controls (3.7%) resulted in lower power and pre-
cluded any conclusion about diabetes as a risk factor. Three other case—control studies
concluded that diabetes is a risk factor for CTS. In one large retrospective case—control
study of enrollees of New Jersey Medicare or Medicaid programs during a 3-year
period, 627 people who underwent open or endoscopic CTS procedures were selected
as cases, and 3740 controls were frequency-matched by age and gender with the cases
(45). Risk factors were inflammatory arthritis (OR 3.1, 95% CI 2.2-4.2), corticosteroid
use (OR 1.6,95% CI 1.2-2.1, DM (OR 1.4, 95% CI 1.2-1.8), female sex (OR 1.6, 95%
CI 1.3-2), and hemodialysis (OR 9, 95% CI 4.2-19.6). Although this study did have a
large sample size, it suffers from several limitations: retrospective study design; selec-
tion bias (subjects who underwent surgery may have had more severe CTS); potentially
inaccurate case ascertainment (clinical conditions were defined by diagnostic codes and
prescriptions, not by chart review); and a failure to adjust for obesity, which may
causally influence the association between diabetes and CTS.

Two more recent case—control studies also suggest that diabetes may be risk factor
for CTS but again have limited validity because of similar weaknesses in study design
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to those already described (46,47). In the first, both cases and controls were drawn from
hospitals and clinics, and controls included subjects with upper limb symptoms who did
not meet electrophysiological criteria for CTS (46). In the second, cases were subjects
who had undergone a CTS procedure, and controls were seen for general reconstructive
surgery or presented with acute hand symptoms to a plastic surgeon (47). Of note, one
major strength of the first study was that it did present the results of both multivariable
analysis (in which diabetes was a significant risk factor with CTS) and stratified analy-
sis using obesity as a stratifying factor (46). After adjusting for obesity, diabetes was no
longer a significant risk factor.

CHRONIC INFLAMMATORY DEMYLINATING POLYRADICULOPATHY
(CIDP) IN PERSONS WITH DIABETES

CIDP is a relatively new diagnosis. In 1991, the American Academy of Neurology
defined diagnostic clinical and electrophysiological criteria for CIDP (48). All studies on
CIDP are cross-sectional and clinic-based. In one study, cases were requested by letter
from neurologists in four Thames health regions in southeast England (49). The personal
case series of two investigators were also included. The subjects’ clinical data were
reviewed to confirm the diagnosis of CIDP by standard diagnostic criteria established by
an ad hoc subcommittee. The degree of certainty of the diagnosis was classified as definite,
probable, possible, or suggestive. Population statistics were obtained from the Office of
Population Censuses and Survey. The prevalence of definite and probable CIDP in the
Southeast Thames region was 1/100,000. In this study, case ascertainment may have been
affected by the fact that reported cases were excluded if there was no available confirmatory
data. In addition, authors noted that a tertiary referral center in one of the four Thames
health regions had a special focus on inflammatory neuropathy (49). In a second similar
study, cases and relevant clinical data were requested from all 94 neurologists in New
South Wales, and 84% responded. Population data was derived from the Australian
national census (50). The crude prevalence of CIDP in New South Wales was
1.9/100,000. And the crude annual incidence was 0.15/100,000 (50).

One large cross-sectional study examined the possible association between diabetes
and CIDP. Among 1127 subjects seen in an electrophysiology lab over a 14 month
period, 189 subjects (16.8%) had diabetes (51). The prevalence of CIDP (diagnostic
criteria modified from the American Academy of Neurology in 1991) was 16.9% in
subjects with diabetes and 1.8% in subjects without diabetes (OR 11.04, 95% CI
6.1-21.8, p < 0.001). There was no difference in the prevalence of CIDP in type 1 and
type 2 diabetes (26.7% vs 16.1%, p = 0.49). This study demonstrated selection bias
because subjects referred to the electrophysiological laboratory tended to have more
severe neuropathy and possibly a greater likelihood of CIDP. In order to determine
which clinical manifestations are linked to types of neuropathy other than diabetic
polyneuropathy, Lozeron et al. (52) examined and performed nerve conduction studies
on 100 consecutive subjects with diabetes with symptomatic neuropathy referred to
one neurology center over 3.25 years. The prevalence of CIDP (by clinical presentation
and nerve conduction studies) was 9%. The sample size of this case series was small,
and the results reflect selection bias and cannot be generalized to the whole diabetic
population.
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NEUROPATHY AS A RISK FACTOR FOR DIABETIC FOOT ULCER

A key factor in the pathogenesis of diabetic foot complications is the loss of protective
sensation because of advanced neuropathy. Two case—control studies and four prospective
studies demonstrate a higher risk of foot ulcer in association with sensory lower limb neu-
ropathy as measured with the 5.07 monofilament or the biothesiometer. The earlier of the
two case—control studies addressed whether neuropathy and vasculopathy were risk factors
for foot ulceration in 46 subjects with diabetes and foot ulcers and 322 control subjects in
a general medicine clinic (53). Neuropathy was assessed by vibratory, monofilament, and
ankle tendon reflex testing. Ankle-arm blood pressure indices and transcutaneous oxygen
pressure (TcPO2) on the dorsal foot were used to assess the presence of peripheral vascu-
lar disease. In multivariable logistic regression analysis, absence of Achilles tendon reflexes
(adjusted OR 6.48, 95% CI 2.37-18.06), abnormal 5.07 monofilament test (adjusted OR
18.42, 95% CI 3.83-88.47), and TcPO2 < 30 mmHg (adjusted OR 57.87, 95% CI
5.08-658.96) were significant risk factors for foot ulceration (53).

In the second case—control study, 225 age-matched subjects with diabetes were
enrolled sequentially at several clinics in one large diabetes center (54). Seventy-six cases
had existing foot ulceration or recently healed foot ulceration, and 149 controls without
ulceration were also recruited. Neuropathy, defined as a vibration perception threshold >
25 volts measured with a biothesiometer, was the most significant risk factor for foot
ulceration (OR 15.2). Other risk factors included history of amputation (OR 10); elevated
plantar pressure (> 65 N per cm?, OR 5.9); > one subjective symptom of neuropathy (OR
5.1); hallux rigidus, hallus valgus, or toe deformity (OR 3.3); poor diabetes control (OR
3.2); longer duration of diabetes (OR 3), and male sex (OR 2.7). This study was thorough
in its assessment of all risk factors documented in previous studies. However, the clinic-
based study population was not a random sample, and it was not prospective (Table 2).

In the earliest of the four prospective studies, diabetic American Indians (n = 356)
with impaired foot sensation to the 5.07 monofilament had a 9.9 fold increase in risk of
incident foot ulcer over a mean of 2.7 years of follow-up (55). Higher vibration per-
ception threshold (>25 V) as measured with a biothesiometer was associated with a
nearly sevenfold increase in foot ulcer risk among 469 diabetic subjects followed for at
least 3 years (56). In the third prospective study, two hundred forty-eight subjects from
three large diabetic foot centers were screened for neuropathy using the Neuropathy
Symptom Score, the Neuropathy Disability Score, the biothesiometer, and the 5.07
monofilament (57). Over 30 months, risk factors for foot ulcers were a Neuropathy
Disability Score =5 (RR 3.1. 95% CI1.3-7.6),a VPT 225V (RR 3.4, 95% CI 1.7-6.8),
abnormal 5.07 monofilament test (RR 2.4, 95% CI 1.1-5.3), and a plantar foot pressure
>6 kg per cm? (RR 2.0, 95% CI 1.2-3.3). Recruiting consecutive subjects was less likely
to yield a healthy population. Also, it is not clear how closely subjects were followed
for the development and treatment of new ulcers.

The largest of these prospective cohort studies followed 749 subjects with diabetes
enrolled in a VA general medicine clinic for an average of 3.7 years (58). At baseline the
subjects underwent a very thorough evaluation of multiple potential risk factors. Case ascer-
tainment bias was minimized by regular surveillance of subjects by study personnel and as
needed assessments of newly developed foot lesions by study staff. Potential bias owing
to loss to follow-up was minimized, and, on completion, data was available for 77% of
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subjects enrolled. Independent risk factors for foot ulceration included foot insensitivity
to the 5.07 monofilament (RR 2.2, 95% CI 1.5-3.1), past history of amputation (RR 2.8,
95% CI 1.8-4.3), past history of foot ulceration (RR 1.6, 95% CI 1.2-2.3), insulin use (RR
1.6, 95% CI1.1-2.2), Charcot deformity (RR 3.5, 95% CI 1.2-9.9), 15 mmHg lower dor-
sal foot transcutaneous PO, (RR 0.8, 95% CI 0.7-0.9), 20 kg higher body weight (RR 1.2,
95% CI 1.1-1.4), 0.3 higher ankle-arm index (RR 0.8, 95% CI 0.7-1), poor vision (RR
0.9, 95% CI 1.4-2.6), and 13 mmHg orthostatic BP fall (RR 1.2, 95% CI 1.1-1.5) (58).
This study and others emphasized the importance of screening for loss of protective sen-
sation in daily clinical practice in order to identify those subjects at risk who require inten-
sive education and other interventions in order to prevent foot ulceration.

TYPE 1 DM VS TYPE 2 DM

There is very little data for a direct comparison of the incidence and prevalence of
neuropathy in the two major types of diabetes. Comparison between studies is very dif-
ficult because of the different methods used for defining neuropathy. The DCCT, which
studied subjects with type 1 diabetes, showed after 5 years follow-up that abnormal
nerve conduction in at least two nerves occurred in 15-30% of subjects that were tightly
controlled, and in 40-52% of controls (37). In the UKPDS, which studied subjects with
type 2 diabetes, after 6 years follow-up, biosthesiometer readings in both toes were
abnormal in 19% of intensively treated subjects and in 21% of conventionally treated
controls (19). These two studies cannot be directly compared because the methods of
defining neuropathy, and the time intervals at which results were described, are both dif-
ferent. However, the frequency with which the control subjects in the DCCT trial devel-
oped abnormal nerve conduction is striking. Broadly speaking, it is possible that tight
control may have a greater effect on reducing incidence of diabetic neuropathy in type 1
diabetes compared with type 2 diabetes.

IS IMPAIRED GLUCOSE TOLERANCE A RISK FACTOR
FOR DIABETIC NEUROPATHY?

The San Luis Valley Diabetes Study demonstrated a higher prevalence of distal sen-
sory neuropathy among subjects with IGT in comparison with NGT (11.2% vs 3.5%)
(4). This finding was not supported in a study of 51 Swedish subjects with persistent
IGT for 12 to 15 years who were in comparison with 62 age-matched nondiabetic con-
trols (59). Nerve conduction velocities did not significantly differ between the IGT and
the NGT groups. Abnormal heart rate variation with breathing was more common in
IGT vs NGT subjects (29% vs 8%, p < 0.01), suggesting that IGT may increase the risk
of developing autonomic neuropathy. The Framingham Heart Study found that heart
rate variability was lower in subjects with impaired fasting glucose, in comparison with
subjects with normal fasting glucose, but this result was not statistically significant after
adjusting for clinical variables (35). Whether IGT increases risk of diabetic sensory or
autonomic neuropathy cannot be determined from available data.

IMPLICATIONS FOR FUTURE EPIDEMIOLOGICAL RESEARCH

Research on the epidemiology of diabetic neuropathy is at an earlier stage in com-
parison with other diabetic complications. Considerable advances would occur in this
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field if standardized definitions were developed and used in multiple investigations,
although care should be taken to avoid protocols that would be burdensome to study
participants, because these would increase the likelihood of bias because of unac-
ceptably low participation rates. Also, measurement methods should be used which
easily translate into clinical practice. Important potential confounding variables must
be considered in future studies, including alcohol consumption in particular, height,
and possibly nutritional factors as well. Further investigation of the association
between hyperlipidemia and risk of neuropathy is warranted to examine the possibil-
ity that this complication may have, in part, a macrovascular etiology. Prospective
studies of large cohorts of diabetic subjects would likely yield the best quality infor-
mation concerning potential causative risk factors for diabetic neuropathy. Because of
the low frequency of occurrence of diabetic focal neuropathies, the case—control
approach would be best suited to identify risk factors for these outcomes. One can
hope that these efforts will lead to better methods to prevent this difficult to manage
complication of DM.
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Genomics of Diabetic Neuropathy

Andrew G. Demaine and Bingmei Yang

SUMMARY

Diabetes is associated with considerable mortality and morbidity due to the long term complications
of the disease. Diabetic neuropathy is a major complication of diabetes and there is increasing
evidence to implicate genetic factors together with elevated blood glucose in the susceptibility
to this condition. The majority of the studies on the genomics of diabetic neuropathy have
focussed on the gene coding for aldose reductase (AKRIB1). Polymorphisms of this gene have been
associated with neuropathy. However, the Human Genome Project is likely to provide many more
novel candidate genes that play a key role in the pathogenesis of this condition.

Key Words: Aldose reductase; diabetes; diabetic nephropathy; genetics; neuropathy; polyol path-
way; retinopathy.

INTRODUCTION

Diabetes mellitus is characterized in the later stages of the disease by several chronic
disorders often termed ‘“diabetic complications.” These diabetic complications arise
from a combination of factors including genetic, metabolic, and vascular factors.
Diabetic neuropathy is one of the most common diabetes complications, but remains the
least understood (/). The prevalence of diabetic neuropathy varies according to duration
of diabetes ranging from 10% within 1 year of diagnosis to more than 50% after 25
years of the disease (2—4). Diabetic neuropathy is a heterogeneous condition that
includes acute reversible syndromes as well as a chronic disease state (5—7). This het-
erogeneity strongly implicates multiple factors contributing to the disease process (8).

The environmental factors that have been associated with the susceptibility, develop-
ment, and progression of diabetic microvascular complications include gender, HLA
type, age at onset of diabetes mellitus, duration of disease, degree of metabolic control,
pubertal development, growth hormone secretion, and presence of proteinuria as well as
C-peptide (9—14). There are several metabolic and vascular pathways that have been
identified as contributors to the pathogenesis of diabetic neuropathy. These include
increased flux through the polyol pathway, nonenzymatic glycosylation, altered neu-
rotrophism, insulin and C-peptide action, activation of protein kinase-C, apoptosis, and
oxidative-nitrosative stress. Gene expression promoters such as transforming growth
factors-o, vascular endothelial growth factors (VEGF) and the transcription factor
nuclear factor-kB (NF-kB) have attracted a great deal of interest (Fig. 1).

From: Contemporary Diabetes: Diabetic Neuropathy: Clinical Management, Second Edition
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Fig. 1. Hyperglycemia-induced metabolic abnormalities because of increased flux through
the polyol pathway.

GENETIC FACTORS AND DIABETIC NEUROPATHY

Over the past few years considerable data have emerged showing that genetic factors
make an important contribution to the pathogenesis of diabetic microvascular compli-
cations (/5). This explains why certain patients with good glucose control still
develop diabetic microvascular complications, whereas, there are those with poor
control who appear to escape the long-term complications of diabetes. The United
Kingdom Prospective Diabetes Study showed that strict glycemic control can mod-
ify the risk of microvascular disease in patients with type 2 diabetes mellitus
(T2DM). Previously, the Diabetes Control of Complications Trial (DCCT) in
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patients with type 1 diabetes mellitus (T1DM) showed that strict glycemic control
can both delay the onset of microvascular complications and slow the rate of pro-
gression of already established complications. The DCCT was able to demonstrate
a nonlinear relationship between the life-time risk of complications and mean levels
of HbAlc (16,17).

CANDIDATE GENES

A number of genetic models have been proposed for the interaction of the diabetic milieu
with genetic background of the individual. These include models in which the genetic factors
modify the progression of the disease or possibly glycemic control (18,19). Clearly, this
would explain why some patients with well-controlled diabetes still develop complications,
wheras others with poorly controlled diabetes “escape” any complications. There is a wide-
spectrum in the incidence of microvascular disease between patients. For example, it is
well-known that the majority of patients with nephropathy have retinopathy, but there are
those who have retinopathy and normal renal function even after many years of diabetes.
This heterogeneity in phenotype is a major problem in the design and interpretation of
genetic studies. Until the genetic factors that contribute to each phenotype are known, it is
unwise to assume that the same genes contribute to the same degree in all the tissues.

Previous family, transracial, and epidemiological studies strongly suggest that genetic
factors are important in the susceptibility to diabetic nephropathy as well as retinopathy.
These findings were supported by the DCCT showing familial clustering of diabetic
microvascular complications (20). The sequencing of the human genome now enables
the positional cloning of multifactorial disease genes to be pursued. Several types of
mutations exist including single nucleotide polymorphisms (SNPs), dinucleotide repeats,
and microsatellites. These polymorphisms might be located in the promoter region of the
gene and affect transcription or translation, and not infrequently determine the level of
expression of the protein product (27). High density SNP maps have been used to iden-
tify the potential genetic components of complex disease (22). To date, there are only
limited studies of whole genome screening for determinants of microvascular disease.
Sib-pair linkage analysis was used to identify susceptibility loci for diabetic nephropa-
thy in Pima Indians with T2DM (23). The study suggested that chromosomes 3 and 9
might be important areas, but the strongest linkage was with the region harbouring ALR2
on chromosome 7. Recently, chromosomes 10 has been identified as a possible region
for determining the decline of renal function, whereas chromosome 18 has been postu-
lated to be important in caucasoid T2DM patients (24-26). Tanaka et al. (27) have
reported association of solute-carrier family of 12 members, three with diabetic
nephropathy, in a Japanese study by using the genome-wide analysis.

Genetic models can also be used to identify the susceptibility risk factor. Rogus et al.
(28) have studied the genetic association between diabetic complications and diabetes
duration by using a genetic model. Genetic models might be used to study a single
major genetic effect whereby, carriage/noncarriage of a risk allele essentially indicates
who will become affected, and a subtle minor genetic effect that simply shortens or
lengthens the duration at which onset occurs. On a broader level, these results highlight
the need to be cognizant of diabetes duration before onset of proteinuria or other late
diabetic complications in family-based trio studies. To date, there have been no family
studies looking at diabetic neuropathy.
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The understanding of the mechanisms of brain and nervous system function has been
greatly aided by the discovery of genes responsible for specific neurological disorders.
These results will hopefully allow the genetic factors responsible for diabetic neuropa-
thy to be identified and enable the following objectives to be realized:

1. Identification of the culprit gene(s) and the associated defect;

2. Understanding the mechanism by which the gene is regulated in the normal and diabetic state;
3. Developing molecular diagnostic approaches; and

4. Applications of this knowledge toward development of therapeutic regimens.

Any gene, that is involved in the aforementioned pathways could become a candidate
gene. In the next sections the evidence for putative candidate genes will be reviewed
(Tables 1-3).

Aldose Reductase (ALR2 or AKR1B1)

Under normal conditions glucose is metabolized by three key pathways, primarily by
a hexokinase-dependent phosphorylating pathway to form glucose 6-phosphate, which
then enters the glycolytic pathway to form lactate, or the hexose monophosphate shunt
to form pentose-phosphate. Second, glucose might be oxidized to gluconic acid through
an NAD*-dependent glucose dehydrogenase. Finally, nonphosphorylated glucose might
enter an accessory pathway of glucose metabolism known as the polyol pathway.
Aldose reductase is the first and rate-limiting enzyme in the polyol pathway. It is widely
distributed in human tissues including Schwann cells. Reduced glutathione synthesis,
impaired nitric oxide synthesis, reduced Nat, K*-ATPase activity, increased protein
kinase (PK)-C activity as well as a redox imbalance have all been identified as critical
changes secondary to enhanced aldose reductase activity that precipitate the develop-
ment of diabetic neuropathy (29-34). Aldose reductase inhibitors can prevent excess
polyol pathway flux, and hence these agents might prevent nerve conduction velocity
deficits by preventing p38 MAP kinase activation (35). The overexpression of human
aldose reductase in mice with diabetes is associated with neuropathy and can be pre-
vented by an aldose reductase inhibitor (36). Transgenic mice overexpressing aldose
reductase in Schwann cells show more severe nerve conduction velocity deficit and
oxidative stress under hyperglycemic stress (37). In those mice, the level of reduced glu-
tathione (antioxidant) in the sciatic nerve was found to be correlated with the severity
of motor nerve conduction velocity deficit. Growing evidence indicates that ALR2 has
a key role in oxidative stress in the peripheral nerve and contributes to superoxide pro-
duction by the vascular endothelium (review in ref. 38).

ALR?2 is a member of the NADPH-dependent monomeric aldo—keto oxidoreductases
with a wide array of substrates. ALR2 can reduce the byproducts of glucose metabo-
lism, such as methyglyoxal, 4-hydroxynonenal, and 3-deoxyglucosone (39,40). Glucose
is not the preferred substrate for ALR2. It is more efficient in reducing various aromatic
and aliphatic aldehydes such as glyceraldehyde (41).

ALR?2 has been isolated from a number of tissues in man (42—45). It is possible that
the high levels of ALR2 enzyme activity and protein are genetically determined because
of polymorphisms either in the coding or, promoter region of the gene. These genetic
variations might in turn modulate the risk of diabetic microvascular complications in
association with various other metabolic, genetic, and environmental factors.
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Table 1
Summary of Studies Investigating Polymorphisms Within the Promoter Region
of the Aldose Reductase Gene in TIDM and T2DM
Microvascular ~ Polymorphisms
Ethnic population complication studied Association  References
T1DM
Caucasian Nephropathy (CA)n + 57
(Plymouth, UK)
N=159
Caucasian Neuropathy (CA)n + 104
(Plymouth, UK)
N=275
Caucasian/Hispanic Nephropathy (CA)n + 70
(USA) N=108
Caucasian (Milan, Nephropathy (CA)n +
Italy) N=70
Caucasian (Australian) Retinopathy (CA)n + 63,64
N=164 C(-106)T +
Caucasian (Australian) Retinopathy (CA)n + 63,64
N=164 A(+11842)C +
Caucasian Nephropathy (CA)n - 67
(Birmingham, UK)
N =340
Caucasian Retinopathy (CA)n + 58
(Plymouth, UK) C(-106)T +
N =229
Caucasian Nephropathy (CA)n + 66
(Boston, USA) C(-106)T +
N=414
Caucasian Nephropathy (CA)n - 67
(Belfast, UK) C(-106)T +
N=242
Caucasian (N of E, UK) Nephropathy (CA)n -
N=162 C(-106)T +
Caucasian (Australian) Nephropathy (CA)n - 105
N=76 Neuropathy (CA)n -
T2DM
Chinese (Hong Kong, Retinopathy (CA)n + 56
China) N =44
Japanese (Osaka, Retinopathy (CA)n + 59
Japan) N=170
Japanese (Kurume, Retinopathy (CA)n + 106
Japan) N = 87 Nephropathy (CA)n -
Neuropathy (CA)n -
Japanese (Yamanashi, Retinopathy (CA)n + 60

Japan) N =61

(Continued)
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Table 1 (Continued)
Microvascular ~ Polymorphisms
Ethnic population complication studied Association  References

Caucasian (Boston, Nephropathy (CA)n - 107
USA) N=576

Japanese (Shiga, Nephropathy (CA)n - 65
Japan) N =304

Caucasian (Madrid, Retinopathy (CA)n + 108
Spain) N =27

Caucasian (N of E, Nephropathy (CA)n - 67
UK) N =223 C(-106)T +

Pima Indian (Arizona, Nephropathy (CA)n -
USA) N =327 C(-106)T -

Chinese (Hong Kong, Retinopathy (CA)n - 61
China) N = 384

Chinese (Changsha, Retinopathy C(-106)T + 55
China) N = 145 C(-12)G

Chinese (Hong Kong, Nephropathy (CA)n +
China) N = 145

Caucasoid (Finnish) Neuropathy- C-11G; C-106T + 68
N=285 progression (CA)n

The ALR2 gene is localized on chromosome 7q35 (AKRIBI, NM001628) (45).
Pseudogenes have also been found on other chromosomes (46). The gene extends more
than 18 kb and contains 10 exons that code for a 1384 bp mRNA. The basal promoter
activity is located between position —192 and +31. Several cis-regulatory elements have
been isolated and point mutations in certain sequences such as the TATTTA reduced
promoter activity to 35% of the wild-type DNA. The basal promoter region contains a
consensus sequence for an androgen response element, three osmotic response element
(ORE) sequences, ORE-A, ORE-B, and ORE-C, a sequence homologous to an Ap-1
site and also a microsatellite dinucleotide (AC) repeat sequence. In man, the ORE
sequences are situated approximately 1200 bp upstream of the initiation site and maxi-
mum activity is obtained when all three ORE sequences are present (47). The tonicity-
binding protein (TonEBP), has recently been characterized and shown to bind to the
ORE sequences and now known to be nuclear factor of activated T-cells-5 (48,49).
TonEBP is a homodimer that adopts a NF-xB-like structure to allow it to bind to DNA
and completely encircle the helix to increase the kinetic stability of the TonEBP-DNA
complex. High glucose increases nuclear factor of activated T-cells-5 binding to the
OREs, which are located in the promoter region of the gene. This was significantly
increased in patients with diabetic microvascular complications in comparison with
those without.

AKRIBI can be activated by a number of factors. For instance, tumor necrosis factor
can initiate its expression possibly by the binding of the transcription factor NF-xB to
the NF-xB regulatory element that shares extensive homology with the ORE (49).
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Table 2
Candidate Gene Studies in Diabetic Neuropathy
Gene Variant Result Disease References
SOD?2 and SOD3 Mn-SOD + DNu 109
Extracellular-SOD
PON Q192 allele + Complications 110
PONI 55 LM + Complications 110
PON?2 311 C/S + Complications 110
APOE 4/4 + Severity of Nu 111,112
2 Protective allele
PONI GIn192Arg 192Arg + DR 113
Mn-SOD (SOD2) Ala (-9)Val + Neu T1DM 114
EC-SOD (SOD3) Arg213Gly - Neu TIDM 114
Neuro D GCC45ACC + Early-onset 115
Ala45Thr T2DM
CAT T(-262)C + Neu TIDM 116
CAT C1167T - Neu TIDM 116
GPX1 Pro/Leu - Neu TIDM 116
GSTTI 0/+ - Neu TIDM 116
GSTM1 0/+ - Neu T1DM 116
SOD2 (Mn-SOD) Ala(-9)Val + Neu TIDM 109
SOD3 (EC-SOD) Arg213Gly + Neu TIDM 109
NOS2 Microsatellite + Neu T1IDM 117
SOD2 Ala(-9)Val + Neu TIDM 118
SOD3 Arg213Gly + Neu TIDM 118
APOE Eplison4 - DNu 119
Endothelial Nitric Glu 298ASP - DN (n=116) 120
Oxidase Synthase  (G849T) DR (n=171)
DNu (n = 103)
Na/K ATPase Al BglII + DNu 91
G protein B3 subunit  C825T DN, DR, and DNu 121

The promoter region also has glucose (or carbohydrate) response elements (GRE) as it
is stimulated by hyperglycemia (50,57). Glucose-specific regulation of ALR2 has been
demonstrated in human retinal pigment epithelial cells, although this effect was not
apparent in Schwann cells of rats (52,53).

5’ALR2

The first polymorphisms in the AKRIBI gene were identified in 1993 (54). A num-
ber of additional polymorphisms have been identified in the AKRIBI gene. Of particular
interest has been the (AC)n microsatellite dinucleotide repeat sequence polymorphism
in the 5’ region of the gene. This dinucleotide repeat polymorphism designated 5’ALR2
is located approximately 2.1 kb upstream of the initiation site of ALR2 close to the ORE
sequences. A C—106T SNP situated in the basal promoter region of the ALR2 gene has
also been studied, as well as a A(+11842)C SNP within intron 8. Finally, a C(-12)G
SNP has also been reported (55).
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Table 3
Functional Gene Studies in Diabetic Neuropathy
Gene Result Outcome References
Glut5 Increase Sciatic nerve in rats 122
Neurotrophin-3 Increase Sensory nerve in rats 123
VEGF Increase 84
AKRIBI and SDH Increase 53
AKRIBI Increase 124
Insulin-like growth Increase Responsible for the delay 125
factor-1 Delayed in NGF response in
expression diabetic rats
Nerve growth Factor Decrease 126
Neuropeptides 126
substance P
Calcitonin 126
gene-related peptide
Adipocytokines Affect nerve T2DM with neuropathy 127
(tumor necrosis conduction
factor-o., adiponectin, velocity
and leptin)
Activating transcription Increased in STZ mice 128
factor 3 neurons

More than 12 alleles of the 5’ALR2 locus have been detected in different popula-
tions. The most common allele has been designated Z and consists of (AC),, repeats,
whereas the Z-2 allele contains (AC),, repeats and conversely, the Z+2 allele (AC),
repeats. A similar nomenclature has been adopted for the remaining alleles. Interestingly,
the Z 5’ALR?2 allele is the most common among all populations irrespective of the ethnic
background.

The 5’ALR?2 locus has been associated with diabetic retinopathy, nephropathy, and
also neuropathy in patients with TIDM as well as T2DM who are from different ethnic
backgrounds (Table 1). In 1995, Ko et al. (56) showed that the frequency of the Z-2
allele of the 5’ALR?2 locus is increased in early onset diabetic retinopathy in 44 unre-
lated Chinese (Hong Kong) patients with T2DM. The Z-2 allele was found in 59% of
patients with early onset diabetic retinopathy in comparison with only 9% with no
microvascular complications. This was later confirmed in a British caucasoid popula-
tion of patients with TIDM and nephropathy (and coexistent retinopathy). Whereas the
frequency of the Z—2 allele was increased in those subjects that had retinopathy alone,
in comparison with uncomplicated subjects who had gone for at least 20 years without
developing any retinopathy, proteinuria, or overt neuropathy this was not significant
probably because of the small number of subjects (57,58). There have now been numer-
ous studies, the majority of which have shown a clear association between the Z—-2 allele
and diabetic microvascular complications (Table 1).

An exception was the study by Fujisawa (59), who investigated the 5’ALR2 locus in
T2DM subjects of Japanese origin. Eleven different alleles were found and a striking asso-
ciation was found with the length of the allele and diabetic retinopathy. The prevalence
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of short alleles (Z—4 and Z-2) was higher in patients with retinopathy, whereas longer
alleles were more common in those without retinopathy. Another study of the 5’ALR2
locus in Japanese patients with T2DM found an increased frequency of the Z—4 “short”
allele in those patients with proliferative retinopathy (60). In contrast, the Z+2 “long”
allele was associated with the absence of retinopathy. A study of 384 late onset T2DM
subjects of Hong Kong Chinese origin found no significant difference in the frequency of
Z+2/Z and Z-2 alleles between patients with or without diabetic retinopathy (61).
However, there was a significant increase in the frequency of the Z—4 allele in those with
retinopathy in comparison with those without. The high rate of progression of prolifera-
tive retinopathy might be associated with the Z—2 allele in caucasoid patients with T2DM.
The Z allele (long allele) was associated with a fivefold reduction in the appearance of
retinopathy (62). In a study of young Caucasoid adolescents with T1DM, Kao (63,64)
showed that the Z-2 allele was significantly higher in those with retinopathy in compari-
son with those without. The patients with retinopathy tended to be much younger and had
more rapidly progressive form of the disease. These results have since been replicated and
confirmed in a British Caucasoid population (58).

It is intriguing why the length of the microsatellite should be associated with diabetic
microvascular complications. It is possible that the microsatellite might alter the tertiary
structure of the promoter and regulatory regions. This could modify the efficiency of bind-
ing of transcription factors such as TonEBP or, glucose (carbohydrate) response element
binding protein. Alternatively, the allelic variation might be in linkage disequilibrium with
another mutation that might affect the expression or function of the gene. There has been
remarkable consistency between the published studies. There have been reports where no
association has been found (Table 1). Maeda (65) studied Japanese patients with T2DM
and found no association between any of the alleles and retinopathy.

C(-106)T

This is a C to T SNP located close to the basal promoter region at position —106. Kao
(63,64) studied young adolescent Caucasiod TIDM subjects with or without diabetic
retinopathy and found the C(—106) allele was associated with the Z-2 5’ALR2 allele in
patients with retinopathy, whereas the C as well as the T alleles were associated with the
Z+2 allele in the uncomplicated group. Similar results were found by Demaine (58),
who showed that the C—106 and Z-2 5’ALR2 alleles are strongly associated with
retinopathy in a large cohort of British Caucasoid patients with TIDM. In patients with
T1DM as well as T2DM with nephropathy associations have been found with the 7-106
allele rather than the C—106 allele (66,67). The reason for this discrepancy is unclear,
but probably is a reflection of the heterogeneity of patient populations and the disease.

Sivenius (68) recently showed in Finnish patients with T2DM that the 7-106 allele was
associated with lower sensory response amplitudes in the peroneal, sural, and radial
nerves. During follow-up for more than 10 years, the 7—106 allele was associated with a
higher decrease in the conduction velocity of the motor peroneal nerve in comparison with
those with the CC-106 genotype. No association was found with the 5’ALR?2 alleles.

The study by Moczulski was the first to investigate the 5’ALR2 and —106 polymor-
phisms in a family based study using the transmission disequilibrium test. Families used
in this study had TIDM with or without persistent proteinuria or diabetic nephropathy,
and were of Caucasoid origin. There was a trend for preferential transmission of the Z-2
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allele in the case of comparison with the control trios (54% vs 46%, respectively). There
was preferential transmission of the 7-706 allele in the case trios in comparison with
the controls (54% vs 37%, respectively).

A(+11842)C

This SNP occurs at the 95th nucleotide of intron 8 and is the BamHI restriction
endonuclease site that had previously been reported by Patel (54,63,64). This polymor-
phism is strongly associated with diabetic retinopathy in adolescent T1DM subjects of
Caucasoid (Australia) origin.

ALR2 Haplotypes

The presence of the three polymorphisms across the ALR2 gene enables haplotypes
to be defined. This might increase the specificity and sensitivity of the association.
Using this approach it was found that the Z-2/C/A (5’ALR2/-106/+11842) haplotype
accounted for more than 30% of all those found in patients with TIDM and nephropa-
thy and in only 12.5% of the long-term uncomplicated subjects. More than 33% of the
latter group had either Z+2/C/C or, Z+2/T/C, or Z+2/T/A haplotype. The odds ratio of
having a “protective” haplotype and not developing microvascular complications of dia-
betes after 20 years duration was more than 9.

ALR?2 Polymorphisms and Gene Expression

Marked differences in ALR2 enzyme activity and protein levels have been found
between patients with or without diabetic microvascular complications. Recently, these
studies have been extended to include expression of the AKRIBI gene. Patients with
T1DM and nephropathy have been found to have threefold higher ALR2 mRINA levels in
comparison with those without nephropathy or nondiabetic renal disease and using highly
sensitive ribonuclease protection assays, this increase was found to be closely linked with
the Z-2 5’ALR?2 allele (69,70). Patients with at least one copy of the Z-2 allele had more
than twofold higher levels of ALR2 mRNA in comparison with those without the Z-2
allele. Among the nondiabetic subjects there was no effect of the Z—2 allele on mRNA
levels. Hodgkinson used ribonuclease protection assays to investigate the expression of
both ALR2 as well as sorbitol dehydrogonase (SORD) in peripheral blood mononuclear
cells of British caucasoid patients with TIDM that have been exposed to hyperglycemia
(31 mM p-glucose) for 5 days in vitro (5/). Those patients with nephropathy and coexistent
retinopathy had markedly increased levels of ALR2 mRNA in comparison with those with
no microvascular disease after 20 years duration of TIDM or normal healthy controls.
Those subjects with the Z-2 5’ALR2 allele had the greatest abundance of mRNA
confirming the linkage between this site and expression of the gene.

Attempts have also been made to ascertain the functional role of the 5’ALR2
alleles. Ikegishi (60) used luciferase reporter assays to show that promoter region con-
taining the Z—4 allele had significantly higher transcriptional activity than constructs
containing a “long” allele. In preliminary studies, Yang (7/) showed that the 2.1 kb
promoter region that contains both Z—2 and C—106 alleles had significantly higher
transcriptional activity than promoter regions containing any other combination of
alleles. This increase was most apparent at normal tissue culture conditions, whereas
the “protective” haplotype Z+2/T-106 had a considerably reduced level of activity.
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In a preliminary study, the C—106 allele alone has been associated with enhanced
transcriptional activity in cultured human retinal pigmented epithelial cells.

Protein Kinase-C

There is ample evidence supporting the hypothesis that abnormal activation of PKC
in the diabetic state is important for the development of diabetic microvascular com-
plications. There are at least 12 isoforms of PKC. High glucose-induced damage of
mesangial cells is associated with the preferential activation of specific PKC isoforms:
PKCB1 and PKCB2. Araki et al. (72) studied 9 SNP in PKCBI gene and identified the
DNA sequence differences in the promoter of PKCB/ that might contribute to diabetic
nephropathy in TIDM. These results have not been confirmed in other studies.

Advanced Glycation End Product and Receptor
of Advanced Glycation End Product

Nonenzymatic glycation is a process in which glucose can covalently attach itself to
amino groups of proteins without the aid of enzymes to form advanced glycation end
products (AGEs). Inhibition of AGE formation can ameliorate some of the features of
diabetic neuropathy as well as nephropathy and retinopathy (73,74). Misur et al. (75)
observed that AGE localization was present in the endoneurium, perineurium, and
microvessels in diabetic peripheral nerves.

Neuronal dysfunction is closely associated with activation of NF-xB (76), and several
studies have indicated that ligation of the receptor of advanced glycation end product
(RAGE) results in sustained activation of NF-xB (77,78). The ligand-RAGE-interaction
results in an activation of NF-kB, increased expression of cytokines, chemokines, and
adhesion molecules, and induces oxidative stress. Haslbeck et al. (79) study has shown
that RAGE, NF-kB, and the RAGE ligand N(¢)-carboxymethyl lysine as well as inter-
leukins are all present in sural nerve biopsies of patients with vasculitic neuropathy. N(€)-
carboxymethyl lysine, RAGE, NF-kB, and interleukin-6 were expressed by CD4(+),
CD8(+), and CD68(+) cells, whereas control tissue showed only weak staining. These
data suggest that the RAGE pathway might have a critical proinflammatory role in vas-
culitic neuropathy. Polymorphisms have been identified in the RAGE gene, but to date
have not been associated with diabetic neuropathy.

Vascular Endothelial Growth Factor

VEGEF is a cytokine that has been proposed to play a key role in the pathogenesis of
diabetic microvascular complications (80—82). The expression of the gene is regulated by
changes in oxygen tension and redox imbalance in the cell (83). VEGF induces vascular
endothelial cell proliferation, migration, and vasopermeability in many types of tissues. Its
expression is increased under hyperglycemic conditions in the peripheral nerves and dor-
sal root ganglia in rodent models of diabetic neuropathy (84). This increase might play a
role in complete nerve regeneration under diabetic conditions. VEGF gene transfer for
neuropathy was performed in patients with diabetic neuropathy and experimental diabetic
neuropathy in animals (85,86). These studies supported the notion that diabetic neuropa-
thy results from microvascular ischemia involving the vasa nervorum and raise the feasi-
bility of a novel treatment strategy for patients with neuropathy. Polymorphisms in the
promoter region of VEGF have been studied in diabetic nephropathy and retinopathy (87).
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Oxidative and Nitrosative Stress

Oxidative stress is a major risk factor in the development of diabetic complications.
There are several enzymes involved in these processes. The related metabolic abnor-
malities that are implicated in diabetic neuropathy include an imbalance between
nicotinamide adenine dinucleotide phosphate (NADP) and its reduced form, NADPH.
The increased flux through the polyol pathway decreases NADPH:NADP* and
NADH:NAD" ratios with accumulation of reactive oxygen species. During this process,
NADPH oxidase generates reactive oxygen species (ROS), including superoxide and
hydrogen peroxidase, highlighting the important role of NADPH oxidase as a source of
ROS in the vascular system. NADPH oxidase is made up of a number of subunits and
is distributed widely in various tissues. The gene coding for the p22 subunit of NADPH
oxidase is polymorphic, including a C242T and A640G transitions. C242T results in
the replacement of histidine by tyrosine at amino acid 72 of the putative heme-binding
site and A649G is in the 3" untranslated region. These two polymorphisms are associated
with diabetic nephropathy in patients with TIDM although no association was found
with neuropathy (88). Hyperglycemia induced oxidative stress and apoptosis occurs in
dorsal root neurons (89). Table 2 summarizes a number of studies looking at genes
involved in oxidative and nitrosative stress for instance superoxide dismutase (SOD),
endothelial nitric oxide synthase, and catalase (CAT). A small number of studies have
been carried out looking at genes involved in lipid metabolism such as ApoE and
paraoxonase (PON). Table 3 summarizes functional studies of genes in diabetic
neuropathy.

Poly(ADP-Ribose) Polymerase

Oxidative and nitrosative stress play a key role in the pathogenesis of diabetic
neuropathy. Some studies have shown that the PARP (PARP-1; EC2.4.5.30) activation,
a downstream effector of oxidant-induced DNA damage, is an obligatory step in the
functional and metabolic changes in the diabetic nerve (97). PARP-1 is a nuclear
enzyme which is activated by oxidant-induced DNA single-strand breakage and trans-
fers ADP-ribose residues from NAD* to nuclear proteins (98—101). PARP-1 is present
in both endothelial cells (99,7102) and Schwann cells of the peripheral nerve (103).

There is increasing interest in poly(ADP-ribose) polymerase (PARP) in the develop-
ment of diabetic neuropathy. Reactive oxygen and nitrogen species trigger activation of
mitogen-activated protein kinases and PARP as well as the inflammatory cascade and
these downstream mechanisms are also involved in the pathogenesis of diabetes com-
plications. The interactions among various hyperglycemia-initiated mechanisms are not
completely understood and the relationship between increased aldose reductase activity
and oxidative-nitrosative stress/PARP activation has recently become a focus of interest.
Some studies have shown that increased aldose reductase activity leads to oxidative
stress. However, others reported that increased aldose reductase activity is a conse-
quence rather than a cause of oxidative stress (in particular, mitochondrial superoxide
production) and PARP activation in the pathogenesis of diabetes complications. High
blood glucose causes chemical changes in nerves and impairs the nerves ability to trans-
mit signals. It also has the potential to damage blood vessels that carry oxygen and
nutrients to the nerves. There is now evidence to suggest that insulin and C-peptide
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deficiencies are mainly responsible for perturbations of neurotrophic factors and con-
tribute to oxidative stress in diabetic nerve (review ref. 90).

Na/K ATPase

Diabetes mellitus induces a decrease in Na/K ATPase activity and this decrease plays a
role in the development of diabetic neuropathy (9/). Na/K ATPase is encoded by various
genes. Among them, the ATPase A/ gene (al-isoform) is expressed predominantly in
peripheral nerves and in erythrocytes. The ATPase A/ variant is associated with diabetic
neuropathy in patients with TIDM (92). A further study showed that the association
between the ATPase A/ variant and decreased enzyme activity in patients with a low
C-peptide level (93). This suggests that both genetic and environmental factors might
regulate Na/K ATPase activity in patients with diabetes, although these studies need to be
confirmed in larger cohorts.

Nerve Growth Factors and Other Neurotrophic Factors

The degenerative pathology including the loss or degeneration of neurons, Schwann
cells, and neuronal fibers implicates nerve growth factors (Table 3). Endogenous growth
factors might promote survival of neurons, whereas the expression of nerve growth
factors (NGFs) are altered in diabetic neuropathy and peripheral neuron injury. NGFs
induce neuronal regeneration in vitro and in vivo models of diabetic injury (94).
Therefore, a failure of neurotrophic factors to regulate neuronal phenotype might result
in diabetic neuropathy (95). Deficient neurotrophic support might contribute to the
pathogenesis of diabetic neuropathy, and exogenous neurotrophins or other strategies
might be useful tools to correct their deficiency (96). Nothing is known about genetic
variants of neurotrophic factors in susceptibility to diabetic neuropathy and is clearly an
important area to be studied.

In conclusion, now at this stage it is possible to identify candidate genes that might
be implicated in the pathogenesis of diabetic neuropathy and other microvascular com-
plications of diabetes. To date, the most consistent finding has been the association with
aldose reductase (/29-136). However, there will be other candidate genes that con-
tribute to the polygenic background of diabetic neuropathy. The search for these genes
is hampered by clinical heterogeneity of diabetic neuropathy and the interaction with
other late complications of diabetes as well as the disease itself (/37—-140). Hopefully,
the next few years will bring major advances in this area. This should provide new vehi-
cles for treating neuropathy, for instance, by specific targeting using “gene silencing
technology;” and screening for “at risk” subjects to name just two.
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Transgenic and Gene Knockout Analysis
of Diabetic Neuropathy

Sookja K. Chung and Stephen S. M. Chung

SUMMARY

Neuropathy is one of the major complications of long-term diabetes. Despite many years of
intense research by a number of laboratories, the pathogenetic mechanisms of this disease are still
not completely understood. Likely contributing factors of this disease include the polyol pathway,
nonenzymatic glycation, protein kinase-C activation, hexosamine pathway, and overproduction of
superoxide by the mitochondrial respiratory chain. Their roles in the pathogenesis of diabetic neu-
ropathy are mainly supported by pharmacological studies, which often have inherent problem of
uncertain drug specificity and availability. This article reviews the recent studies using transgenic
and gene knockout mice to examine the role of polyol pathway, nonenzymatic glycation,
poly(adenosine 5’-diphosphate [ADP]-ribose) polymerase, and neurofilaments in diabetic neu-
ropathy. The results of these studies confirm some of the findings from drug experiments and also
settle some controversies. These genetic studies avoid some of the problems of using chemical
inhibitors, but they also have inherent problems of their own. The prospect of using more sophis-
ticated inducible transgene expression, and conditional gene ablation technologies to circumvent
these problems are discussed. It is expected that the number of genetically engineered mutant
mice will increase exponentially in the near future and some of them will undoubtedly contribute
to our understanding of diabetic neuropathy.

Key Words: Diabetic neuropathy; gene knockout, glycation; polyol pathway; neurofilaments;
PARP; transgenic.

INTRODUCTION

It is well-established that diabetic neuropathy as well as other complications of dia-
betes are consequences of chronic hyperglycemia. However, the mechanism is still
unclear. Several models have been proposed to account for the deleterious effects of
hyperglycemia on nerve tissue. They include the polyol pathway (/,2), nonenzymatic
glycation (3,4), protein kinase-C (PKC) (5,6), and overproduction of reactive oxygen
species by the mitochondrial respiratory chain (7). Pharmacological analyses has
yielded much information on the pathogenesis of the disease. More recently, genetic
analyses, particularly transgenic (TG) and gene knockout (KO) mouse models provided
confirmatory as well as novel information.

From: Contemporary Diabetes: Diabetic Neuropathy: Clinical Management, Second Edition
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A major drawback of using chemical inhibitors to determine the function of an enzyme
is that the drugs seldom inhibit the target enzyme alone without affecting other enzymes,
and their availability and stability in target tissues are difficult to ascertain. Gene KO
removes only the enzyme encoded by the gene, and the enzyme activity in all tissues is
absent, avoiding the problem of drug specificity and availability. However, while the win-
dow of action of drugs can be selected as desired, the effect of gene KO might occur
throughout the entire life span of the animal, sometimes affecting embryonic develop-
ment. There is also the possibility that during development, there might be activation of
genes to compensate for the lack of an enzyme activity. Thus, there is always a concern
that the effects of gene KO on a disease might be the consequences of developmental
abnormalities rather than the result of a lack of enzyme activity. Therefore, it is important
that the gene KO mice do not exhibit any pathology before the induction of the disease.

Overexpression of genes in TG mice is another approach to determine the role of the
genes in the pathogenesis of the disease. This is particularly useful when the mice
express low level of the gene product, and consequently they do not develop the disease
or develop only a mild form of the disease. A good example is that of mice with a low
level of aldose reductase (AR) in their lens and they do not develop cataracts. TG mice
that overexpress AR in their lens become susceptible to develop diabetic cataract,
demonstrating the role of AR in this disease (8). Another advantage of the TG approach
is that human genes can be expressed in mice, producing authentic human enzymes for
drug inhibition studies. However, there are also drawbacks in TG experiments. One is
similar to gene ablation, wherein the transgenes might exert their effects during embry-
onic development. The other is that the transgenes are often expressed in other locations
besides the target tissues because the expression of the transgene is heavily influenced by
the neighboring sequences at the site of integration. It is difficult to determine if expres-
sion of the transgene in nontarget tissues would affect the development of the disease.

With these caveats in mind, the TG and KO studies that have been conducted in
recent years to investigate the pathogenesis of diabetic neuropathy will be reviewed.
Currently, only the studies on the polyol pathway, nonenzymatic glycation, poly(ADP-
ribose) polymerase (PARP), and neurofilaments have been reported. Although PKC-BII
has been implicated to be involved in this disease, and PKC-3 gene KO mice are avail-
able (9), the use of these KO mice to study the development of diabetic neuropathy has
not yet been reported.

THE POLYOL PATHWAY

The polyol pathway is a glucose shunt that diverts excess glucose to form fructose.
AR is the first and rate-limiting enzyme of the pathway. It reduces glucose to sorbitol,
and in the process its cofactor NADPH is oxidized to NADP. Sorbitol dehydrogenase
(SDH) then converts sorbitol to fructose, whereas its cofactor NAD™ is converted to
NADH. The polyol pathway was first recognized as a key factor in the development of
diabetic cataracts, and soon afterwards, it was found to be involved in diabetic neu-
ropathy, retinopathy, and nephropathy. AR also reduces galactose to form galactitol.
Because a high galactose diet also produces tissue lesions similar to diabetic lesions,
galactosemia has been used as an experimental surrogate for diabetes. It has also been
suggested that conversion of sorbitol to fructose by SDH causes reduction of
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NAD*/NADH ratio, creating a “pseudohypoxic” state that might contribute to the dele-
terious effects of hyperglycemia (/0). As galactitol is not metabolized by SDH, galac-
tosemia does not simulate some aspects of hyperglycemia. The key evidence for AR’s
involvement in diabetic neuropathy is that several structurally different AR inhibitors
were shown to be effective in preventing the development of this disease in animal
models (11), suggesting that the beneficial effects of these drugs is because of the inhi-
bition of AR and not other nonintended target enzymes. However, these drugs did not
demonstrate a significant beneficial effect in clinical trials (/2,13), raising doubts on the
validity of this model. In particular, it was pointed out that the amount of ARI required
to normalize nerve blood flow and nerve conduction velocity (NCV) deficit in diabetic
rats, exceeds that required to normalize the sorbitol level in the nerves, indicating the
lack of correlation between polyol pathway activity and diabetic neuropathy (74).
However, this observation does not disprove AR’s role in the disease because, as dis-
cussed later, sorbitol accumulation is not the cause of diabetic lesions in the nerve.
Rather, it is the flux of glucose through the polyol pathway that produces the toxic effect
of hyperglycemia. Kinetic calculations demonstrate that when there is a rapid conver-
sion of sorbitol to fructose by SDH, even partial inhibition of AR activity would appear
to completely normalize sorbitol levels in diabetic tissue (2). Thus, normalizing nerve
sorbitol level does not equate to complete blockage of the polyol pathway activity.
However, this theory has not been proven in animal model. Genetic studies to determine
AR’s role in this disease become essential.

TG Mice Expressing AR in All Tissues

Because it is easier to develop TG mice than KO mice, TG approach was first used
to investigate the role of AR in diabetic neuropathy. The first reported mouse model
utilized the major histocompatibility complex (MHC) promoter, which is active in all
tissues, to drive the expression of human AR (hAR) complementary DNA (cDNA) in
TG mice. Indeed all tissues from the MHC-hAR TG mice tested were found to
express the hAR mRNA, including liver, skeletal muscle, heart, kidney, brain, and
lung. Under normal rearing condition, these mice developed thrombi of the renal ves-
sels, but no abnormality was evident in the brain, lung, heart, thymus, spleen, intes-
tine, liver, muscle, spinal cord, and sciatic nerve when examined under light
microscopy (15). Under nondiabetic condition, sorbitol and fructose contents in the
sciatic nerve of the TG mice were similar to that of the wild-type (WT). When
induced to become diabetic, sciatic nerve sorbitol and fructose levels in the TG mice
were twice that of their WT littermates, suggesting that the ZAR transgene increased
the nerve AR activity by about twofold. Under normoglycemic condition, there was
no difference in the motor NCV (MNCYV) or the structure of the sciatic nerve, indi-
cating that overexpression of AR did not affect the normal development and function
of this tissue. When fed with a diet consisting of 30% galactose, they developed more
severe neuropathy than the WT mice as indicated by higher reduction of MNCV and
in the mean myelinated fiber size of the sciatic nerve (/6). When induced to become
diabetic by streptozotocin, the MHC-hAR mice also exhibited a greater reduction of
tibial MNCV and more severe myelinated fiber atrophy of the sciatic nerve (/7).
Further, membrane-associated PKC and Na*/K*-adenosine triphosophatase (ATPase)
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activities were significantly reduced in the diabetic MHC-hAR mice sciatic nerves
with the perineurial tissues removed.

Reduction of PKC activity in diabetic nerves is particularly intriguing. In other tis-
sues of diabetic animals such as retina and kidney, PKC activity is thought to be acti-
vated (18), and an inhibitor of PKC-BII isoform has been shown to prevent the
development of diabetic lesions in these tissues (/9,20). PKC inhibitors have been
shown to prevent the development of diabetic neuropathy in animal models (5,27). To
clarify these apparently contradictory observations, PKC activity and PKC isoforms
were examined in the perineurial tissues of MHC-hAR and WT mice, and the results
revealed a complex response of PKC isoforms to hyperglycemia (22). In the membrane
fraction of endoneurial tissues there was a significant reduction of PKC activity in the
diabetic MHC-hAR mice but not in the non-TG mice. On the other hand, in the mem-
brane fraction of the epineurial tissues diabetes led to similar increases in PKC activity
in the both TG and WT mice, indicating that AR transgene contributed little to the acti-
vation of PKC in this tissue. Western blot analysis showed that in the epineurial tissues
of WT mice diabetes caused a reduction in PKC-a. protein level in the membrane frac-
tion with a concomitant rise in the cytosol fraction, suggesting translocation induced by
hyperglycemia. The hyperglycemia-induced redistribution of PKC-o. is even more
exaggerated in the MHC-hAR mice. On the other hand, hyperglycemia induced the
translocation of PKC-II protein from the cytosol to the membrane, opposite to that of
PKC-a. There was slightly more PKC-BII translocated to the membrane in the TG mice
than in the WT mice, but the difference was statistically insignificant. Hyperglycemia
had no effect on the level or cellular distribution of PKC-BI in this tissue. In the
endoneurial tissues PKC-o. was not affected by hyperglycemia, whereas PKC-BI and
-BII translocation from the cytosol to the membrane was increased. Again, the AR trans-
gene only contributed a small and statistically insignificant increase in their membrane
translocation. The hyperglycemia-induced membrane translocation of PKC-BI and -BII
suggests activation of these PKC isoforms. As the perineurial tissues contain microves-
sels, these findings lend support to the notion that vascular lesions contribute to the
pathology in diabetic nerves, and explain the beneficial effects of a PKC-BII inhibitor
on diabetic neuropathy. These changes in PKC activity and translocation of different
PKC isoforms in the endoneurial and epineurial tissues were all normalized by ARI,
indicating that hyperglycemia-induced activation of PKC is mediated by AR activity.
The fact that the AR transgene did not make a statistically significant difference in the
translocation of some of the PKC isoforms is probably a reflection of the modest (more
than twofold) increase in AR activity contributed by the transgene in these tissues.

TG Mice Expressing AR in Schwann Cells

Another controversial issue in diabetic neuropathy is whether it is because of meta-
bolic dysfunction of the nerve or because of lesions in the vessels resulting in ischemia
in the nerve tissues they supply. The fact that administration of different vasodilators pre-
vented the development of diabetic neuropathy strongly supports the vascular theory
(23-25). To determine if the nerve tissue also contributes to diabetic neuropathy, TG
mice containing the hAR ¢cDNA fused to the rat myelin protein zero (P;) promoter were
developed (26). These P-hAR mice express hAR specifically in the Schwann cells
and not in other tissues. To better illustrate increased severity of diabetic neuropathy
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contributed by the increased level of AR, the #AR transgene was maintained in the F1
(hybrid of CBA mouse strain X C57BL) genetic background that is quite resistant to the
development of this disease. Under normal rearing condition, the TG mice did not exhibit
any structural or functional abnormality in their sciatic nerve. In both galactosemic and
hyperglycemic conditions the WT (F1) control mice showed small and statistically
insignificant reduction in MNCYV in their sciatic nerve. On the other hand, the P-hAR
mice exhibited a significant decrease in sciatic nerve MNCYV, indicating that Schwann
cell-specific overexpression of AR led to more severe functional deficits in this tissue.
Diabetes did not lead to any drop in the reduced glutathione (GSH) level in the sciatic
nerve of the WT mice, but caused a significant drop in the nerve GSH content in the TG
mice, indicating that overexpression of AR increases oxidative stress. Interestingly,
although there was a twofold increase in the sorbitol and fructose levels in the sciatic
nerve of the diabetic TG mice compared with that of the diabetic WT mice, there was no
significant difference in the galactitol levels in the sciatic nerve of the galactosemic WT
and TG mice. This is probably because the galactitol level in the nerve of the galac-
tosemic WT mice was already very high. The nerve galactitol level in the galactosemic
WT or TG mice was about 30-fold higher than the sorbitol level in the nerve of diabetic
TG mice, a reflection of the fact that galactitol is not metabolized by SDH or other
enzymes. Such a high level of polyol might cause severe osmotic stress leading to leak-
age, reducing the increased accumulation of galactitol contributed by the ZAR transgene.

AR Gene KO Mice

Although the MHC-hAR and Pj-hAR TG mice experiments clearly showed that
increased AR activity exacerbates diabetic neuropathy, it might be argued that such a
high level of AR activity is not found in normal animals and therefore, the transgene
created an artificial disease mechanism irrelevant to the pathogenesis of the disease in
WT animals. Therefore, AR gene KO mice provide an important animal model to com-
plement ARI and TG studies. AR-deficient mice appear normal in every respect except
that they drink and urinate twice as much the WT mice because of impairment in their
urine concentrating mechanism (27). This mild polyuric behavior does not affect their
serum electrolyte levels. To detect the potential protective effect of AR deficiency on
diabetic neuropathy in a better manner, the AR null mutation was maintained in C57BL
mice, which developed more severe diabetic neuropathy than the F1 mice. Under nor-
mal rearing condition, MNCV and morphology of the sciatic nerve of the KO mice were
normal. When induced to become diabetic the WT (C57BL) mice showed a significant
decrease in the sciatic nerve MNCV, whereas there was no change in the KO mice.
Further, diabetes caused a significant reduction in the sciatic nerve GSH level, but had no
effect on the nerve GSH level in the AR null mice (28). These results demonstrated that
AR is a key enzyme in the pathogenesis of diabetic neuropathy and that hyperglycemia-
induced oxidative stress is primarily the consequence of increased flux of glucose
through the polyol pathway.

SDH-Deficient Mice

There were suggestions that the polyol pathway-mediated diabetic lesion is primarily
the consequence of the activity of SDH rather than AR. Conversion of sorbitol to fruc-
tose by SDH leads to increase in the NADH/NAD™ ratio similar to that experienced by
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hypoxic cells. This “pseudohypoxic state” is thought to induce PKC, increase
prostaglandin synthesis, increase free radical production, and increase nitric oxide
production (/0). However, attempts to use SDH inhibitors (SDI) to test this hypothesis
gave contradictory results. A SDI called S-0773 has been shown to partially attenuate
hyperglycemia-induced vascular dysfunction in the eye, sciatic nerve, and aorta in rats
(29). However, other SDIs were found to exacerbate diabetic peripheral and autonomic
neuropathy (30,37). A spontaneous SDH null mutation in mice had been characterized
(32). There is no apparent abnormality in the SDH-deficient mice and their sciatic nerve
MNCYV and morphology are normal. When these mice were induced to become diabetic
there was a slightly higher reduction in their sciatic nerve MNCV than that of the WT
mice. However, the difference was not statistically significant (33). Nonetheless, the
result indicates that blocking the SDH activity did not improve diabetic neuropathy,
demonstrating that pseudohypoxia is unlikely to be the pathogenic mechanism of this
disease. This set of experiments also revealed that nerve sorbitol level does not corre-
late to nerve dysfunction. The sorbitol level in the sciatic nerve of nondiabetic SDH null
mice was about four times higher than that of diabetic WT mice. Yet the nondiabetic
SDH null mice had normal MNCYV, whereas the diabetic WT mice had significant slow-
ing of MNCV. This, and the fact that the sorbitol level in the sciatic nerve of diabetic
mice was only in the range of 0.2-0.6 nmol/mg dry weight, whereas myoinositol level
was around 20 nmol/mg dry weight, indicate that polyol pathway-induced osmotic
stress is unlikely to be a contributing factor in the pathogenesis of diabetic neuropathy
in mice. Indeed, the increase in sorbitol in the diabetic nerve did not cause a compen-
satory decrease in myoinositol. Therefore, myoinositol depletion does not contribute to
the development of diabetic neuropathy in mice.

Conclusions

The results of AR, TG, and KO mice experiments confirmed the findings from AR
inhibitors studies. Although each of these studies might leave room for alternate inter-
pretations, the complete agreement of these three experimental approaches unequivo-
cally demonstrate that AR plays a key role in the pathogenesis of diabetic neuropathy.
The experiments with Schwann cell-specific AR-overexpressing TG mice clearly
showed that metabolic dysfunction in the nerve tissue also contribute to the pathogene-
sis of the disease. Further, the experiments with SDH null mice showed that blocking
this point of the polyol pathway has no beneficial effect on diabetic neuropathy, putting
to rest the controversies arising from contradictory findings of the SDI studies. These
experiments also demonstrated that accumulation of sorbitol does not contribute to the
development of diabetic neuropathy in mice. The pathogenesis of the disease most
likely involves oxidative stress generated from the flux of glucose through the polyol
pathway. This is in agreement with a number of studies, which showed that antioxidants
were able to prevent the development of diabetic neuropathy (34—36).

NONENZYMATIC GLYCATION

In diabetic animals and patients increased advanced glycation end products (AGE)
covalently attach to intracellular, plasma and extracellular matrix proteins in the nerve,
and other tissues (37,38). It has been postulated that such modifications might affect
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neural metabolism, axonal transport, and tissue repair, thus enhancing neural degene-
ration and impairing neural regeneration. The strongest evidence in support of this
model is that administration of aminoguanidine, an AGE inhibitor, attenuated MNCYV,
and sensory NCV (SNCV) deficits in diabetic rats (39,40). However, besides inhibition
of AGE formation, aminoguanidine is known to inhibit the activity of other enzymes
including the inducible-, neuronal-, and endothelial-nitric oxide synthases, and the
semicarbazide-sensitive amine oxidase (47). It is likely that there might be still other
enzymes that are affected by this drug. Therefore, it is not clear if the beneficial effect
of this drug on diabetic neuropathy is the consequence of inhibition of AGE formation.

One of the mechanisms by which AGE exerts its toxic effects is its interaction with
its receptor for advanced glycation end products (RAGE) (42,43). This leads to the acti-
vation of a cascade of cytotoxic pathways, including the activation of the transcription
factor, which is nuclear factor (NF)-kB, thought to contribute to diabetic neuropathy
(44). Infusion into diabetic rats containing the soluble fragment of RAGE (sRAGE),
which consists of the AGE-binding domain that attenuated vascular dysfunction, indicated
that the AGE-RAGE interaction plays an important role in diabetic microvascular
complications (45). Administration of SRAGE also appeared to be beneficial to diabetic
neuropathy (44). When 3-months WT mice with diabetes were placed on 55°C hot-
plate, the latency or the time it takes for them to respond was significantly longer than
that for the mice without diabetes, indicating impairment of pain perception as a result
of diabetes. Treatment with SRAGE for 3 weeks completely normalized the delayed
latency in mice with diabetes, indicating that RAGE is involved in the hyperglycemia-
induced loss of pain perception. When the RAGE null mutant mice were induced to
become diabetic, the nociceptive threshold was lower than that of the WT mice with dia-
betes but significantly higher than that of the WT or RAGE-null mice without diabetes,
indicating that RAGE deficiency provides partial protection against diabetic sensory
neuropathy (44). Examination of the footpad skin of these mice revealed that diabetes
led to a significant decrease in the PGP9.5-positive small nerve fibers in this tissue in
the WT mice. However, a similar decrease in nerve fibers also occurred in the footpad
of the diabetic RAGE null mice, indicating that RAGE deficiency did not protect against
diabetes-induced small fiber loss, although it partially restored the function of the
remaining nerve fibers.

The RAGE null mice and the WT control mice in these experiments were offspring
of SVEV129 x C57BL. Perhaps, because of their hybrid genetic background, diabetes
did not cause a significant reduction in their MNCV or SNCV. Interestingly, diabetes
led to a dramatic induction of NF-xB activity in the sciatic nerve of the WT mice as
judged by electrophorectic mobility shift assay. Activation of NF-«xB is thought to be
the key contributor to hyperglycemia-induced tissue lesions. Yet the large increase in
NF-xB in the sciatic nerve did not lead to any significant change in the MNCV or
SNCYV, indicating that this transcription factor might not play an important role in the
pathogenesis of diabetic neuropathy. It would be interesting to cross the RAGE null
mutation into pure C57BL genetic background where the WT mice exhibit significant
reduction in MNCYV and SNCV when induced to become diabetic. Then one can deter-
mine if RAGE deficiency has any protective effect on diabetes-induced MNCV and
SNCV reduction.
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It is interesting that while SRAGE completely restored the nociceptive threshold of
the diabetic mice, RAGE deficiency only partially restored it. One explanation is that
there are other AGE receptors such as the macrophage scavenger receptor and the
galectin-3 that might have similar deleterious effect as RAGE when they interact with
AGE (46). With the removal of RAGE, AGEs would bind to other receptors to exert
their toxic effects. On the other hand, infusion of SRAGE might engage all the AGEs,
making them unavailable to interact with their receptors. However, treatment with anti-
bodies against RAGE that should only block RAGE, also has a strong protective effect
similar to SRAGE, suggesting that there are other contributing factors to the diabetes-
induced neural dysfunction. Further, intracellular AGE and AGE attached to extracellu-
lar matrix are also thought to contribute to diabetic lesions (47,48). However, these
AGEs are not able to interact with cell surface RAGE or other AGE receptors.
Removing RAGE is unlikely to block their deleterious effects.

PARP ACTIVATION

Increased oxidative stress, presumably from polyol pathway activity, AGE and its
interaction with RAGE, PKC activation, and hyperactivity of mitochondrial respiratory
chain, damages lipids, proteins, and DNA (49). DNA strand breaks activate PARP,
which is an enzyme that transfers ADP-ribose from NAD" to nuclear proteins as part of
the DNA repair process (50). However, overactivation of PARP has deleterious conse-
quences, including the activation of the proinflammatory transcription factors NF-kB
and activating protein-1 (AP-1), and the induction of the apoptosis-inducing factor,
which might lead to cell death (5/-53). PARP has been shown to be involved in the dia-
betes-induced endothelial dysfunction of the aorta (54,55).

The PARP-1 gene KO mice were used to determine if PARP contributes to diabetic
neuropathy. These mice showed no obvious abnormality. Under normal rearing condi-
tion, the MNCYV of their sciatic nerve, the SNCV of their digital nerve, and the mor-
phology of their sciatic nerve all appeared normal (56). When the WT mice were
induced to become diabetic by streptozotocin, their MNCV and SNCV decreased sig-
nificantly. In the sciatic nerve of the diabetic WT mice there was significant increase in
immunostaining of PAR, the product of PARP activity, indicating that hyperglycemia
activates PARP. The PARP-1 null mice on the other hand, showed no reduction in
MNCYV and SNCV when induced to become diabetic. The blood glucose level in the dia-
betic PARP null mice was not different from that of the diabetic WT mice, indicating that
PARP did not affect diabetes, but plays an important role in the diabetes-induced
functional impairment in the peripheral nerves. When fed a high galactose diet, which
simulates and exaggerates the AR-mediated glucose toxicity, the WT mice showed even
higher reduction in sciatic nerve MNCV and digital nerve SNCV than that of diabetic WT
mice. PARP deficiency partially protected these mice against galactosemia-induced
MNCYV reduction, and completely protected them against galactosemia-induced SNCV
reduction, suggesting that hyperglycemia-induced activation of PARP is mediated by AR
activity. This was confirmed by experiments that showed that ARI blocked the hyper-
glycemia-induced oxidative stress and activation of PARP in the sciatic nerve (57). The
deleterious effect of overactivation of PARP is because of the depletion of its cofactor
NAD?*, which leads to the depletion of ATP. In the sciatic nerve of the diabetic and
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galactosemic WT mice, the ratio of phosphocreatine (PCr)/Cr, an indicator of cytosolic
ATP/ADP ratio, was significantly decreased. There was no change in PCt/Cr ratio in the
sciatic nerve of the diabetic or galactosemic PARP-deficient mice. These results indi-
cate that hyperglycemia activation of PARP depletes cellular PCr level, and by infer-
ence, energy stores.

Two structurally unrelated inhibitors of PARP were administered to diabetic rats.
Both drugs were able to normalize diabetes-induced reduction in MNCV, SNCV, nerve
blood flow, blood pressure, and vascular conductance in rats, confirming the findings in
PARP-1 null mice (56). These PARP inhibitors are potential drugs for the prevention
and treatment of diabetic neuropathy and other complications. However, studies
are needed to determine if inhibition of PARP activity would leave unrepaired the
hyperglycemia-induced DNA breaks that might lead to mutations and cancers.

NEUROFILAMENT

NF, consisting of heavy, medium, and light subunits, form the major structural lattice
of axon. The function of the neurofilaments (NF) is not clear, but abnormal phosphorylation
of these proteins is associated with neurodegenerative diseases such as amyotrophic
lateral sclerosis, Parkinson disease, Alzheimer disease, and diabetes (58,59). In diabetes,
stress-activated protein kinases are thought to be involved in their aberrant phosphorylation
(60,61). Further, abnormal NF accumulation was found in the proximal axon segments
of diabetic dorsal root ganglia sensory neurons in human (62), whereas loss of NF in distal
nerve terminals of sensory neurons was observed in long-term diabetic rats (63).
Impairment in the transport of NF proteins was suspected (64). However, it is not clear
whether these changes are the cause or consequences of diabetic lesion.

A line of TG mice that express a fusion protein, where the carboxyl terminus of heavy
NF was replaced by B-galactosidase, was found to be completely devoid of peripheral
axonal NF, as the fusion protein causes aggregates of NF to precipitate in the perikarya
(65). Interestingly, there was no obvious abnormality in the NF-deficient mice except that
the caliber of their axons was smaller. In the tibial nerve of these mice the number of fibers
and fiber density were higher than that of the WT mice, whereas the axon diameter and
axon area were smaller (66). Under normal condition there was no obvious degeneration
of their neurons, but the NCV was slower and the amplitude of the nerve action potential
was dramatically lower than that of the WT mice, presumably because of the smaller cal-
iber axons. The reduction in SNCV was much more pronounced than the reduction in
MNCV. These mice were of Swiss genetic background. When induced to become dia-
betic, the WT mice exhibited no significant reduction in MNCV and SNCV in their sci-
atic nerve. The diabetic NF-deficient mice on the other hand, showed significant slowing
of MNCYV and SNCV. The reduction of the NCV was attenuated by the administration of
insulin. Although there was no significant change in the structure of the tibial and sural
nerves in the diabetic WT mice, diabetes caused significant decreases in the number of
fibers, fiber density, fiber size, axon diameter, and axon area in the tibial nerve of the NF-
deficient mice. Similar structural changes were also observed in their sural nerve, except
that there was no significant change in the fiber number.

The fact that the NF-deficient mice were more susceptible to diabetes-induced
lesions indicates that NF has protective effect on diabetic neuropathy. However, it is not
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clear whether this finding is relevant to the pathogenesis of the disease in WT animals
where slowing of NCV is associated with aberrant phosphorylation of NF rather than
the lack of it (60). The decrease in NCV is one of the earliest sign of hyperglycemia-
induced lesion, whereas loss of NF occurs only after prolonged hyperglycemia (63). It
is possible that loss of NF is the consequence of neuropathy rather than a contributing
factor of the disease. The significant NCV slowing and structural abnormalities in the
peripheral nerve of the NF-deficient mice before induction of diabetes make interpreta-
tion of the results difficult. At this point, it is not clear how the aberrant phosphoryla-
tion of NF might contribute to the pathogenesis of diabetic neuropathy.

PERSPECTIVE

In this brief review, the applications of TG and gene KO technologies to investigate
the pathogenesis of diabetic neuropathy have been discussed. The results of the genetic
analyses on the polyol pathway are in complete agreement with findings from ARI stud-
ies, thus unambiguously confirming the role of the polyol pathway in the pathogenesis
of this disease. These studies also demonstrated that the polyol pathway-induced oxida-
tive stress rather than osmotic stress is the cause of the diabetes-induced toxicity, and
that the mechanism involves the activation of PARP. The experiments with RAGE null
mice demonstrated that interaction between plasma AGE and RAGE is the main source
of toxicity induced by nonenzymatic glycation. The contribution by intracellular AGE
and AGE attached to extracellular matrix to diabetic neuropathy remains unclear. The
finding that the development of diabetic neuropathy is accelerated in NF-deficient mice
is difficult to interpret because these mice already showed functional and structural
abnormalities in the nerve before the induction of diabetes. Perhaps a more appropriate
model would be mice lacking the kinase that phosphorylates NF under hyperglycemia.

Genetic analysis of the pathogenic mechanism of a disease has its advantages and
disadvantages. The main advantage is that it avoids the uncertainty of drug specificity
and availability. Further, with the advent of genome sequence information and DNA
array and proteomic analysis of diseases, there will be exponential increase in the num-
ber of genes implicated in various diseases that need to be verified. Currently, it is faster
to inactivate gene functions by gene KO, antisense RNA, or siRNA technology than by
developing specific chemical inhibitors of the gene products. However, gene manipula-
tion by conventional TG and gene KO technologies might affect tissue development,
making them unsuitable for adult disease studies. The NF-deficient mice described ear-
lier illustrate this point. More sophisticated TG and gene KO technologies developed in
recent years circumvent some of these problems (67). Several inducible transgene
expression systems have been developed. In these systems the expression of the trans-
genes is under the control of a promoter that is regulated by a ligand-activated tran-
scriptional enhancer. Usually, the ligands are cell-permeable small molecules not found
in mammalian cells such as tetracycline, ecdysone, or isopropyl-f-thiogalactosidase.
Although expression systems based on hormone receptor-activated promoters have also
been developed. Thus, tissue specificity (determined by the specificity of the promoter
that express the ligand-activated transcriptional enhancer) and time of induction (deter-
mined by the administration of the ligand) of the transgene can be selected as desired.
However, development of these inducible transgene expression systems is quite
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Fig. 1. Inducible transgene expression. Mouse line 1 carries the LAE gene that is under the
control of a tissue-specific promoter. The transcription termination signal is indicated by (pA).
Mouse 2 carries the transgene of interest that is under the control of the minimal promoter (P)
together with the enhancer responsive element to which the activated LAE binds. Mating of
mouse 1 and 2 brings the two transgenes together. Administration of the ligand to the mice acti-
vates the LAE, which then binds to enhancer responsive element to initiate the transcription of
the transgene in tissues where LAE is expressed.

cumbersome because two separate TG lines have to be developed (Fig. 1) one carrying
the ligand-activated enhancer (LAE) (Fig. 1, Mouse 1), and the other the transgene
under the control of the ligand/enhancer inducible promoter (Fig. 1, Mouse 2). Mating
between these two TG lines brings the two transgenes into the same host. Conditional
gene KO methods have also been developed (Fig. 2). Again this involves the develop-
ment of two separate mouse lines. First, by conventional gene-targeting technique, the
site-specific recombination sequence loxP is introduced into both sides of the gene to
be removed (Fig. 2, Mouse 1). Second, by mating of the loxP mice with a TG mouse
line that carries the recombinase (Cre) (Fig. 2, mouse 2) will activate recombination
between two loxP sequences resulting in the removal of the gene in between. Ablation
of the gene in a specific tissue can be obtained by engineering the expression of the Cre
transgene in the target tissue using an appropriate promoter. Temporal specificity of
gene ablation can be obtained by engineering the Cre transgene expression under the
control of an inducible promoter.

There are other genetically engineered mice that are useful for analyzing the patho-
genic mechanisms of diabetic neuropathy. An example is the mice carrying a reporter
gene under the control of the NF-kB promoter (68). Abnormal NF-kB activity is
thought to be an important part of the mechanisms leading to diabetic neuropathy
(69-71). In this case the reporter gene [3-globin, is not normally found in nerve tissues,
and its transcript is readily detectable by reverse transcriptase-polymerase chain reac-
tion. Generally, this type of reporter transgene is applicable to study the transcriptional
regulation of transcription factors, structural proteins, or enzymes that do not have a
convenient assay to determine their activity or abundance. Other reporter genes such as
B-galactosidase (72), luciferase (73), or fluorescence proteins (74) provide even more
convenient in vitro and in sifu assessment of gene induction or suppression. However,
some of these reporter genes do have toxic effect in some cells. Another useful tool is
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Fig. 2. Conditional gene knockout. For mouse line 1, by conventional homologous gene
replacement technique, two site-specific recombination sequences (lox P) are introduced into
each side of the sequence to be deleted. Open boxes with numbers indicate the introns.
Conventional transgenic technology generates mouse line 2, where the site-specific Cre gene is
under the control of a tissue-specific promoter. The transcription termination signal for the trans-
gene is indicated by (pA). Mating between mouse 1 and 2 brings the Cre and lox P together.
Expression of Cre in the target tissue activates the removal of the intron 1 as indicated.

the line of TG mice that express the yellow fluorescence protein (YFP) specifically
in the neurons (75). The transgene in these mice is the YFP ¢cDNA under the control of
the thymas cell antigen (thyl.2) promoter. All sensory and motor neurons in these
thy1.2-YFP mice emit yellow fluorescence when viewed under the fluorescence microscope.
When the hairs of these mice are shaved to expose their skin, the dermal nerve fibers
are visible under fluorescence microscope without sectioning of tissue. When induced
to become diabetic, the loss of fluorescence nerve fibers was evident (76). Thus, these
mice provide a noninvasive method of monitoring small fiber degeneration and regen-
eration during the progression of diabetes, and they will be useful for testing the efficacy
of drugs in the treatment and prevention of diabetic neuropathy (Fig. 3).

The advantage of having a variety of techniques to manipulate their genome made
mice a favorite animal model to study various biomedical problems. Consequently,
a large number of TG and KO mice have been developed, and many more will be devel-
oped in the future. The RAGE, PARP, and NF null mice were not originally developed
to study diabetic neuropathy. Undoubtedly, many other mutant mice will also be useful
for investigating the pathogenesis of this disease. Although, mice do not exhibit the full
spectrum of the pathology of diabetic neuropathy as in human, using them to determine
the mechanisms leading to common pathology, and find out the reasons for the differ-
ences, will surely help us better understand the pathogenesis of this debilitating disease
in human.
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Fig. 3. YFP-positive fibers in the skin from live animal. (A) The hair was removed from the
leg of Thyl-YFP mice. (B) YFP-positive fibers in the skin showing the primary small fibers
(red arrow) and the secondary small fibers (white arrows). Original magnification: x100.
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Hyperglycemia-Initiated Mechanisms
in Diabetic Neuropathy

Irina G. Obrosova, PhD

SUMMARY

Peripheral diabetic neuropathy (PDN) is one of the most devastating complications of dia-
betes mellitus. The pathogenesis of PDN involves hyperglycemia-initiated mechanisms as well
as other factors, i.e., impaired insulin signaling, hypertension, disturbances of fatty acid and lipid
metabolism. This review describes new findings in animal and cell culture models:

1. Supporting the importance of previously established hyperglycemia-initiated mechanisms,
such as increased aldose reductase activity, nonenzymatic glycation/glycoxidation, activa-
tion of protein kinase-C, and enhanced oxidative stress;

2. Addressing the role of nitrosative stress and downstream effectors of oxidative-nitrosative
injury, such as poly(ADP-ribose) polymerase activation, mitogen-activated protein kinase
activation, cyclooxygenase-2 activation, activation of nuclear factor-kB, and impaired Ca2*
homeostasis and signaling; and

3. Suggesting the contribution of two newly discovered mechanisms, such as 12/15-lipoxygenase
activation and Na*/H*-exchanger-1 activation, in PDN.

Key Words: Aldose reductase; calcium signaling; cyclooxygenase-2; diabetic neuropathy;
12/15-lipoxygenase; mitogen-activated protein kinases; nuclear factor-kB; nonenzymatic glycation;
oxidative-nitrosative stress; protein kinase-C; poly(ADP-ribose) polymerase.

INTRODUCTION

Diabetic distal symmetric sensorimotor polyneuropathy affects at least 50% of patients
with diabetes, and is the leading cause of foot amputation (/). The pathogenesis of periph-
eral diabetic neuropathy (PDN) is studied better than the pathogenesis of autonomic neu-
ropathy. However, two largest clinical trials in subjects with type 1 and type 2 diabetes,
i.e., diabetes control and complication trial (DCCT) and United Kingdom Prospective
Diabetes Study (UKPDS), indicate that intensive therapy and improved blood glucose
control reduce incidence and slow progression of both complications, thus implicating
hyperglycemia as a leading causative factor (/,2). In particular, the DCCT has shown that
the incidence of neuropathy in type 1 diabetes can be reduced by more than 50% with
intensive therapy and optimal glycemic control (3). Intensive therapy in the DCCT caused
a significant risk reduction of developing autonomic nerve abnormalities at 5 years only
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in the primary prevention group (4 vs 9%) (4). A number of mechanisms have been pro-
posed to link chronic hyperglycemia to diabetes-induced deficits in motor and sensory
nerve conduction velocities (MNCV and SNCV) and other manifestations of PDN. The
vascular concept of PDN implies that diabetes-induced endothelial dysfunction with
resulting decrease in nerve blood flow (NBF) and endoneurial hypoxia has a key role in
functional and morphological changes in the diabetic nerve (5). Endothelial changes in
vasa nervorum have been attributed to multiple mechanisms including increased aldose
reductase (AR) activity, nonenzymatic glycation and glycoxidation, activation of protein
kinase C (PKC), oxidative-nitrosative stress, changes in arachidonic acid, and
prostaglandin metabolism (5). Recently, they have also been attributed to decreased
expression of the vanilloid receptor 1 in vasa nervorum (6), increased production of
angiotensin (AT) II, and activation of the AT 1-receptor (7), activation of poly(ADP-ribose)
polymerase (PARP)-1 (8), nuclear factor (NF)-xB (9), and cyclooxygenase-2 (COX-2)
(10), and others. The neurochemical concept of PDN suggests the importance of similar
mechanisms in the neural elements of peripheral nervous system (PNS), i.e., Schwann
cells and neurons. Other pathobiochemical mechanisms in PNS have also been invoked.
Those include:

1. Metabolic abnormalities, such as downregulation of Na*/K* ATP-ase activity (1), “pseudo-
hypoxia,” i.e., increase in free cytosolic NADH/NAD" ratio attributed to increased conversion
of sorbitol to fructose by sorbitol dehydrogenase (SDH) (12), changes in fatty acid and phos-
pholipid metabolism (/3), and recently, 12/15-lipoxygenase (12/15-LO) activation (14);

2. Impaired neurotrophic support (15,16);

Changes in signal transduction (/7); and

4. Dorsal root ganglion (DRG) and Schwann cell mitochondrial dysfunction and premature
apoptosis (18,19).

w

The present review of the findings obtained in the last 5 years has two major objec-
tives, i.e., (1) to evaluate new experimental evidence that supports or disproves previ-
ously formulated concepts of the pathogenesis of PDN and (2) to characterize newly
discovered mechanisms.

ROLE FOR VASCULAR VS NONVASCULAR MECHANISMS

Over past several years, the importance of vascular vs nonvascular mechanisms in the
pathogenesis of PDN remained a subject of debate. The key role of reduced NBF and
resulting endoneurial hypoxia in diabetes-associated nerve conduction deficit appears to be
supported by the findings with a variety of vasodilators; for example, the o,-adrenoceptor
antagonist prazosin (20), the K(ATP) channel openers, celikalim and WAY 135201 (21),
the AT-converting enzyme (ACE) inhibitor enalapril, and the AT II receptor antagonist
L158809 (7). In author’s study (20), prazosin prevented diabetes-induced neurovascular
dysfunction and MNCV deficit, without counteracting accumulation of sorbitol
pathway intermediates, depletion of myo-inositol and taurine, downregulation of Na,
K-ATPase activity, and enhanced lipid peroxidation in the peripheral nerve. Therefore,
none of these neurochemical changes appears to be of critical importance for the devel-
opment of nerve conduction slowing in, at least, short-term diabetes. However, it is
unclear whether the aforementioned and other vasodilators can affect peripheral nerve
metabolism and conduction independent from their vasodilator properties (see the infor-
mation on lisinopril and salbutamol provided on page 70).
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The vascular concept of PDN is seemingly supported by the recent findings with the
high molecular weight metal chelator, hydroxyethyl starch-deferoxamine (HESD),
known to be confined to vascular space when administered intravenously and therefore,
not to penetrate into neural elements of the peripheral nerve. Alleviation of both NBF
and nerve conduction deficits (22,23), combined with reduced superoxide and peroxyni-
trite formation in vasa nervorum (23), in HESD-treated streptozotocin (STZ)-diabetic
rats in comparison with the corresponding untreated group could be interpreted as a
proof for the key role of vascular mechanism in MNCV and SNCV deficit in early dia-
betes. However, it is not excluded that in vascular space, HESD is metabolized with for-
mation of deferoxamine, with its subsequent delivery to a neural compartment of the
peripheral nerve. In addition, such reactive oxygen species (ROS) as hydrogen perox-
ide, lipid peroxide (free form), and peroxynitrite can move from vascular to nonvascu-
lar space, and alleviation of oxidative stress in one nerve compartment will
automatically diminish ROS abundance in others. The role of NBF in early PDN is also
seemingly supported by the studies with the endothelial nitric oxide synthase inhibitor
NG-nitro-L-arginine (L-NNA). Cotreatment with L-NNA abolished the effects of phar-
macological agents, i.e., vasodilators, antioxidants, AR inhibitors (ARIs), and so on, on
both NBF and nerve conduction velocity (5). However, the spectrum of pharmacologi-
cal effects of L-NNA is not studied to the extent that would allow to exclude adverse
effects on MNCV and SNCV through some unidentified mechanism.

The neurochemical consequences of nerve ischemia in the peripheral nerve have not
been studied in detail. Retinal response to ischemia involves a compensatory upregula-
tion of several neurotrophic factors partially protecting retinal neurons from the lack of
oxygen and nutrients (24). Correspondingly, administration of neurotrophic factors to
rats with experimental PDN prevents nerve conduction slowing, without counteracting
a decrease in NBF. This phenomenon has been observed with neurotrophin-3, brain-
derived neurotrophic factor as well as prosaposin (/6). Furthermore, the most recent
study by Calcutt et al. (25) demonstrated that treatment of diabetic rats with a sonic
hedgehog-IgG fusion protein (1) ameliorated retrograde transport of nerve growth fac-
tor (NGF) increased sciatic nerve concentrations of calcitonin-gene related product and
neuropeptide Y, (2) restored normal MNCV and SNCV, and (3) maintained the axonal
caliber of large myelinated fibers.

These beneficial effects have been observed in the absence of any improvement in
NBF. The importance of neurochemical mechanisms in diabetes-associated nerve con-
duction deficits, energy failure, and abnormal sensation and pain is also supported by
several other reports (26—29). In the study (26), the PARP inhibitor PJ34 caused only
a modest 17% increase of NBF, but essentially normalized nerve energy state and com-
pletely reversed diabetes-induced MNCV and SNCV deficits. Therefore, a complete
normalization of NBF is not required for correction of MNCV or SNCV in diabetic
rats. Furthermore, in the recent low-dose PARP inhibitor-containing combination therapy
study (27), two combination therapies, i.e., the PARP inhibitor 1,5-isoquinolinediol
(ISO) plus the ACE inhibitor lisinopril and ISO plus the 3,-adrenoceptor agonist salbu-
tamol equally efficiently counteracted diabetes-associated neurovascular dysfunction,
but only ISO plus salbutamol corrected MNCYV deficit, whereas the effect of ISO plus
lisinopril was statistically nonsignificant. Thus, correction of NBF is insufficient for
correction of MNCV deficit. Note that both lisinopril and salbutamol have signal
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transduction and metabolic effects that could be completely independent of vasodilator
properties of these agents. Lisinopril acts as a weak antioxidant (30) and nitric oxide
scavenger (31). The spectrum of pharmacological effects of salbutamol is even more
impressive: the agent inhibits expression of intercellular adhesion molecule-1, CD-40,
and CD-14 (32) as well as eicosanoid biosynthesis (33), increases intracellular cyclic
adenosine monophosphate concentration, cyclic adenosine monophosphate-dependent
PKA, adenylyl cyclase, phosphatase PP2A and L-type Ca’* channel activities, modu-
lates G protein signaling (34), and stimulates pentose phosphate pathway (35). At least,
several of these effects might account for better MNCYV response to ISO plus salbutamol
in comparison with ISO plus lisinopril treatment.

The most impressive evidence for dissociation of NBF and nerve conduction changes
has recently been generated in two studies in animal models of type 2 diabetes (28,29).
In type 2 BBZDR/Wor rats, neurovascular defects were not accompanied by sensory
nerve conduction slowing or hyperalgesia (28). Furthermore, in type 2 Zucker diabetic
fatty rats development of motor nerve conduction deficit at 12-14 weeks of age
markedly preceded decrease in sciatic endoneurial nutritive blood flow (at 24-28 weeks
of age [29]). In contrast, in Zucker rats with impaired glucose tolerance, but absent fast-
ing hyperglycemia (a model of the initial stage of type 2 diabetes) neurovascular dys-
function developed earlier than motor nerve conduction deficit (at 24-28 weeks of age
and 32 weeks of age, respectively [29]).

ROLE FOR AR

The sorbitol pathway of glucose metabolism consists of two reactions. First, glucose
is reduced to its sugar alcohol sorbitol by NADPH-dependent AR. Then, sorbitol is oxi-
dized to fructose by NAD-dependent SDH. Negative consequences of the sorbitol path-
way hyperactivity under diabetic or hyperglycemic conditions include intracellular
sorbitol accumulation and resulting osmotic stress, and generation of fructose, which is
10-times more potent glycation agent than glucose. One group reported that increased
flux through SDH leads to so called “pseudohypoxia,”’ i.e., an increased free cytosolic
NADH/NAD™ (12) ratio, whereas others (36) did not find a relation between cytosolic
or mitochondrial NAD*/NADH redox state and SDH activity in the peripheral nerve.
Two groups obtained the results indicating that increased AR, but not SDH, activity con-
tributes to PDN (37,38). Furthermore, SDH inhibition appeared detrimental rather than
beneficial, for autonomic neuropathy (39).

The role for AR in PDN has been reviewed in detail (40). New evidence for the key
role of AR in the pathogenesis of PDN has been generated in both experimental stud-
ies in animal and cell culture models of diabetes and clinical trials of ARIs. The results
implicating increased AR activity in high glucose- and diabetes-induced oxidative-
nitrosative stress (4/—45) and downstream events such as mitogen-activated PK
(MAPK) activation (46,47), PARP activation (45), COX-2 activation (Calcutt et al.,
unpublished), and activation of NF-xB (46,47) are of particular interest. In particular, it
has been demonstrated that AR inhibition counteracts high glucose- and diabetes-
induced superoxide formation in aorta (42), epineurial vessels (45), and endothelial
cells (43—45); nitrotyrosine formation in peripheral nerve (45), vasa nervorum (46),
kidney glomeruli and tubuli (48), endothelial cells (43) and mesangial cells (48), lipid
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peroxidation in peripheral nerve (47), and retina (44); loss of two major nonenzymatic
antioxidants, reduced glutathione (GSH), and ascorbate in peripheral nerve (45), and
downregulation of several major antioxidative defense enzymes in the retina (44).

The author’s group has also demonstrated the key role for AR in diabetes-associated
PARP activation in peripheral nerve, retina, kidney, human Schwann cells, and mesan-
gial cells (45,48). Two groups have demonstrated the key role for AR in diabetes-
induced MAPK activation in rat lens and DRG neurons (46,47). Both PARP activation
and MAPK activation are involved in transcriptional regulation of gene expression,
through the transcription factors NF-xB, activator protein-1, p53, and others (49,50).
Activation of these transcription factors leads to upregulation of inducible nitric oxide
synthase, COX-2, endothelin-1, cell-adhesion molecules, and inflammatory genes
(49,51). Thus, the demonstration of a major contribution of AR to oxidative-nitrosative
stress and PARP and MAPK activation in tissue-sites for diabetic complications allows
to predict that in the near future the link between increased AR activity and altered tran-
scriptional regulation and gene expression will be established. Any product of genes
controlled through PARP- and MAPK-dependent transcription factors, regardless of
how unrelated to the sorbitol pathway this product looks from a biochemical point of
view, will be affected by a diabetes-associated increase in AR activity and amenable to
control by AR inhibition. In accordance with this prediction, the most recent findings
have shown that increased AR activity is responsible for diabetes-induced COX-2
upregulation in the spinal cord (Calcutt et al., unpublished), and NF-xB activation in
high-glucose exposed vascular smooth muscle cells (52).

The role for AR in the pathogenesis of PDN is supported by findings obtained in AR-
overexpressing and AR-knockout mice. Yagihashi et al. (53) demonstrated that induc-
tion of STZ-diabetes in the mice transgenic for human AR resulted in more severe
peripheral nerve sorbitol and fructose accumulation, MNCV deficit, and nerve fibre
atrophy than in their nontransgenic littermates. Treatment of diabetic transgenic mice
with the ARI WAY121-509 significantly prevented the accumulation of sorbitol, the
decrease in MNCYV, and the increased myelinated fibre atrophy in diabetic transgenic
mice. Similar findings had been obtained in another transgenic mouse model that over-
expressed AR specifically in the Schwann cells of peripheral nerve under the control of
the rat myelin protein zero promoter (54). The transgenic mice exhibited a significantly
higher reduction in MNCV under both diabetic and galactosemic conditions than the
nontransgenic mice with normal AR content. In contrast, AR-deficient mice appeared
protected from motor nerve conduction slowing after 4 and 8 weeks of STZ-diabetes
(55). These data lend further support to the important role of AR in functional, meta-
bolic, and morphological abnormalities characteristic of PDN.

The findings in transgenic and knockout mouse models are in line with new studies
with structurally diverse ARIs. Coppey et al. (56) implicated AR in diabetes-induced
impairment of vascular reactivity of epineurial vessels, an early manifestation of PND,
which precedes motor nerve conduction slowing. The author’s group has demonstrated
that established functional and metabolic abnormalities of, at least, early PDN, can be
reversed with an adequate dose of ARI, i.e., the dose that completely suppressed dia-
betes-associated sorbitol pathway hyperactivity (4/). Calcutt et al. (57) have shown
that the ARI statil prevented thermal hypoalgesia in STZ-diabetic rats; furthermore,
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another ARI IDD 676, given from the onset of diabetes, prevented the development of
thermal hyperalgesia and also, stopped progression to thermal hypoalgesia when
delivered in the last 4 weeks of an 8-week period of diabetes. In a recent study (58),
the ARI fidarestat partially prevented thermal hypoalgesia in type 2 diabetic ob/ob
mice. Tactile allodynia was not prevented by an ARI treatment in either Calcutt et al.
(57) study in STZ-diabetic rats or the study in ob/ob mice (58), although paw with-
drawal thresholds in response to light touch with flexible von Frey filaments tended to
increase in ob/ob mice treated with fidarestat in comparison with the corresponding
untreated group.

New evidence supports the role of AR in the pathogenesis of advanced PDN. A
15-month AR inhibition with fidarestat dose-dependent corrected slowed F-wave,
MNCYV, and SNCV in STZ-diabetic rats (55). In the same study, diabetes-induced para-
nodal demyelination, and axonal degeneration were reduced to the normal with such
low dose of fidarestat as 2 mg/kg. Other manifestations of advanced PDN, such as
axonal atrophy, distorted axon circularity, and reduction of myelin sheath thickness
were also inhibited. The results of two double-blind placebo-controlled clinical trials of
fidarestat in patients with type 1 and type 2 diabetes are also encouraging (60, and
Arezzo et al., unpublished). Fidarestat improved electrophysiological measures of
median and tibial MNCV, F-wave minimum latency, F-wave conduction velocity, and
median SNCV (forearm and distal) as well as subjective symptoms of PDN, such as
numbness, spontaneous pain, sensation of rigidity, paresthesia in the sole upon walking,
heaviness in the foot, and hypesthesia. These results support the applicability of the AR
concept to the pathogenesis of human PDN, and are consistent with the findings of
another clinical trial with the ARI zenarestat, indicating that robust inhibition of AR in
diabetic human nerve improves nerve physiology and fiber density (57). Recently,
improvement of sensory nerve conduction velocity in patients with diabetic sensorimo-
tor polyneuropathy was also found with the new ARI AS-3201 (62). The role for AR in
human diabetic neuropathy is also supported by the genetic polymorphism data (40).

ROLE FOR NONENZYMATIC GLYCATION

Glycation is the nonenzymatic reaction of glucose, a-oxoaldehydes, and other sac-
charide derivatives with proteins, nucleotides, and lipids, with formation of early gly-
cation adducts (fructosamines) and advanced glycation end products (AGE). Formation
of some AGE, i.e., pentosidine and N¢-[carboxymethyl]-lysine, combines both glycation
and oxidative steps in a process termed “glycooxidation.” In the last several years, the
role for glycation/glycoxidation in diabetic complications including diabetic neuropa-
thy has been extensively reviewed (63-65). A number of new studies in animal models
of diabetes and human subjects support the role of this mechanism.

Using the state-of-the art technique, i.e., liquid chromatography with tandem mass
spectrometry (MS) detection, Karachalias et al. (66) produced evidence of accumulation
of fructosyl-lysine and AGE in peripheral nerve of STZ-diabetic rats. In particular, sci-
atic nerve concentrations of N®-[carboxymethyl]-lysine and N®-[carboxyethyl]-lysine
were markedly increased in diabetic rats in comparison with controls.
Hydroimidazolone AGEs derived from glyoxal, nethylglyoxal, and deoxyglucosone
were major AGEs quantitatively. The receptor for AGE (RAGE) was localized both in
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endothelial and Schwann cells of the peripheral nerve (67). Recently generated
RAGE—-/— mice appeared partially protected from diabetes-associated pain percep-
tion loss, an indicator of long-standing diabetic neuropathy (68). Furthermore, in the
same study, loss of pain perception was reversed in the diabetic wild-type mice
treated with soluble RAGE. The new inhibitor of AGE and advanced lipoxidation
end product (ALE) formation, pyridoxamine, previously reported to be effective
against diabetic nephropathy and retinopathy was found to reverse established sciatic
endoneurial NBF, MNCYV, and SNCYV deficits in STZ-diabetic rats with 8-week dura-
tion of diabetes (69). Of interest, this correction was achieved in the absence of any sig-
nificant effect of the agent on the levels of AGE/ALEs, N-(carboxymethyl)lysine, and
N-(carboxyethyl)lysine in total sciatic nerve protein, which suggests that short-term dia-
betes and pyridoxamine treatment target AGE/ALE in vasa nervorum rather than neu-
ral components of the peripheral nerve. Another new antiglycation agent OPB-9195
reduced sciatic nerve immunoreactive AGE expression, and prevented the slowing of
tibial motor nerve conduction, downregulation of Na*, K*-ATPase activity, and accu-
mulation of 8-hydroxy-2’-deoxyguanosine (a marker of DNA oxidative damage) in
STZ-diabetic rats with 24-week duration of diabetes (70).

High-dose therapy of thiamine and benfotiamine, suppressed AGE accumulation in
the peripheral nerve (66) and reversed diabetic neuropathy (71), potentially by reducing
the levels of triose phosphates through activation of transketolase. Several in vitro stud-
ies describe adverse effects of AGE precursors and AGE per se in Schwann cells
(72,73). In particular, methylglyoxal was found to induce rat Schwann cell apoptosis
through oxidative stress-mediated activation of p38 MAPK (72). AGE derived from
glyceraldehyde and glycolaldehyde, but not from glucose induced rat Schwann cell
apoptosis, decreased cell viability and replication, decreased mitochondrial membrane
potential, activated NF-kB, and enhanced production of inflammatory cytokines, i.e.,
tumor necrosis factor (TNF-o) and interleukin-f (73).

Several new studies support the presence of AGE accumulation in patients with dia-
betes mellitus. The AGE pyrraline immunoreactivity was more intense in the optic nerve
head of diabetic subjects in comparison with nondiabetic controls (74). Pronounced
AGE immunoreactivity was detected in axons and myelin sheaths in 90% of patients
with type 2 diabetes, but not in control subjects, and the intensity of axonal AGE posi-
tivity significantly correlated with the severity of morphological alterations characteris-
tic for PDN (75). In the same study, AGE positivity was clearly present in endoneurium,
perineurium, and microvessels of patients with diabetes. Bierhaus et al. (68) have
demonstrated that ligands of RAGE, the receptor itself, activated NF-kB, p65, and inter-
leukin-6 colocalized in the microvasculature of sural nerve biopsies obtained from
human subjects with diabetic neuropathy. Furthermore, N®-[carboxymethyl]-lysine,
RAGE, and NF-xB were found in the sural nerve perineurium, epineurial vessels, and
endoneurial vessels of subjects with impaired glucose tolerance-related polyneuropathy
(76). Several clinical studies support the role of glycation in the pathogenesis of PDN
and other diabetes complications (77-79). In particular, it has been reported that
increased accumulation of skin AGE precedes and correlates with clinical manifesta-
tions of diabetic neuropathy (77). In another study, AGE accumulation in skin, serum,
and saliva increased with progression of neuropathy, nephropathy, and retinopathy (78).
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Furthermore, serum N®-[carboxymethyl]-lysine concentrations were found significantly
higher in children and adolescents with type 1 diabetes and diabetes complications
(background retinopathy, microalbuminuria, and neuropathy) in comparison with the
uncomplicated group (79).

ROLE FOR PKC ACTIVATION

PKC includes a superfamily of isoenzymes, many of which are activated by 1,2-
diacylglycerol in the presence of phosphatidylserine. PKC isoforms phosphorylate a
wide variety of intracellular target proteins and have multiple functions in signal trans-
duction-mediated cellular regulation. The role for PKC in the pathogenesis of PDN has
been reviewed in detail (80). PKC is activated in vasa nervorum of diabetic rats (87), and
vessel-rich epineurial vessels of diabetic mice (§2). PKC has been reported decreased
(83), unchanged (81), or increased (84) in the diabetic rat nerve, and decreased in
endoneurial tissue of diabetic mouse nerve (82). PKC activity was markedly reduced
in DRG neurons of the wild-type STZ-diabetic mice and furthermore, in the diabetic
mice overexpressing human AR (85). These changes were associated with reduced
expression and activity of the membrane PKC-a isoform that translocated to cytosol.
The membrane PKC-II isoform expression was increased in AR-overexpressing dia-
betic transgenic mice, but not in the wild-type mice (85).

The experimental evidence obtained with various PKC inhibitors as well as the dia-
cylglycerol complexing agent cremophor by several groups (81,86—88) suggests the
detrimental role of PKC activation in vasa nervorum. The PKC inhibitors, WAY 151003,
chelerythrine, and LY333531 as well as cremophor prevented or reversed NBF and con-
duction deficits (81,86,87), and the PKC inhibitor bis-indolylmaleimide-1HCI corrected
acetylcholine-mediated vascular relaxation in epineurial arterioles in the STZ-diabetic
rat model (88). The role for neural PKC in the pathogenesis of PDN remains unclear.
However, recent findings suggest that neuronal PKC might be related to diabetes-asso-
ciated changes in expression, phosphorylation, and function of the vanilloid receptor 1,
known to play an important role in diabetic neuropathic pain (89). The novel PKC-f3
1soform selective inhibitor JTT-010 was found to ameliorate nerve conduction deficits,
hyperalgesia (formalin test in its first phase), and hypoalgesia (formalin test in its sec-
ond phase, tail flick test) in STZ-diabetic rats (90).

ROLE FOR OXIDATIVE-NITROSATIVE STRESS

Enhanced oxidative stress, resulting from imbalance between production and neutral-
ization of ROS is a well-recognized mechanism in the pathogenesis of PDN. Recently,
considerable progress has been made in the detection of diabetes-associated oxidative
injury in PNS. New studies (20,21,36,41,45,81) have confirmed previously established
lipid peroxidation product accumulation, GSH depletion and increase in GSSG/GSH
ratio, and downregulation of superoxide dismutase (SOD) activity in the diabetic
peripheral nerve. In addition, new markers of ROS-induced injury have been identified
in peripheral nerve, vasa nervorum, and DRG in experimental PDN. Those include
decreased catalase and total quinone reductase activities, depletion of ascorbate and
taurine, and increase in dehydroascorbate/ascorbate ratio in peripheral nerve (91,92),
increased production of superoxide in vasa nervorum (23), and accumulation of
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8-hydroxy-2’-deoxyguanosine in DRG of STZ-diabetic rats (19). Diabetes-induced
changes of the aforementioned indices were corrected by antioxidant treatment.
Accumulation of nitrotyrosine (a footprint of peroxynitrite-induced protein nitration)
has been documented in peripheral nerve (45), vasa nervorum (23,45), and DRG (93)
in diabetic rats, and peripheral nerve of diabetic mice (92) indicating that diabetes cre-
ates not just oxidative, but oxidative-nitrosative stress in PNS. Enhanced nitrosative
stress has been documented in human subjects with PDN (95).

Numerous new studies reveal the important role of oxidative stress in nerve func-
tional, metabolic, neurotrophic, and morphological abnormalities characteristic of PDN.
The role for ROS in diabetes-associated nerve conduction and blood flow deficits has
been demonstrated in studies with the “universal” antioxidant DL-o-lipoic acid
(5,23,91), which is known to combine free radical and metal chelating properties with
an ability (after conversion to dehydrolipoic acid) to regenerate levels of other antioxi-
dants, i.e., GSH, ascorbate, a-tocopherol, catalase, and glutathione peroxidase. It has
also been confirmed with other antioxidants including the potent hydroxyl radical scav-
enger dimethylthiourea (96), HESD (22,23), and the SOD mimetic M40403 (97).
Furthermore, diabetes-induced MNCV and SNCV deficits were reversed by the perox-
ynitrite decomposition catalyst FP15 treatment (94). Two groups produced experimen-
tal evidence of an important role for oxidative stress in diabetes-associated impairment
of neurotrophic support to the peripheral nerve by demonstrating that (1) diabetes and
pro-oxidant treatment caused NGF and NGF-regulated neuropeptide, i.e., substance P
and neuropeptide Y deficits in the sciatic nerve that were, at least partially, counteracted
by o-lipoic acid (98), (2) taurine alleviated oxidative stress and prevented diabetes-
induced NGF deficit in the sciatic nerve of STZ-diabetic rats (92).

Several reports suggest involvement of oxidative-nitrosative stress in the mechanisms
underlying diabetic neuropathic pain and abnormal sensory responses. In the author’s
study (94), the tail-flick response latency was increased in diabetic NOD mice in com-
parison with nondiabetic mice, and this variable was normalized by short-term treat-
ment with the peroxynitrite decomposition catalyst FP15. Studies in the “mature”
short-term rat model of STZ-diabetes revealed thermal and mechanical hyperalgesia
(exaggerated pain state), which was corrected by lipoic acid (99), and alleviated by the
hydroxyl radical scavenger dimethylthiourea (96). The mechanisms underlying dia-
betes-associated tactile allodynia have not been studied in detail; however, a beneficial
effect of nitecapone, an inhibitor of catechol-O-methyltransferase and antioxidant, sug-
gests the involvement of oxidative-nitrosative stress (/00).

Over past several years, the continuing debate about a “primary mechanism” of dia-
betic complications has centered on the origin of oxidative stress in tissue-sites for dia-
betic complications and its relation to other factors. According to the “unifying
concept” of Brownlee derived from the studies in bovine aortic endothelial cell culture
model (/01,102), mitochondrial superoxide production is the primary source of oxida-
tive stress in tissue-sites for diabetes complications, and this mechanism is responsible
for sorbitol pathway hyperactivity, formation of AGE, and activation of PKC. Whereas
the important role of mitochondria as a ROS-producing factory in diabetes is beyond
doubt, this hypothesis has several major problems. First, it is unclear whether similar
relations exist in other cell types, i.e., Schwann cells, and DRG neurons, and whether the
mitochondrial mechanism of ROS generation is so important in high glucose-exposed
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human cells. Second, several extramitochondrial mechanisms have been demonstrated
to be of similar, if not greater importance in endothelial cells of vasa nervorum as well
as other cells. Those include xanthine oxidase, a multifunctional enzyme of an iron-
sulfur molybdenum flavoprotein composition, present in high concentrations in capil-
lary endothelial cells and producing oxygen free radicals, uric acid, and superoxide.
Xanthine oxidase is increased in ischemia-reperfusion injuries, anoxia, inflammation,
and diabetes mellitus (/03). The importance of xanthine oxidase in PDN has been
recently demonstrated by Cameron et al. (unpublished) who found a complete correc-
tion of diabetes-associated NBF and conduction deficits by the xanthine oxidase
inhibitor allopurinol. The same group produced evidence suggesting that two other
extramitochondrial mechanisms of ROS generation, i.e., NAD(P)H oxidase and semi-
carbazide sensitive amine oxidase are also involved in the pathogenesis of PDN
(104,105). A recent study (106) demonstrated the important role for NAD(P)H oxidase
as well as the lipid ceramide in palmitate-induced oxidative stress in bovine retinal per-
icytes, and several reports suggest the key role for NAD(P)H oxidase in the diabetic
kidney (107,108). Evidence for the important contribution of other factors, i.e., 12/15-
LO (109), COX-2 (110), and endothelin-1 (/11), is emerging. Moreover, inhibition of
Na*/H*-exchanger (NHE)-1 was found to counteract diabetes-associated superoxide
generation in aorta (M.A.Yorek., unpublished). Third, the “unifying concept” is in dis-
agreement with numerous findings supporting the role for AR in oxidative-nitrosative
stress in tissue sites for diabetic complications (41,42,44,45,48) as well as in high glu-
cose-exposed endothelial cells (43—45). Note that the role for AR in high glucose-
induced superoxide production in endothelial cells has been demonstrated by several
groups that used different techniques and structurally diverse ARIs (42—45). The
author’s group has shown that AR inhibition normalized indices of oxidative stress
including lipid peroxidation product, GSH, and ascorbate concentrations as well as
SOD activity and nitrotyrosine and poly(ADP-ribose) immunoreactivities in the dia-
betic peripheral nerve (41,45,112).

ROLE FOR DOWNSTREAM EFFECTORS OF ROS INJURY
AND OTHER NEWLY DISCOVERED MECHANISMS

PARP Activation

One of the important effectors of oxidative-nitrosative injury and associated DNA
single-strand breakage is activation of the nuclear enzyme PARP (/13). Once activated,
PARP cleaves nicotinamide adenine dinucleotide (NAD") with formation of nicoti-
namide and ADP-ribose residues, which are attached to nuclear proteins and to PARP
itself, with formation of poly(ADP-ribosyl)ated protein polymers. The process leads to:

1. NAD" depletion and energy failure (26,27,113,114);

2. Changes of transcriptional regulation and gene expression (49,51); and

3. Poly(ADP-ribosyl)ation and inhibition of the glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase, resulting in diversion of the glycolytic flux toward several pathways impli-
cated in diabetes complications (115).

Recent studies of the author’s group (8,26,27) revealed that PARP activation is an
early and fundamental mechanism of PDN. It is clearly manifest in peripheral nerve,
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vasa nervorum, and DRG neurons of STZ-diabetic rats (8,26,27,93) as well as periph-
eral nerves of STZ-diabetic (94) and ob/ob mice (58). Using endothelial and Schwann
cell markers and double immunostaining (8), the author’s group localized PARP activation
in endothelial and Schwann cells of diabetic rat nerve. The group was first to develop
the Western blot analysis of poly(ADP)-ribosylated proteins in rat sciatic nerve (27);
using this approach, it was found that poly(ADP)-ribosylated protein abundance
increased by 74% in rats with 4-weeks duration of STZ-diabetes in comparison with
nondiabetic controls. Furthermore, accumulation of poly(ADP)-ribosylated proteins
was found to develop very early, i.e., within about 12-24 hours of exposure of cultured
human endothelial and Schwann cells to high glucose (27). PARP-1 protein abundance
was not affected by high glucose or PARP inhibitor treatment in either cell type consistent
with the current knowledge on PARP-1 as abundantly expressed enzyme with very
minor, if any, transcriptional regulation (7/3).

Studies with several structurally unrelated PARP inhibitors and PARP-deficient
(PARP-/-) mice revealed the important role for PARP activation in diabetes-associated
MNCYV and SNCV deficits, neurovascular dysfunction and peripheral nerve energy
failure (8,26). PARP—/— mice were protected from both diabetic and galactose-
induced MNCYV and SNCYV deficits and nerve energy failure that were clearly mani-
fest in the wild-type (PARP+/+) diabetic or galactose-fed mice (8). Two structurally
unrelated PARP inhibitors, 3-aminobenzamide and 1,5-ISO, reversed established
NBF and conduction deficits as well as energy deficiency in STZ-diabetic rats (8).
The third inhibitor, PJ34, essentially corrected nerve conduction deficits and energy
deficiency despite relatively modest (17%) reversal of NBF deficit (26). From these
observations, it was concluded that PARP inhibition counteracts diabetes-induced
changes in nerve energy state (the variable that correlates best with nerve conduction)
primarily through recently discovered effect on the glycolytic enzyme glyceraldehyde
3-phosphate dehydrogenase (/15) and resulting improvement of glucose utilization in
Schwann cells. The latter is consistent with normalization of free NAD*/NADH ratio,
an index of tricarboxylic cycle activity and glucose utilization, in the peripheral
nerve mitochondrial matrix of PJ34-treated diabetic rats (26). In the same study, PJ34
treatment counteracted accumulation of lactate and glutamate, as well as depletion of
a-glutarate in diabetic peripheral nerve. Nerve glucose and sorbitol pathway interme-
diate concentrations were similarly elevated in PJ34-treated and untreated rats (26),
which is consistent with the downstream localization of PARP activation, consequent
to increased AR activity and resulting oxidative-nitrosative stress, in the pathogenesis
of diabetic complications. In other two studies of the author’s group, diabetes-induced
peripheral nerve protein poly(ADP)-ribosylation was blunted by the ARI fidarestat
and the peroxynitrite decomposition catalyst FP15 (45,94), thus, indicating the importance
of increased AR activity and nitrosative stress among the upstream mechanisms
underlying PARP activation.

The low-dose PARP inhibitor-containing combination therapies (with two vasodila-
tors, the ACE-inhibitor lisinopril and B—adrenoceptor agonist salbutamol), reversed
neurovascular dysfunction, SNCV deficit (MNCV deficit was reversed by salbutamol-,
but not lisinopril-containing drug combination) as well as thermal and mechanical
hyperalgesia in rats with short-term STZ-diabetes (27). Theoretically, PARP activation
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can contribute to diabetic neuropathic pain and abnormal sensory responses through
several mechanisms including, but not limited to:

1. Upregulation of TNF-a and other inflammatory genes;

2. Activation of p38 MAP kinase in the spinal cord and Schwann cells; and

3. Ca**-regulated excitotoxic insults, all of which have been implicated in the pathogenesis of
painful neuropathy (116-118).

PARP-dependence of TNF-o. overexpression, p38 MAP kinase activation, and Ca>*-
regulated excitotoxic insults in pathological conditions associated with oxidative stress
have been experimentally documented (/13,119-121). Furthermore, recent studies from
the author’s group revealed that PARP activation not only results from, but also exacer-
bates oxidative-nitrosative stress in peripheral nerve, vasa nervorum, and human
Schwann cells (/22). Detailed studies of the role for PARP activation in diabetic neu-
ropathic pain are in progress in the laboratory.

Activation of MAPKs

Numerous findings indicate that ROS and reactive nitrogen species cause MAPK acti-
vation (/7,123), and increasing evidence supports the importance of MAPKs in the patho-
genesis of PDN. ERK, p38 MAPK, and JNK are activated in DRG neurons of
STZ-diabetic rats (/7). Enhanced p38 MAPK activation in response to endothelin-1 or
platelet-derived growth factor has been observed in immortalized Schwann cells cultured
in 25 mM glucose in comparison with those in 5 mM glucose (/24). Sural nerve JNK acti-
vation and increases in total levels of p38 and JNK have been observed in patients with
both type 1 and type 2 diabetes (/7). MAPKs are implicated in aberrant neurofilament
phosphorylation, a phenomenon involved in the etiology of the diabetic sensory polyneu-
ropathy (/25). Fernyhough et al. (/125) have reported a two- to threefold elevation of neu-
rofilament phosphorylation in lumbar DRG of STZ-diabetic and spontaneously diabetic
BB rats as well as 2.5-fold elevation in neurofilament M phosphorylation in sural nerve of
BB rats. Diabetes-induced three- to fourfold increase in phosphorylation of a 54-kDa
isoform of JNK in DRG and sural nerve correlated with elevated c-Jun and neurofilament
phosphorylation. p38 activation in DRG neurons of STZ-diabetic rats is prevented by the
ARIs sorbinil and fidarestat, which suggests the important role of AR in diabetes-related
alterations in MAPK signaling (/26). The p38 MAPK inhibitor SB239063 corrected
MNCYV and SNCV deficits in STZ-diabetic rats, thus implicating p38 MAPK in motor
and sensory nerve dysfunction (47,126). In the same animal model, the p38-o0 MAPK
inhibitor SD-282 counteracted mechanical allodynia, C-, but not a delta-fiber-mediated
thermal hyperalgesia, and attenuated flinching behavior during the quiescent period and
the second phase of the formalin response (/27). Spinal p38 MAPK has also been impli-
cated in the neuropathic pain induced by inflammation (728).

Activation of NF-kB

Both PARP-1 and MAPKSs are involved in transcriptional regulation of gene expres-
sion, through the transcription factors NF-xB, activator protein-1, p53, and others
(113,114,129). Activated NF-xB has been identified in perineurium, epineurial vessels,
and endoneurium in sural nerve biopsies of subjects with impaired glucose tolerance (76)
and overt diabetes (68). NF-kB activation was also found in isolated Schwann cells
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cultured in high glucose medium in comparison with those in low glucose (/30) and such
activation was prevented by the ARI fidarestat. Similar effect of AR inhibition on NF-xB
activation was observed in high glucose-exposed vascular smooth muscle cells (52).
Activation of NF-xB and other transcription factors by high glucose (52,730) and oxida-
tive stress (/31) leads to upregulation of inducible nitric oxide synthase, COX-2,
endothelin-1, cell adhesion molecules, and inflammatory genes (49,57). Growing evi-
dence indicates that the aforementioned transcription factors and their target genes are
involved in the pathogenesis of diabetic complications, and, in particular, PDN (9,10,
68,132). Thus, it is not surprising that inhibition of NF-xB by pyrrolidine dithiocarba-
mate and the serine protease inhibitor N-o-tosyl-L-lysine chloro-methylketone, i.e., IkB
protease activity-blocking agent, corrected nerve conduction and blood flow deficits in
STZ-diabetic rats (9). In the same animal model, N-0i-tosyl-L-lysine chloro-methylketone
also partially reversed gastric autonomic neuropathy (9).

Activation of COX-2 and 12/15-LO

Evidence for the important role of arachidonic acid metabolic pathways, i.e., COX-1 and
COX-2, cytochrome P450 epoxygenase, and LOs in diabetes complications is emerging.
The lipid products of these pathways include thromboxane, prostaglandins, leukotrienes,
lipoxins, epoxyetraenoic acid, 12-hydroperoxy-eicosatetraenoic acid, 12-(HETE) hydroxy-
eicosatetraenoic acid, 15-HETE, and a whole variety of their derivatives. COX-1 protein
expression was reported unchanged in the diabetic peripheral nerve (/0) and reduced in the
spinal cord (133), whereas COX-2 protein abundance was increased in both tissues
(10,133). Selective COX-2 inhibition with meloxicam prevented motor nerve conduction
and endoneurial nutritive blood flow deficits in the diabetic rats (/0). The same group (134)
found diabetic COX-2 deficient mice protected from MNCV and SNCV slowing that was
clearly manifest in the diabetic wild-type mice. Several studies implicate COX-2 overex-
pression in increased production of hydroxyl radicals and hydrogen peroxide as well as lipid
peroxidation (110,135), and STZ-diabetic COX-2—/— mice have been reported to develop
less severe peripheral nerve oxidative stress than the diabetic wild-type mice (134).

One of the most interesting members of the LO family is 12/15-LO, a nonheme iron-
containing dioxygenase that forms 12-hydroperoxy-eicosatetraenoic acid and 12- and
15-HETESs and oxidizes esterified arachidonic acid in lipoproteins (cholesteryl esters)
and phospholipids (109,136). 12/15-LO is abundantly expressed in endothelial cells
(i.e., aortic and retinal endothelial cells), smooth muscle cells, monocyte/macrophages
as well as renal mesangial cells, tubular epithelial cells, and podocytes, and the enzyme
expression is increased under diabetic and hyperglycemic conditions (109,136).

Recent in vivo and cell culture studies (/09,136,137) revealed that high glucose-
induced 12/15-LO activation affects multiple metabolic and signal transduction path-
ways, transcriptional regulation, and gene expression. The major consequences include
increased free radical production and lipid peroxidation, MAPK and NF-kB activation,
inflammatory response, excessive growth as well as adhesive and chemoattractant
effects (109,136,137). Recent findings from the author’s group suggest an important
role for 12/15-LO activation in peripheral DN (/4). In particular, it was found that:

1. 12/15-LO is abundantly expressed in mouse peripheral nerve and its expression increases
in diabetic conditions;
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2. 12/15-LO—/— mice with both type 1 (streptozotocin-induced) and type 2 (high fat diet-
induced) diabetes develop less severe peripheral DN than wild-type mice;

3. Some manifestations of peripheral DN in STZ-diabetic mice are reversed by a short-term
12/15-LO inhibitor treatment;

4. 12/15-LO is abundantly expressed in human Schwann cells (HSC), one of the major cell
targets in human DN, and its overexpression is clearly manifest after a short-term (24 h)
exposure to high glucose; and

5. 12/15-LO overexpression in high glucose-exposed HSC contributes to activation (phosphory-
lation) of all three subtypes of MAPKs including p38 MAPK, ERK Y4, and JNK-1, recently
implicated in the pathogenesis of both experimental and human DN (17,47,125-127).

These results provide the rationale for detailed studies of the role for 12/15-LO path-
way in diabetic neuropathic changes.

Altered Ca*" Homeostasis and Signaling

Growing evidence suggests that diabetic sensory neuropathy is associated with
abnormal Ca”* homeostasis and signaling in DRG neurons (138,139). Enhanced Ca**
influx through multiple high-threshold calcium currents is present in sensory neurons of
several rat models of diabetes mellitus, including the spontaneously diabetic BioBred/
Worchester (BB/W) rats and STZ-diabetic rats (1/39). Sensory neurons of STZ-diabetic rats
have increased mRNA expression of voltage-gated calcium channels (/40). Enhanced cal-
cium entry in diabetes is also linked to the impairment of G protein-coupled modulation of
calcium channel function (/38). Increased AR activity and taurine deficiency contribute
to diabetes-related enhancement of voltage-dependent calcium currents in DRG neurons
(138,139). These two mechanisms probably converge at the level of oxidative stress and
result in PARP activation known to promote [Ca2+]l. accumulation and impair calcium
signaling. Resting [Ca2+]l. increased in rat lumbar nociceptive neurons with the duration
of STZ diabetes, whereas calcium mobilization from the endoplasmic reticulum reduced
(140). [Ca®*]; is essentially required for 12/15-LO catalytic activity (141) predominantly
confined to cytoplasm (/42).

Evidence for important role of [Ca2+]l. in neuropathic pain of different origin and in
particular, diabetic neuropathic pain is emerging. Luo et al. (/43) found that injury to
type-specific calcium channel alpha 2delta-1 subunit upregulation in rat neuropathic
pain models (mechanical nerve injuries, diabetic neuropathy, chemical neuropathy) cor-
related with antiallodynic effect of the anticonvulsant gabapentin. Furthermore, a recent
6-week, randomized, double-blind, multicenter clinical trial in 246 patients with painful
diabetic neuropathy revealed that pregabalin, a new drug that interacts with the alpha
2delta-1 protein subunit of the voltage-gated calcium channel, is a efficacious and safe
treatment for diabetic neuropathic pain (/44). Similar findings have been obtained in
another 12-week, randomized, double-blind, multicenter, placebo-controlled trial of
pregabalin that revealed a significant pain relief in patients with chronic postherpetic
neuralgia or painful diabetic neuropathy (745).

Activation of NHE-1

Recent studies from the author’s group suggest an important role for NHE-1 in PDN
(146). The NHE-1 specific inhibitor cariporide, at least, partially prevented MNCV and
SNCV deficits, thermal hypoalgesia, mechanical hyperalgesia, and tactile allodynia in
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STZ-diabetic rats. STZ-diabetic NHE-1+/— mice developed less severe early PDN than
the wild-type mice. Increased NHE-1 protein expression was found early (about 24 hours)
after exposure of human endothelial and Schwann cells to high glucose, thus suggest-
ing that this mechanism can be of importance in human PDN (7/47).

CONCLUSION

Multiple mechanisms are involved in the pathogenesis of PDN. New findings support
the role for previously discovered mechanisms, such as increased AR activity, nonen-
zymatic glycation, PKC activation, and oxidative stress in functional and morphologi-
cal abnormalities in the diabetic nerve. Evidence for the important role for nitrosative
stress, MAPK activation, PARP activation, COX-2 activation, and Ca’" signaling is
emerging. Several newly discovered mechanisms include activations of NF-kB, the
12/15-LO pathway, and NHE-1. Studies of the role for these mechanisms in PDN and
their interactions with other pathogenetic factors are in progress.
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Effectors—Sonic Hedgehog
and p38 Mitogen-Activated Protein Kinase

Sally A. Price, Rebecca C. Burnand, and David R. Tomlinson

SUMMARY

This chapter covers the identification of mitogen-activated protein kinases as early stage
transducers of the damaging effects of glucose on peripheral nerves. They are activated by
several metabolic consequences of hyperglycemia, in particular oxidative stress, osmotic stress,
and advanced glycation end products. Inhibition of one group of mitogen-activated protein
kinases—the p38 group—prevents the development of reduced nerve conduction velocity in
experimental diabetes; such inhibition can also be achieved by an aldose reductase inhibitor,
giving an explanation for the mechanism underlying the damaging effect of the polyol pathway.
The effect of treatment is also described with sonic hedgehog in preventing reduced nerve con-
duction velocity and normalising expression of genes coding for endoskeletal proteins, which
may be instrumental in preserving the integrity of the distal axon.

Key Words: Sonic hedgehog; p38 MAP kinase; nerve conduction; gene expression; axonal
endoskeleton.

INTRODUCTION

The development of potential new therapies for diabetic neuropathy has been sporadic
over the last 20 years. In general, the process has been boosted by a prospective aetio-
logical mechanism reaching consensus among scientists together with the development
of drugs to counteract it. The polyol pathway and aldose reductase inhibitors provide a
classical example. As is shown in Fig. 1, interest in the polyol pathway rose dramatically
in the 1980s, peaking at around 1990; thereafter there has been a steady decline as clin-
ical findings indicated that the hypothesis was inapplicable to complications, at least as
a sole explanation of pathogenesis. Subsequently, no hypothesis has reached such a con-
sensus and the development of potential novel therapeutics has virtually stalled.

This chapter attempts to revitalize the process by proposing two new hypotheses to
explain the development of diabetic neuropathy. These are not mutually exclusive;
indeed it is instrumental that more than one set of pathogenetic mechanisms coexist and
act in concert. If these hypotheses are cogent, then new avenues for development of
therapeutics open up.

It has been obvious for many years that, if glucose itself is the damaging agent in the
initial aetiology of neuropathy, then there must be some processes that are sensitive to
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Fig. 1. Publications per year on the sorbitol/polyol pathway as indexed by PubMed
(http://www.ncbi.nlm.nih.gov/PubMed/).

glucose and are interpolated between hyperglycemia and the onset of neurodegeneration.
We have made an extensive study of the way in which the mitogen-activated protein
kinases (MAPKSs), and especially p38 MAPK, are activated directly by glucose and
indirectly by the osmotic and oxidative stresses that it induces in diabetes (/,2). In this
chapter is presented and discussed evidence for involvement of p38 MAPK in func-
tional changes and its inhibition as a therapeutic strategy considered.

The influence of long-term trophic support and its defects in diabetes on the devel-
opment of neuropathy have been examined (3). It is clear from this that more than one
neurotrophic factor is defective in diabetes and reversal of this possibly requires a pleio-
typic response characteristic of several factors. It is possible that agents that govern
multiple developmental changes may exert just such a broad—based influence. Such a
factor is sonic hedgehog (Shh) and this chapter begins with consideration of its poten-
tial influence and the novel therapeutic opportunities that it might present (4).

SONIC HEDGEHOG AND DIABETIC NEUROPATHY

The hedgehog proteins are a highly homologous family of proteins that are widely
expressed during development. There are three known mammalian homologues sonic
(Shh), desert (Dhh), and indian (Ihh). Treatment of the streptozotocin (STZ) rat model of
diabetes with a fusion protein containing human recombinant Shh and rat immunoglobin
G (Shh-IgG) ameliorates a range of diabetes-induced functional and structural disorders
of the peripheral nerve. For example, motor and sensory nerve conduction velocities in
the lower limbs are both increased to values comparable to that of nondiabetic animals
(4). In addition, deficits in nerve growth factor and the related peptide substance P, shown
in diabetic rats (5), are not present in rats treated with Shh—IgG (4).
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There is a clear disruption in the gene expression of hedgehog genes in the periph-
eral nervous system of diabetic animals. The mRNA encoding Dhh is reduced in the
sciatic nerve of the diabetic rat (4). In addition, shh was downregulated in the dorsal
root ganglion (DRG) neurons of diabetic animals at 8 weeks duration of diabetes
(Burnand et al., unpublished observations). The mechanism by which treatment with
Shh-IgG restores functional deficits in the nerve is unknown.

The Hedgehog Family of Proteins

The name hedgehog comes from the spiky processes that cover the larval cuticle in
hh homozygotes. The hedgehog proteins (Hh) are a family of morphogens that act in a
dose dependent manner after being secreted from their tissue source; they exert their
effect by altering gene expression. The hedgehog gene (Hh) was first identified in
Drosophila embryos, as a gene encoding for a protein implicated in segment polarity
(6). Since then, most studies in Drosophila have focused on the role of hedgehog in
regulating the growth and patterning of the wing and other appendages (7).

Three mammalian hedgehog homologues have been found and are named Shh,
Dhh, and Ihh (8). Two homologues have been found in fish and are named echidna
and tiggywinkle hedgehog (9,10).

The multiple ik genes of vertebrates have presumably arisen by duplication and sub-
sequent divergence of a single ancestral 4k gene. Although shh, ihh, and dhh are highly
homologous, shh is closer to ihh than dhh in sequence identity. Pathi et al. (//) have
shown that the three proteins have the ability to function similarly, but with different
potencies, hence the proteins can substitute for each other. They showed that the rank
order of potencies in each of the contexts they tested was Shh > Ihh > Dhh.

Shh is expressed in numerous tissues including the central nervous system, the
peripheral nervous system, limbs, somites, the skeleton, and skin. It has numerous
roles during mammalian development, directing pattern formation, and inducing cell
proliferation.

Humans or mice lacking Shh develop holoprosencephaly and cyclopia because of a
failure of separation of the lobes of the forebrain (/2). Shh organises the developing
neural tube by establishing distinct regions of homeodomain transcription factor pro-
duction along the dorsoventral axis (/3). These transcription factors, including Nkx,
Pax, and Dbx family members, specify neuronal identity. Shh acts directly on target
cells and not through other secreted mediating factors, to specify neuronal cell fate (/4).
It also has important known patterning roles in the formation of other tissues including
the brain (/5) and the eye (9). In addition to the many functions of Shh in determining
cell fate, it also has roles in controlling cell proliferation and differentiation in neuronal
and nonneuronal cell types.

The numerous responses to Shh are achieved by controlling the production, amount,
and biochemical nature of the signal itself, including covalent modification of Shh.

During development, the expression of Dhh mRNA is highly restricted. Its expres-
sion has been shown in the Sertoli cells of the developing testes (/6,/7) and in the
Schwann cells of the peripheral nerve (/8). Male Dhh-null mice are sterile and fail to
produce mature spermatozoa (1/6). The peripheral nerves of Dhh-null mice are also
highly abnormal. The perineurial sheaths surrounding the nerve fascicles are abnormally
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thin and extensive microfasicles consisting of perineurial like cells are formed within
the endoneurium. The nerve tissue barrier is permeable, and the tight junctional arrays
between, adjacent perineurial cells are abnormal and incomplete (/8).

Ihh has two known roles in vertebrate development. The first is in the formation of
the endoderm where Ihh is critical for the differentiation of the visceral endoderm (19).
The second is in postnatal bone growth (20) where Ihh appears to coordinate growth and
morphogenesis, a suggestion has also been made proposing a role for Ihh in healing
long bone fractures (21).

Until recently, it was thought that hedgehog proteins directly bind to a single recep-
tor named Patched (Ptc). Ptc, located on the surface of responding cells, is a 1500 amino
acid glycoprotein that constitutes 12 membrane-spanning domains (22,23). Two human
homologues of Ptc have been identified named Ptcl and Ptc2 (24). Ptcl is the main
receptor for Shh, Thh, and Dhh, the function of Ptc2 is unknown. It has been shown that
a number of isoforms of Ptc2 exist it is proposed that the expression of the different iso-
forms is associated with the “fine-tuning” of the Hh response (25).

Ptc is required for the repression of target genes in the absence of Hh. The Hh signal
induces target gene expression by binding to and inactivating Ptc. Inactivation of Ptc
allows smoothened to become active; Smo is a 115 kDa transmembrane protein that is
essential for transducing the Shh signal, only one human homolog is known. It is not yet
clear whether the inhibition of Smo by Ptc is the result of direct or indirect interaction.
Either way, the binding of Hh to Ptc results in a change that allows smoothened to trans-
duce the signal. In humans and mice, the loss of ptc function causes medulloblastomas,
tumors of the cerebullum, and other developmental abnormalities resulting from the
inappropriate expression of Shh target genes (26,27).

In addition to repressing target gene transcription, Ptc also regulates the movement
of Hh through tissues; the binding of Hh to Ptc limits the spread of Hh from its source.
In Drosophila producing mutant Ptc, Hh can be detected at distances greater than
those producing the wide-type protein (28). The binding of Shh to Ptc induces rapid
internalization of Shh into endosomes, the fate of Shh after internalization is not yet
known (29).

In 2002 it was shown that Shh also directly binds to another protein called megalin
(30). This single chain protein is approx 600 KDa and consists of a C-terminal cyto-
plasmic domain, a single transmembrane domain and an extremely large ectodomain
(31). Megalin functions as an endocytic receptor which mediates the endocytosis of lig-
ands including insulin (32), the presence of functional motifs at the C-terminal cyto-
plasmic domain suggest that this protein may also have a role in signal transduction
(33). The phenotypes of megalin deficient mice are consistent with phenotypes of mice
deficient in Shh and Smo (34,35).

The signal transduction pathway downstream to Ptc and Smo is not well under-
stood. Ultimately, it results in the nuclear translocation of the Gli proteins. The Gli
genes encode transcription factors that share five highly conserved tandem C,-H, zinc
fingers and a consensus histidine—cysteine linker sequence between the zinc fingers
(36). The Drosophila homolog is called cubitus interruptus (Ci). Ci is regulated
post-transcriptionally; the full length Ci protein consists of 155 amino acid residues
(Ci-155) (37,38).
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In the absence of a Hh signal, Ci forms a tetrameric complex with proteins named:
Costal-2, Fused, and Suppressor of fused at the microtubules (39,40). In this complex
form Ci is cleaved to form a 75 amino acid residue (Ci[rep]) (41) that retains the zinc
finger domain and translocates to the nucleus to repress downstream target genes (42).
In some cells, proteolysis of Ci seems to be dependent on protein kinase-A mediated
phosphorylation (43). Transduction of the Hh signal inhibits proteolysis of Ci, result-
ing in an accumulation of the full-length protein. On translocation to the nucleus this
activator form stimulates transcription of target genes. In the absence of Hh signal not
all full length Ci is cleaved, a residual amount escapes but is prevented from activating
target genes by its retention in the cytoplasm and active nuclear export (41,44) thus, it
seems likely that there are many levels of control over Ci activity that remain to be
fully elucidated.

There are three known Gli homologues in mammals: Glil (also referred to as Gli), Gli
2, and Gli 3. All three Gli homologues have been tested for separate functional domains.
C-terminally truncated forms of both Gli2 and Gli3 that resemble the truncated form of
Ci have been shown to repress reporter gene expression in cell lines or Shh targets in vivo
(45,46). Glil does not seem to contain a represser domain, instead only functioning as a
transcription activator (46).

Effects on Indices of Diabetic Neuropathy

As previously mentioned, treatment of the diabetic rat with Shh-IgG reverses a
number of indices of diabetic neuropathy including, deficits in nerve conduction velocity.
Figure 2 shows sensory and motor nerve conduction velocity values at 8 and 12 weeks
duration of diabetes in the STZ model of diabetes. There are clear deficits in the dia-
betic animals that are reversed by treatment with Shh—IgG. Shh—IgG treatment had
no effect on body weight or glycemia in diabetic rats, implying that the severity of
diabetes was unaffected by Shh—IgG. Shh—IgG administration had no effect on the
concentration of polyol pathway components in peripheral nerve (Burnand et al.,
unpublished).

Shh protein signaling ultimately leads to the translocation of the Gli proteins to the
nucleus where they act as transcription factors. Therefore, the mechanism by which
Shh-IgG exerts its effects is likely to be transcription based. In both human and exper-
imental models of diabetes there are a wide range of structural changes in the periph-
eral nerve. These changes include a loss in the number of myelinated fibres and
paranodal demyelination (47,48). There is also a reduction in the capacity of peripheral
nerves to regenerate following injury (49,50). Actin, tubulin, and the neurofilament
proteins are the main cytoskeletal proteins essential for structural integrity of the axon.
Other accessory proteins including numerous actin binding proteins are present in the
peripheral nerve and produce a structure of extreme complexity and versatility.
Abnormalities in the production and processing of structural proteins have been widely
reported in diabetic neuropathy (5,5/,52). Evidence gathered in our laboratory shows
that treatment of the diabetic rat with Shh-IgG reverses abnormalities in the gene
expression of a range of structural proteins as shown in Fig. 3. This restoration in gene
expression may form part of the mechanism by which treatment with Shh—IgG corrects
deficits in nerve conduction velocity in diabetic rats.
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Fig. 2. Motor and sensory nerve conduction velocities in control (open columns), diabetic
(gray columns) and sonic hedgehog (diagonal hatching)-treated diabetic rats. Diabetes caused
significant (p < 0.01) slowing of both at 8 and 12 weeks, which was normalised by sonic hedge-
hog at both durations.

To date, the work conducted on the use of Shh—IgG as a potential therapeutic agent
in the treatment of diabetic neuropathy has resulted in positive outcomes. No adverse
side effects have been observed at 12 weeks duration of diabetes. A longer term study
is now necessary to determine the longer term potential of this promising new therapy.

MITOGEN-ACTIVATED PROTEIN KINASES

MAPKSs are a family of enzymes involved in transducing signals derived from the
extracellular environment. There are three main subtypes of MAPKs: extracellular reg-
ulated kinases (ERKS), c-Jun N-terminal kinases (JNKs), and p38 MAPKs. All family
members are activated by dual phosphorylation of a consensus sequence, Thr-Xxx-Tyr
by MAPK kinases. Upstream of these are the MAPK kinase kinases, thereby forming
a three kinase cascade. There are fewer different kinases at each subsequent level of
the cascade, resulting in refinement of the signal. Specificity may be achieved by
stimulus-selective pathways, distinct cellular pools of kinases, or the presence of scaf-
fold proteins required for the interaction of certain kinases. Activated MAPKSs can
phosphorylate targets within the cytoplasm, such as cytoskeletal proteins and other
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Fig. 3. In dorsal root ganglia of rats with 12 weeks streptozotocin diabetes there was a gen-
eral reduction in gene expression (mRNA levels) for endoskeletal proteins; some of these reduc-
tions were normalised by treatment with sonic hedgehog. Coding: open circles—-actin; filled
squares—y-actin; filled circles—NFL, neurofilament light subunit; open squares—NFM, neuro-
filament medium subunit; half-filled circles—NFH, neurofilament heavy subunit; half-filled
squares—o.-tubulin.

kinases, or they may be translocated to the nucleus where they activate transcription
factors and mediate gene expression.

Extracellular Signal-Regulated Kinases

ERK1 was identified as a kinase activated by insulin, having a pivotal role in transduc-
ing mitogenic signals by converting tyrosine phosphorylation into the serine/threonine
phosphorylations that regulate downstream events (53). ERK2 and ERK3 were subse-
quently identified (54). ERK1 and ERK2 have 83% amino acid homology, are expressed
in most tissues to varying degrees, and are activated by growth factors, phorbol esters and
serum. ERK1/2 activation is typically triggered by receptor tyrosine kinases and G
protein-coupled receptors at the cell surface. These activate the small GTP-binding
protein Ras, allowing signaling through the Raf/MEK/ERK cascade. Downstream, ERK1/2
activates other kinases (e.g., RSKs, MSKs, and MNKs), membrane components (e.g.,
CD120a, Syk, and calnexin), cytoskeletal proteins (e.g., neurofilament) or nuclear
targets (e.g., SRCI, Pax6, NF-AT, Elk1, MEF2). ERK3 displays ubiquitous expression
and responds to various growth factors (54). It is only 42% identical to ERK1 and differs
from ERK1/2 in that it is a constitutively active nuclear kinase and does not phosphory-
late typical MAPK substrates (54,55). The fifth mammalian ERK kinase is designated
ERKS or big MAPK1 (BMKI1) because it is twice the size of the other ERK family mem-
bers and has a distinct C-terminal (56,57). Erk5 contributes to Ras/Raf signaling (56,58)
and is activated in response to growth factors and stress (56,59). ERKG6 is a protein kinase
involved in myoblast differentiation (60) but is usually referred to as p38y. ERK7 and
ERKS have also been cloned recently (61,62).
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C-Jun N-Terminal Kinases

JNK was identified as the kinase that phosphorylated c-Jun after exposure of cells to
transforming oncogenes and ultraviolet light (63). It was thus recognized as an important
signaling cascade for modulating the activity of distinct nuclear targets. There are 10
mammalian isoforms of JNK arising from alternate splicing of the 3 JNK genes. The JNK
proteins are activated by MAP kinase kinases such as MKK4 and MKK7 and upstream of
these MAP kinase kinase kinases including MLKs and ASK. Scaffold proteins such as JIP
and PB-arrestin 2 are also integral to the JNK signaling module, determining proximity and
specificity. JNK proteins differ in their associations with scaffold proteins and also in their
interaction with downstream targets. Defined substrates of JNK total at about 50-60 pro-
tein and include cytoskeletal proteins (e.g., neurofilament, tau, and microtubule associated
proteins), mitochondria (e.g., bim), and nuclear proteins (c-Jun, ATF-2, and Elk-1) (64).
Roles for the different isoforms of JNK are gradually becoming elucidated. It is known
that basal activity of JNK1 is far greater than that of JNK2 and JNK3. Coupled with the
fact that JNK1 knockout mice are defective/embryonically lethal, this suggests a greater
role for JNK1 under physiological conditions. JNK3 knockout mice are healthy and are
resistant to excitotoxic brain insults (65), suggesting a greater pathological role for this
isoform. In addition tissue specific effects of the role have been described. In most situa-
tions, inhibition of JNK is detrimental, however in cells such as cardiac myocytes and
sensory neurones inhibition of JNK may confer protection.

Mitogen-Activated Protein Kinase p38

The p38 MAPK signal transduction pathway is activated by proinflammatory
cytokines and environmental stresses such as osmotic shock, ultraviolet radiation, heat,
and chemicals (see refs. 66—68 for reviews). There are four members of the p38 MAPK
family: p38a. (69,70), p38B (71), p38y(72), and p383 (73), each encoded by a different
gene. The p38 MAPKSs are phosphorylated and activated by MKK3 and MKKG6 at thre-
onine and tyrosine residues and can mediate signaling to the nucleus (74). A large num-
ber of substrates have been described for p38, these include the transcription factors
ATF-2, Elk-1, cAMP response element binding proteins (CREB), and cytoplasmic targets
such as tau, MAPKAPK-2. p38 MAPKSs are widely expressed, with at least 3 of the
genes being expressed in the peripheral nervous system (S Price, personal observation).
The effect of p38 activation in response to cellular stress is diverse, although the major-
ity of reports favour a role in cell death rather than cell survival for neuronal cells. p38
signaling has been proposed to mediate apoptotic signaling in response to a variety of
stimuli in neurons including oxidative stress in primary forebrain cultures (75), mesen-
cephalic cells (76), and cortical neurons (77), and NGF withdrawal in PC12 cells (78).
Conversely, p38 activation was not observed following NGF withdrawal in primary cul-
tures of sympathetic neurons (79) and NGF has been shown to increase p38 activation
in DRG in vivo (80). This suggests that activation of p38 alone does not predict a detri-
mental outcome. High basal activity of p38 has been described in the adult rat brain
(81), although the physiological roles of p38 activation have been sparsely investigated.

Stress Kinases—Mechanism of Damage

In 1993, the Diabetes Control and Complications Trial Research Group concluded that
the incidence and severity of diabetic complications are increased by poor glycaemic
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control, indicating that hyperglycemia is likely to be the major causative factor. Several
consequences are known to result from excess glucose these include hyperosmolarity,
increased polyol pathway flux, oxidative stress, formation of advanced glycation end
products (AGE), and activation of protein kinase C. These pathways are integrally linked
with each other and with a variety of other cellular pathways. MAPK activation is impli-
cated in all these pathways, suggesting a pivotal role in transducing the effects of high
glucose in diabetic neuropathy.

Uptake of extracellular glucose without the dependency for insulin is a common fea-
ture of tissues affected by diabetic macrovascular complications. One major conse-
quence is an increased flux through the polyol pathway (Fig. 4). In this pathway, aldose
reductase converts glucose to sorbitol, and this is subsequently converted to fructose by
sorbitol dehydrogenase. Excessive flux through the polyol pathway leads to accumula-
tion of the poorly membrane permeable metabolites sorbitol and fructose in diabetic rats
(82). One consequence is that cells may be subjected to osmotic stress. This mechanism
is thought to account for the formation of sugar-induced cataractogenesis in diabetic rat
lens (83). The contribution of osmotic stress resulting from increased polyol pathway
flux in peripheral nerve is less well defined (84).

Extracellular osmotic stress may also occur in diabetic nerves as these are subject to
serum hyperosmolarity. Demonstrated a reduction in axonal size in myelinated fibres
and suggested this was, at least in part, because of shrinkage as a result of increased tis-
sue osmolarity (85).

Hyperosmolarity activates MAPKSs in a variety of cell types (69,86,87), and therefore
it is plausible that hyperosmotic stress can activate MAPKSs in diabetic neuropathy. In
aortic smooth muscle cells from normal rats, glucose activates p38 by a PKC-9 isoform-
dependent mechanism (88). However, at higher levels of glucose, p38 is activated by
hyperosmolarity through a PKC independent pathway. This suggests that different path-
ways may be activated simultaneously by high glucose. Furthermore, p38 has been
shown to mediate the effects of hyperglycemia-induced osmotic stress in vivo in the rat
mesenteric circulation (89).

In recent years, oxidative stress has come to the forefront of hypotheses proposed to
be causative of diabetic neuropathy. Numerous studies have shown that antioxidants
such as vitamin E (90-92), DL-o-lipoic acid (93—-95), and taurine (96,97) can prevent
abnormalities in diabetic nerve. Oxidative stress results from an imbalance in the pro-
duction of reactive oxygen species and cellular antioxidant defence mechanisms. The
increased free radical production may then result in oxidization of various cellular com-
ponents including lipids, proteins, and nucleic acids. Components that are modified by
ROS may have decreased activity leading to widespread dysfunction including distur-
bances in metabolism and defective signaling pathways.

Oxidative stress in diabetic nerve may result from a variety of mechanisms including
increased flux through the polyol pathway (Fig. 4), endoneurial hypoxia, hyperlipi-
daemia, increases in free fatty acids, activation of PKC, activation of receptors for AGE,
and glucose itself. The major source of oxidative stress in cells is the production of reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS). Naturally occurring
ROS and RNS usually have oxygen or nitrogen based unpaired electrons resulting from
enzymatic or nonenzymatic reactions. Examples include superoxide anion, hydroxyl
radical, nitrogen oxide, and peroxynitrite. High glucose inhibits ATP synthase resulting



100 Price et al.

02 Glutathione cycle
Polyol pathway

Superoxide dismutase (SOD) Glutathione disulphide

(GSSG) NADPH Glucose

A

Aldose

= +3
OH + OH + Fe™ «— H,0, Glutathione reductase |

Fenton reaction . reductade
Glutathione (GR) . N
peroxidase Sorbitol NAD

Y

H,0 Sorbitol

. +
Glutathione NADP dehydrogenase

Y
Fructose NADH

Fig. 4. Interconnecting pathways for oxidative stress. The polyol pathway consumes NADPH,
compromising the glutathione cycle, reducing levels of oxidized glutathione and impairing con-
version of hydrogen peroxide to water by glutathione peroxidase. This favours the Fenton reac-
tion generating super-hydroxyl radicals.

in slowing of electron transfer in the mitochondria and increased production of super-
oxide ions (98). Superoxide ions are normally converted to hydrogen peroxide and
water by the enzyme superoxide dismutase. Hydrogen peroxide is also produced by
enzymatic transfer of two electrons to molecular oxygen by enzymes such as monoamine
oxidase and urate oxidase. Hydrogen peroxide is reduced by glutathione peroxidase,
myeloperoxidase, and catalase or nonenzymatic decomposition occurs through the fen-
ton reaction, producing the highly reactive hydroxyl radical (OH). The activity of both
superoxide dismutase and catalase was found to be decreased (but not reaching statisti-
cal significance) in peripheral nerve after 6 weeks of diabetes (99,700). Longer dura-
tions of diabetes (3 or 12 months) failed to show a decrease in either gene expression or
activity of either enzyme, an increase in catalase expression was reported at 12 months.
These results suggest that changes in SOD and catalase may be dynamic in diabetic
nerve. Superoxides can also react with NO, forming peroxynitrite (ONOO-), which rap-
idly causes protein nitration or nitrosylation, lipid peroxidation, DNA damage, and cell
death. In sciatic nerve of rats given a peroxynitrite decomposition catalyst, immunore-
activity for nitrotyrosine and poly ADP-ribose (PARP) was present only in diabetic ani-
mals (/01), indicating that nitrosative stress is indeed present in animal models of
diabetic neuropathy.

Glutathione is another important cellular antioxidant that acts as a non-enzymatic
reducing agent, helping to keep cysteine thiol side chains in a reduced state on the
surface of proteins. The reduction of oxidized glutathione to reduced glutathione
(GSH), catalysed by glutathione reductase is dependent on NADPH as a cofactor (Fig. 4).
Increased flux through the polyol pathway can cause depletion of GSH (102,103), pos-
sibly as a result of competition between aldose reductase and glutathione reductase for
NADPH resulting in NADPH deficiency (/04,105) but more likely because of a
decrease in total glutathione (106,107). Increased polyol pathway flux can also create
oxidative stress because of the reaction of NADH with NADH oxidase and mitochon-
drial overloading with NADH. The significance of polyol-induced oxidative stress is
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highlighted by the fact that an aldose reductase inhibitor can prevent diabetes induced
lipid peroxidation in peripheral nerve (107).

ROS and RNS such as hydrogen peroxide, superoxide, and peroxynitrite activate
ERK, JNK, and p38 in a variety of in vitro models (/08—112), whereas MAPK activa-
tion is now well documented in these in vitro models, there is a lack of evidence for
MAPK activation by ROS and RNS in vivo. Recently, however (/1/3), showed that
ConA induced liver failure in mice resulted in TNF-o induced ROS production leading
to sustained activation of JNK, which could be prevented by an antioxidant. Depleted
GSH was also a consequence whereas there was less depletion in JNK1—/— mice, thus
establishing a link between ROS activation and MAPK activation in vivo. -adreno-
receptor stimulation in cardiac tissues was also found to increase superoxide production
and lipid peroxidation with concomitant activation of p38, JNK, and ERK. These
changes could be prevented with the antioxidant Tempol (/74). The relationship
between high glucose, oxidative stress, and MAPK activation may only be apparent
with more chronic hyperglycemia because acute (3h) glucose infusion in rats resulted
in oxidative stress as measured by MDA and total glutathione but not in activation of
ERK1/2 or p38 in liver (1/15). It will be of great significance to establish the existence
of oxidative stress-induced MAPK activation in diabetic neuropathy.

AGE exert their cellular effects by interacting with cell surface receptors, the best
characterized of these is the receptor for advanced glycation end products (RAGE). In
rat pulmonary smooth muscle cells it was demonstrated that RAGE activation can
induce ERK1/2 activated p21 (ras) and nuclear factor kB (NFkB) signaling (/16).
Subsequently a role for p38 in RAGE-induced NF-kB-dependent secretion of proin-
flammatory cytokines was established (/7/7). RAGE-induced activation of JNK is not
well documented but has been shown in RAGE-amphoterin induced tumour growth
(118) and high-mobility group protein-1 (HMGB1—a novel inflammatory molecule)
induced RAGE activation in human microvascular endothelial cells (119).

MAPK Activation in Sensory Neurones

In vitro models cannot replicate the chronic conditions of diabetes because primary
cells slowly, but progressively die in culture. Furthermore, the interaction between
neuronal and non-neuronal cells and the supply of nutrients cannot be mimicked
directly. However cell culture models do provide a means of isolating components
known to be important in diabetes and reduce the use of in vivo models. In primary
cultures of dorsal root ganglia neurons, high glucose activated p38, and JNK but not
ERK in a concentration-dependent manner (10-200 mM) following 16 hours treatment
(1). Oxidative stress in the form of hydrogen peroxide or diethyl maleate resulted in
activation of p38 and ERK but not JNK. Treatment with high glucose and oxidative
stress had an additive effect on activation of p38, suggesting different mechanisms
of activation.

Exposure of DRG neurones to high glucose and oxidative stress also resulted in a
decrease in cell viability as indicated by lactate dehydrogenase and MTT assays, meas-
urements of intact plasma membranes and mitochondrial function, respectively.
Concomitant treatment with a specific ERK pathway inhibitor (U0126) or a specific p38
pathway inhibitor (SB20210) prevented activation of ERK or p38, respectively and



102 Price et al.

prevented the decrease in cell viability. This suggests that activation of p38 and ERK by
glucose or oxidative stress is detrimental in sensory neurones.

Commercially available specific inhibitors of the JNK pathway that are easily solu-
ble have been lacking and therefore less is known about the role of the JNK pathway in
sensory neurons. Treatment with the peptide inhibitor JNK inhibitor 1 (/20) resulted in
death of primary cultures of DRG neurons (/217). This inhibitor appeared to be selective
for JNK because c-Jun phosphorylation was prevented, whereas there was no effect on
other MAPKSs. The recent development of new and more soluble JNK inhibitors may
help elucidate the effects of JNK signaling in sensory neurones in diabetic neuropathy.

MAPK Activation and Neuropathy in Diabetes

To investigate the effect of diabetes on MAPK activation, antibodies were used that
either recognize an epitope found on all forms of a particular MAPK (total, -T) or an
epitope specific to the phosphorylated (activate) form (phosphorylated, -P). Immuno-
histochemical studies on normal rats showed that ERK was expressed in both neurones
and satellite cells of the DRG, whereas ERK-P was found exclusively in satellite cells.
In the sciatic nerve ERK-T and ERK-P immunoreactivity was seen in both axons and
Schwann cells. Western blotting indicated that DRG from diabetic animals showed an
increase in ERK-P relative to ERK-T for both the p42 (ERK2) and p44 (ERK1) iso-
forms after 8, 10, or 12 weeks diabetes (/,122). The increase in ERK-P was because of
activation in the satellite cells in the DRG. Activated p44 ERK was also found to be sig-
nificantly increased in the sural nerve of 12 week STZ rats (/23). However, no changes
were found in ERK-P in the sural nerve in a separate study with the same duration of
diabetes (122).

In control DRG, JNK-T staining was found predominantly in neurones. JNK-P
showed a similar distribution; staining was observed in the cytoplasm of neurones, but
was absent from the nuclei. In sciatic nerve, INK immunohistochemistry was restricted
to axons. JNK staining has also been documented in the ventral horn and motoneuron
perikarya (/22). In diabetic animals, Western blotting revealed increased JNK activation
(p46 and p54/56) in the DRG (1,121,122). Increased levels of JNK-P in sciatic and sural
nerve from 12 weeks STZ-rats were also observed (/23). p54 JNK has also been shown
to be elevated in the DRG and sural nerve in an alternative model of type 1 diabetes, the
BB rat (/22). Immunohistochemistry of diabetic DRG showed that JNK-P is translo-
cated from the cytoplasm to the nucleus of neurones. In axons of the sciatic nerve, stain-
ing is increased in large myelinated fibers. In other studies carried out in STZ-rats in the
same laboratory, only certain isoforms of JNK were shown to be activated (S. A. Price
and D. R. Tomlinson, personal observations) or were shown to be increased but not
reaching statistical significance. Activation of JNK was related to the duration of dia-
betes (increased activation with longer durations) and to the blood glucose levels
(increased with higher blood glucose levels). Activated c-Jun, a transcription factor
known to be downstream of JNK, displays a similar pattern of activation to that of JNK
in diabetic rats (122).

Immunohistochemistry demonstrated that p38-T was also located in neuronal cells in
the DRG of control rats (Fig. 5). Similar to JNK-T, immunoreactivity was largely
restricted to the cytoplasm and appeared to be absent from the nuclei and satellite cells.
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Control Diabetic untreated Diabetic-fidarestat

Diabetic-SB 239063

Diabetic minus primary Ab

Fig. 5. Bar charts and Western blots showing the effects of Insulin, fidarestat and the p38
mitogen-activated protein kinases inhibitor, SB239063 on activation of mitogen-activated pro-
tein kinases p38 in dorsal root ganglia. The Western blot shows the effect of diabetes (UD), com-
pared with controls (C), and fidarestat-treated diabetes (DF) on total (p38-T) and phosphorylated
p38 (p38-P).

p38-P was present in the cytoplasm of neurones but more intense staining was also
observed in the nuclei of some cells. In sciatic nerve p38-T was expressed in axons and
Schwann cells and p-38-P was expressed in axons. Western blotting showed an increase
in p38-P in the DRG of diabetic animals (/), accompanied by predominantly nuclear
staining observed with immunohistochemistry. p38-P staining was also increased in the
sciatic nerve of diabetic animals (/24) and staining became visible in Schwann cells as
well as axons. In the L1 spinal cord, diabetes also promoted p38 activation in motoneu-
ron cell bodies, as identified by colocalization of choline acetyltransferase. There was also
intense p38 activation in microglia and diffuse labeling in neuronal and non-neuronal cells
of the gray matter. Interestingly, in sural nerve biopsies from diabetic patients there is
an increase in both p38-T and p38-P (I).

All changes that have been observed in diabetic animals could be reversed with insulin
and also the aldose reductase inhibitor, fidarestat, indicating that activation is a conse-
quence of hyperglycemia (Figs. 5 and 6). Treatment of STZ-diabetic rats with the second-
generation p38 inhibitor SB 239063 (20 mg/kg per day) prevents activation of p38 in DRG
and sciatic nerve and also deficits in nerve conduction velocity observed in untreated
diabetic rats (124). The inhibitor used specifically inhibits the o- and B-isoforms of p38
that are the isoforms predominantly expressed in neuronal tissue (/25) and has no effect
on other MAP, tyrosine, or lipid kinases (/26). Treatment of diabetic rats with the aldose
reductase inhibitor fidarestat or insulin also prevented activation of p38 (Figs. 5 and 6)



104

P38 activation (phosphorylated/total-relative to controls)

p38-P

p38-T <

Price et al.

Insulin 4 - Fidarestat
3
2
1 4

T

0

4

. SB239063

3

2

1 4

0

peSa—— ¢ L — R e — v TR S e —

« ub >l < C >
— D R S e D e I —— — A —
< ub > |« DF »

,b-—--—-—---——-l————-—-_-——-

“ ub >| < C >
S —— e —— | — — A —— Ny —
“ ub > | < DF >

Fig. 6. Immunocytochemistry showing activated (phosphorylated) p38 in cytoplasm and,
especially, nuclei of both small and large neurone cell bodies in dorsal root ganglia. There was
marked activation in diabetes, which was specific, as is shown by the sections exposed to sec-
ondary, but no primary antibody. Both fidarestat and the p38 inhibitor, SB239063 prevented the
activation of p39 mitogen-activated protein kinase.
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suggesting that p38 activation is a consequence of hyperglycemia and lies downstream
of the polyol pathway (/24). This evidence supports the in vitro work by (/) and indi-
cates that MAPK activation is detrimental in diabetic neuropathy. Elucidation of the
down stream targets of p38 in sensory neurons may suggest therapeutic targets for dia-
betic neuropathy in the future.

CONCLUSION

This account makes it clear that one group of glucose transducers—the MAPKs—has
been identified. There can be little doubt of their involvement in early stages of the
registration of damaging effects of glucose to neurones and Schwann cells. This proba-
bly extends to other cell types and may contribute to vasculopathy, retinopathy, and
nephropathy. In so far as p38 MAPK might be pivotal, it is clear that aldose reductase
inhibitors that are as effective as fidarestat can remove that source of cellular damage.
This might be seen to negate the relevance of p38 because of the lack of clinical effi-
cacy of the aldose reductase inhibitors tested to date. However, it is clear that early inter-
vention is paramount and it is also likely that the level of inhibition may need to be
greater than has yet been achieved clinically.

It will be interesting to see the development of Shh analogues and to determine
whether these affect activation of MAPKSs. If the two approaches to the consequences
of glucose intoxication are complimentary then we will have a clear gateway to what
some of us consider to be inevitable—multiple therapeutic approaches. This will add
interest as well as difficulty to clinical trials.
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SUMMARY

The balance of evidence supports the concept that programmed cell death (PCD) occurs in
cells of the peripheral nervous system (PNS) in the presence of diabetes, elevated glucose lev-
els, or insulin deprivation. The morphological appearance of apoptosis, the severity of cell
death, and the mechanism of cell death might vary between different cell types in the PNS and
between different mammalian models of diabetes. However, most cells show evidence of mito-
chondrial (Mt) damage and some, if not all, the features of the original morphological descrip-
tions of apoptosis. PCD has mainly been described in cell culture and animal models of
diabetes, although there is also morphological evidence of apoptosis in Schwann cells from
human sural nerve. Evidence of PCD or organellar damage often exceeds the observed dorsal
root ganglion neuronal loss. Apoptosis represents only the final pathological observation in this
state of organellar failure or suboptimal organelle function. It is likely that even nonapoptotic
neurons exhibit impaired metabolic function and protein synthesis and this dysregulation will
in part induce neuropathy. One potential mechanism for induction of apoptosis in the PNS is
diabetes-induced generation of reactive oxygen species and dysregulation of Mt function.
During Mt dysfunction, several essential players of apoptosis, including procaspases and
cytochrome-c are released into the cytosol and result in the formation of multimeric complexes
that induce apoptotic cell death. Antioxidants and certain regulators of the inner Mt membrane
potential, for example B-cell lymphoma (BCL) proteins, uncoupling proteins, and growth fac-
tors might prevent apoptosis in the PNS. The primary precipitating events leading to apoptosis
in the PNS need to be clearly delineated if it is to be understood how to intervene or prevent the
most common complication of diabetes, namely neuropathy.

Key Words: Apoptosis; programmed cell death; diabetes; neuropathy; oxidative stress; mito-
chondria; growth factors; uncoupling proteins; BCL.

INTRODUCTION

Apoptosis or programmed cell death (PCD) is essential for the normal functioning and
survival of most cells including those in the peripheral nervous system (PNS). The mor-
phological appearance of apoptosis, the severity of cell death, and the mechanism of cell
death might vary between different cell types in the PNS and between different mam-
malian models of diabetes. However, most cells show evidence of mitochondrial (Mt)
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damage and some, if not all, the features of the original morphological descriptions of
apoptosis (/-3). PCD has mainly been described in cell culture and animal models of
diabetes, although there is also morphological evidence of apoptosis in Schwann cells
(SC) from human sural nerve. Reactive oxygen species and the resulting oxidative stress
play a pivotal role in apoptosis and are likely to primarily mediate their effect by caus-
ing dysregulation of Mt function. During Mt dysfunction, several essential players of
apoptosis, including procaspases and cytochrome-c are released into the cytosol and
result in the formation of multimeric complexes that induce apoptotic cell death.
Antioxidants and certain regulators of the inner Mt membrane potential, for example,
BCL proteins, uncoupling proteins (UCPs), and growth factors might prevent apoptosis
in the PNS. Despite disagreements over the nature of apoptosis in some cells in the PNS,
the actual importance of apoptosis in the PNS rests mainly in the pathways leading to
apoptosis, and how intervention in these pathways might result in a reduction in the
severity of peripheral neuropathy. This review will describe the pathological changes that
distinguish apoptosis from other forms of cell death, describe known mechanisms of
PCD, and finally discuss both evidence of PCD and mechanisms of PCD in the PNS.

DISTINGUISHING APOPTOSIS FROM NECROSIS

Cell death takes two distinct forms, necrosis and apoptosis. Necrosis is a degenera-
tive process that follows irreversible injury to the cell. Apoptosis, a Greek word that
refers to the dropping of leaves from the tree, is an active process requiring protein syn-
thesis for its execution and might perform either a homeostatic or a pathological role.
As a simple distinction, apoptosis requires activation of cell signaling whereas necrosis
does not. Apoptosis produces characteristic morphological changes including shrinkage
of the cell, cytoplasmic blebbing, rounding of the cell (loss of adhesion or anoikis), con-
densation of the nuclear chromatin and cytoplasm, fragmentation of the nucleus, and
budding of the whole cell to produce membrane-bounded bodies in which organelles are
initially intact (/-3). These bodies are phagocytosed and digested by adjacent cells
without evidence of inflammation. An important and overlooked characteristic is the
presence of cell shrinkage, hence the original term of shrinking necrosis (/,2). Other
distinguishing features between apoptosis and necrosis include rupture of lysosomes
and the internucleosome cleavage of DNA observed in apoptosis that does not resem-
ble the random DNA degradation observed in necrosis (4).

Despite the morphological and biochemical distinctions, it is important to realize
that under pathological conditions both apoptosis and necrosis might result from the
same process and that the difference in pathology might represent the degree of
response to the same stimulus. For example, intracellular adenosine triphosphate
(ATP) concentration might be critical in selection of the cell death pathway. A high
ATP concentration favors apoptosis, whereas a low concentration promotes necrosis
(5-8). The activity of poly(ADP-ribose) polymerase (PARP)-1 might be the pivotal
point in this cell death decision, and as in other pathological conditions is important in
the pathogenesis of diabetic complications (9—11). Although, poly ADP-ribosylation
contributes to DNA repair and helps to maintain the genome, under conditions of
oxidative stress there is overactivation of PARP that in turn consumes NAD(+),
depletes ATP, and culminates in cell necrosis. If the ATP remains relatively high then
PCD will occur by activation of caspases.
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CASPASES AND PCD

The name caspase is derived from the specificity of these cysteine proteases to cleave
their substrates after an aspartic acid. All caspases are synthesized as inactive zymogens
called procaspases. At the onset of apoptosis, caspases undergo intramolecular cleavage
and often this is followed by a second cleavage to remove the prodomain from the pro-
tease domain. The caspases form two primary groups, initiator caspases that include
caspase-2, -8, -9, and -10, and effector caspases. Initiator caspases are the proximal
death-inducing caspases that are activated in response to apoptotic stimuli; their primary
function is to activate downstream effector caspases by catalyzing a single proteolytic
cleavage. Activation of an effector caspase zymogen involves a specific intrachain
cleavage, which is mediated by a specific initiator caspase. As a consequence of the
intrachain cleavage, the catalytic activity of the effector caspase is enhanced by several
orders of magnitude, thus magnifying the cell death inducing effect. Classically, PCD is
induced by either extrinsic or intrinsic pathways.

EXTRINSIC PCD PATHWAY

The receptor-linked pathway is known as the extrinsic pathway and this pathway
requires binding of a ligand to a death receptor on the cell surface (4). In this system,
tumor necrosis factor (TNF) and Fas ligand (FasL) bind to their cell surface death recep-
tors, TNF receptor type 1 and Fas receptor, respectively. Once activated, these receptors
recruit the signal-producing moieties TNF receptor type 1-associated death domain,
Fas-associated death domain (4), and caspase-8 forming an oligomeric complex called
the death-inducing signaling complex. Formation of the death-inducing signaling com-
plex activates the initiator caspase, caspase-8, which then cleaves and activates the
effector caspase-3, resulting in PCD (/2-14). Although the extrinsic pathway is less
well-characterized in diabetic complications, there is evidence of FasL activation in
association with diabetic neuropathy. Circulating soluble Fas and soluble FasL, two
transmembrane glycoproteins involved in apoptosis are significantly increased in dia-
betic patients with neuropathy compared with patients without complications or nondi-
abetic subjects. However, it is unclear if Fas has a neuronal origin (15).

INTRINSIC PCD PATHWAY

In contrast to the extrinsic pathway, the intrinsic pathway (Fig. 1) is mediated prima-
rily by Mt and Mt stress (3,16-21). One of the pivotal events in the process is Mt outer
membrane permeabilization. This leads to release of several Mt inducers, for example,
cytochrome-c, which are normally found in the space between the inner and outer Mt
membrane. Under high glucose conditions and in the diabetic state, Mt outer membrane
permeabilization is often preceded by hyperpolarization of the inner Mt membrane
potential (AY,,), followed by a depolarization step, an event associated with induction of
PCD (16,20,22,23). In dorsal root ganglion (DRG) neurons, the hyperpolarization wave
is observed early after an added glucose load and this corresponds to early cleavage of
caspase-3 at the same point of time. One of the key events preceding apoptosis is a
change in the Mt permeability transition. Mt permeability transition is associated with
opening of the adenine nucleotide transporter (ANT)/voltage-dependent anion channel
(VDAC) spanning the inner and outer Mt membranes. This change results in osmotic
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Fig. 1. Model for PCD pathways in neurons. Following inner Mt membrane depolarization,
cytochrome-c (Cyt C) is released and combines with cell death pathway components to form
the apoptosome complex, consisting of caspase-9 and apoptosis protease-activating factor 1
(Apaf-1). The formation of this complex leads to cleavage of caspase-9 and downstream acti-
vation of effector caspases-3, -6 and -7. The activation of the effector caspases is blocked by
inhibitor of apoptosis proteins (IAPs). The IAPs in turn might be inhibited by second Mt acti-
vator of caspase (SMAC/DIABLO) that is released by apoptotic stimulation of the Mt. The
effector caspases damage structural proteins, inhibit the DNA repair cycle, DNA transcription
and translation, and cleave poly-ADP-ribose-polymerase (PARP). Cleavage of PARP facili-
tates the degradation of DNA. Apoptosis inducing factor (AIF) is released from the Mt with
induction of apoptosis through a caspase independent pathway. AIF translocates to the nucleus
causing DNA fragmentation. Genes that regulate apoptosis (both activators and inhibitors) are
listed. (Reprinted from ref. 715.)

swelling that in turn disrupts the integrity of the outer Mt membrane (24), and is associ-
ated with release of proapoptotic factors into the cytoplasm that activate the caspase cas-
cade (/7). In contrast, inhibition of the ANT/VDAC channel by bongkrekic acid or with
cyclosporine stabilizes the AW, (20,25,26), and inhibits downstream cleavage of cas-
pase-3 indicating that stabilization of the AW, is important in preventing PCD.
Moreover, kinetic data show that Mt undergo major changes in membrane permeability,
polarity, and volume before other well-recognized signs of apoptosis such as caspase
activation and chromatin condensation (/8). All these changes have been described in
models of diabetic neuropathy (16,20,27-31).
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The BCL-2 family of apoptosis-regulating proteins might also prevent Mt outer mem-
brane permeabilization. Certain Bcl proteins inhibit PCD. For example, BCL-2, BCL-xL,
and BCL-2-associated athanogene (Bag-1) are part of the basic machinery that controls
PCD by inhibiting a variety of stimuli including reactive oxygen species (ROS) genera-
tion and loss of trophic support (32-34). BCL-2 and related proteins act directly on the
outer Mt membrane to prevent permeabilization (3,17,35,36), and suppress PCD (37,38)
by regulating calcium fluxes through the Mt and endoplasmic reticulum (39). BCL-xL
appears to function in a similar manner to BCL-2. Bag-1 shares no significant homology
with BCL-2, but interacts functionally and additively with BCL-2 to prevent PCD (33).

In contrast, proapoptotic BCL proteins, such as BAX and BAK can bind to VDAC and
might result in permeabilization of the outer Mt membrane (40,41). In the presence of an
apoptosis-inducing signal, BCL-2-associated protein (BAX) and BCL-2-homologous
antagonist killer (BAK) oligomerize and insert into the outer Mt membrane (42). In
support of this concept, mice lacking BAX and BAK fail to undergo outer membrane
permeabilization and apoptosis following numerous apoptotic signals (43,44). When
there is loss of outer Mt membrane permeability, this leads to release of proteins from
the intermembrane space, although rather than being released simultaneously, release is
likely dependent on secondary events for example remodeling of the matrix or change
in polarity of the inner Mt membrane (45).

Despite the intrinsic and extrinsic apoptosis pathways exhibiting well-characterized
hierarchies, a potential interaction between the pathways exists. The extrinsic path-
way interacts with the intrinsic pathway through caspase-8-mediated cleavage of
BCL-2 interacting protein (BID), which triggers the release of proapoptotic proteins
from the intermembrane space of Mt into the cytoplasm (46).

CYTOSOLIC PCD PATHWAY

Induction of PCD might also occur independently of Mt depolarization (47) by prima-
rily cytosolic mechanisms. One key component of the cell death machinery, Apaf-1, in the
presence of dATP forms a complex with cytochrome-c and caspase-9 (the apoptosome)
(13,48,49). Selective binding of caspase-9 to Apaf-1 results in caspase-9-dependent hier-
archical activation of caspases-2, -3, -6, -7, -8, and -10, resulting ultimately in DNA frag-
mentation seen in apoptosis (50—-53). In turn, caspase-3 activates caspase-2, -6, -8, and -10
and amplifies caspase-9 cleavage (50). In contrast, BCL-2 and BCL-xL complex with
Apaf-1 and caspase-9 through different binding sites to form a ternary complex (48) that
inhibits cleavage of downstream caspases (48) and serve to inhibit PCD.

OXIDATIVE AND NITROSATIVE INDUCED CELL DEATH
IN DIABETIC NEUROPATHY

Hyperglycemia promotes production of superoxides (O,), increases flux through the
Mt electron transport chain, and might be responsible for most of the key features of
oxidative stress (20,23,54,55). In cell culture models of hyperglycemia, inhibition of
formation prevents glucose-induced formation of advanced glycation end products
(AGEs) and activation of protein kinase-C (56). O, can also react with nitric oxide (NO)
to form peroxynitrite (ONOQO™), which can damage intracellular lipids and proteins,
resulting in lipid peroxidation, DNA fragmentation, and cell death. Accumulation of
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NADH coupled with failure of the Mt creatine phosphate pump to regenerate ATP from
ADRP also results in disruption of the Mt electron transfer chain, and depletion of ATP (56).
Depletion of ATP is associated with apoptosis in vitro (20), and similar changes are seen
in chronic neuropathy in diabetic animals (57). Oxidative stress can be prevented by
inhibitors of the Mt electron transport chain, for example, Mt complex II or III
inhibitors, for example, TTFA or myxothiazole (20,58). Failure to prevent oxidative
stress results in Mt DNA damage. DNA damage might be repaired by base excision
repair, however, if not repaired there is furthermore disruption of the electron transport
chain and production of further ROS. This vicious cycle of ROS production and Mt
DNA damage ultimately leads to energy depletion in the cell and apoptosis (29,59).

One potential stimulus for O, generation is NO (60). NO by interaction with the elec-
tron transport chain functions not only acts as a physiological regulator of cell respira-
tion, but also augments the generation of ROS by Mt, and can trigger PCD (61).
Evidence of increased production of reactive nitrogen species (NO and ONOO ) cou-
pled with evidence of PCD implicate nitrosative injury in models of diabetic neuropa-
thy (62,63). NO is formed by activation of NO synthase (NOS), which analyzes the
oxidation of L-arginine to NO and citrulline (for review see ref. 64). Neuronal NOS is
the primary constitutively active isoform in neurons. NO is relatively unstable in vivo,
however, it can bind thiol-containing proteins, thereby substantially increasing its half-
life. This process, called S-nitrosylation results in directed and rapid activation or deac-
tivation of proteins and affects the signaling of specific proteins (64—67).

NO might have both neuroprotective and neurotoxic roles depending on other modi-
fying pathways. NO induced toxicity depends in general on the degree of local genera-
tion of NO and/or O, (68,69). ONOO can inactivate electron transfer complexes I, II,
and ATPase (70), reversibly nitroslylate or irreversibly nitrate critical proteins and
enzymes, including manganese superoxide dismutase, cytochrome-c, aconitase, and
VDAC (reviewed in refs. 64,71). In combination, these effects of NO increase oxidative
stress and nitrosative stress through the overproduction of S-nitrosylated proteins (72).
Manganese superoxide dismutase, a superoxide scavenger, might protect from ONOO -
induced cell death (69).

Activation of neuronal NOS, endothelial NOS, or the inducible form of NOS might
produce paradoxical responses in the peripheral nerve. Inducible NOS is increased in
the arteries of diabetic rats (73), but unchanged in DRG neurons from chronically dia-
betic rats (74). Deficits in endothelial NO and other endothelial vasodilators can result
in reduced nerve perfusion and function (64,75,76). With ischemia, there is failure of
the endothelial NOS:NO axis that will result in reduced perfusion of the peripheral
nerve and further aggravate ischemic oxidative injury to the peripheral nerve.

APOPTOSIS IN DRG

Pathological changes consistent with apoptosis have been described in the PNS in
models of diabetic neuropathy. Several pathological changes are observed in the dia-
betic DRG and dorsal roots (Fig. 2). Condensation of chromatin, shrinkage of the
nucleus and cell cytoplasm, with preservation of the cytoplasmic membrane are seen in
both DRG neurons as well as in satellite cells or SC from diabetic but not from control
animals (27). These apoptotic changes occur side-by-side with healthy cells, consistent
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with single cell deletion. The changes are evenly distributed throughout the DRG neu-
rons and in addition are observed in dorsal root SC. Frequent large vacuoles are
observed, evenly distributed throughout the cytoplasm and many correspond to enlarged
ballooned Mt with disruption of the inner cristae structure. The abnormal vacuoles are
most prominent in cells showing early apoptotic changes such as mild chromatin aggre-
gation with neuronal and cytoplasmic shrinkage. Although occasional vacuolation is
observed in DRG cells from control animals, the Mt structure appears normal. After
acute induction of hyperglycemia in animals, there is evidence of chromatin com-
paction, shrinkage of the nucleus and cytoplasm with preservation of the cell membrane
in the presence of intact lysosomes. These changes are more severe than in the chroni-
cally hyperglycemic rodent (27). Similar to the changes observed in vivo, high glucose
induces apoptosis in vitro: the degree of cell injury is dependent on the concentration of
glucose present and occurs rapidly. In vitro, DRG cultured in extra glucose show com-
paction of chromatin into uniformly dense masses, deletion of single cells, cell shrink-
age into apoptotic bodies, retention of membrane integrity with some membrane
blebbing, and presence of intact lysosomes. This effect cannot be explained merely by
glucose-induced hyperosmolarity, as similar changes are not observed when equiosmo-
lar concentrations of mannitol or sodium chloride are used (27).

One of the areas of controversy has been whether there is classical apoptosis in the
PNS and if loss of DRG neurons by apoptosis is responsible for the observed neuro-
pathic deficits observed in both animals and humans. Most studies to date indicate there
is activation of caspases in DRG neurons both in vitro and in vivo (16,20,27-31). There
is also evidence of neuronal nuclear DNA fragmentation using in vivo studies with rig-
orously applied controls showing convincing positive TdT-mediated dUTP-biotin nick
end labeling (TUNEL) staining with DNAse (27-29). Most studies indicate some loss
of DRG neurons (27,31,77), and in particular there is a statistically significant loss of
large DRG neurons (3/). In one study, using rigorous counting techniques of DRG
nuclei in 6-12 pairs of sections from the whole DRG, it was concluded that there was
no loss of neurons in the DRG from diabetic animals (77). In fact, this study showed a
14.5% decrease in the mean number of neurons (determined by nuclei) per ganglia in
12-month diabetic compared with control animals. However, there was a large variance
between animal groups and this likely resulted in inadequate power to detect a statisti-
cal difference. In fact, there is clear evidence that not all neurons are affected equally
and that there is variability in the degree of neuronal loss in experimental animals sim-
ilar to the observed variability in the severity of neuropathy in humans. Thus, the con-
cept that a similar diabetic insult will always result in neuronal injury in all DRG
neurons equally, and will produce the same degree of loss of sensory neurons is sim-
plistic. Eventhough, there is evidence of DRG neuronal loss, the number of DRG neu-
rons showing evidence of caspase-3 cleavage or TUNEL staining appears to be higher
than the measured loss of neurons. This might occur because activation of caspases does
not invariably result in neuronal death, or that there is an intrinsic capacity for repair
within the neuron resulting either from DNA repair or by activation of neurotrophic pro-
tective signaling pathways (78).

As indicated in the initial description of mechanisms of apoptosis, PCD is a balance
between caspase activation and blocking by inhibitors of apoptosis. One possible repair
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Fig. 2. Electron micrographs showing representative early apoptotic changes and vacuolation
in DRG neurons, and SC in: (I) diabetic (1 month) and control animals. (A) Control DRG neu-
rons and axons, showing normal diffuse chromatin staining in the nucleus (N), Schwann cell
(Sh), and normal axons (A) with intact myelin lamellae showing little or no myelin splitting. (B)
DRG neuron from a diabetic animal showing coarse chromatin staining, with early aggregation
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mechanism would be by elevated expression of the DNA repair enzyme PARP (30).
DNA repair by PARP-1 is itself a double-edged regulator of cellular survival. When the
DNA damage is moderate, PARP-1 participates in the DNA repair process. Conversely,
in the case of massive DNA injury, elevated PARP-1 activation leads to rapid and mas-
sive NAD(+)/ATP consumption and cell death by necrosis (10).

Studies in cell culture and diabetic animals indicate that there is dysfunction of the
normal electron transfer chain function and that this is associated with induction of
oxidative stress (20). In a DRG cell culture model, the first 2 hour of hyperglycemia
are sufficient to induce oxidative stress and PCD (79). On exposure to elevated glu-
cose concentrations, superoxide formation, inhibition of aconitase, and lipid peroxi-
dation occurs within 1 hour of the hyperglycemic stress, and is followed rapidly by
caspase-3 activation and DNA fragmentation (20,79). Injury to the neurons can be
prevented by the antioxidant o-lipoic acid (79,80), consistent with a model in DRG
neurons where oxidative stress induced apoptosis can be ameliorated or prevented by
antioxidants. This finding is supported by in vivo data that antioxidants can prevent
neuronal and axonal injury in the PNS (7/1,23,57,64,81,82). In 1-12-month diabetic
rats, 8-Hydroxy-2’-deoxyguanosine labeling is significantly increased at all time-
points in DRG neurons consistent with oxidative DNA injury (29). The changes in
oxidative injury are coupled with an increase in caspase-3 labeling in acutely and
chronically diabetic animals. These apoptotic changes are coupled with loss of DRG
neurons that were higher in chronic in comparison with acutely diabetic animals and
a progressive sensory neuropathy (29).

Corresponding to this evidence of apoptosis, are changes in the intrinsic pathway
of PCD. In the diabetic state, there is evidence of MMD (20,28,83,84). In affected
DRG neurons, there is a decrease in BCL-2 levels and translocation of cytochrome-c

Fig. 2. (Continued) in the nucleus (N) and vacuolation (V) in the cytoplasm. Remains of Mt
cristae can be seen in many of the vacuoles, a change that is even more apparent at higher mag-
nifications. (C) More severe chromatin aggregation (Ch), vacuolation (V) throughout the cyto-
plasm, and condensed rough endoplasmic reticulum associated with apparent loss of perikaryeal
volume. (D) Further DRG neuronal chromatin clumping (Ch) and early dissolution of the
nucleus. There is further ribosomal aggregation (R). Although blebbing of the cytoplasmic mem-
brane is observed, the membrane remains intact with no evidence of inflammation or phagocy-
tosis. (E) End stage changes in the DRG neuron. The nucleus is severely fragmented and the
nuclear outline is no longer apparent. There is marked condensation of rough endoplasmic retic-
ulum and ribosomes (R). Despite severe blebbing, the neuronal cytoplasmic membrane is still
present. An adjacent satellite cell (S) has maintained its integrity consistent with single cell dele-
tion of the DRG neuron during the process of apoptosis. (F) Enlarged Mt from DRG neuron in
B showing disruption of cristae. (II) DRG cell culture. Whole DRG were cultured for 48 hours
in the conditions described below: (A) Control DRG. Normal nucleus (N) and nucleolus, with
evenly distributed chromatin. The satellite cell (S) shows darker staining, but non-aggregated
chromatin, and a “cap shaped” nucleus, which is normal for this cell. (B) Twenty millimolar
added glucose. There is well-developed chromatin compaction (Ch) in one neuron, and early
compaction in another neuron. Both neurons show shrinkage of the perikaryon, but the outer cell
membrane is intact. (C) High glucose (150 mM). There is early chromatin compaction (Ch) and
shrinking of the cell nucleus and perikaryon similar to the changes seen in B. (Reprinted from
ref. 27, with permission from Elsevier.)



122 Russell et al.

from the Mt to the cytoplasm (85). One of the key events preceding apoptosis is a
change in the permeability transit pore (PTP) associated with opening of the
ANT/VDAC channel spanning the inner and outer Mt membranes (/9,20). In hyper-
glycemic conditions there is early serine phosporylation of BCL-2 followed by a
reduction in BCL-2 expression and loss of A¥,, (19).

UCPs also have sequence homology to Mt transporters including the BCL proteins sug-
gesting that they might be Mt carriers (70,86,87). When UCP levels are reduced, the AY,,
is abnormally high, and increases backpressure on the inner Mt membrane proton pumps.
These events might further promote induction of PCD. UCP3 expression is rapidly down-
regulated by hyperglycemia in diabetic rats and by high-glucose in cultured neurons (76),
and maintained by the presence of bongkrekic acid consistent with regulation of UCPs by
the AW, (16,19,22). Overexpression of UCPI, -2, or -3 prevents glucose-induced tran-
sient Mt membrane hyperpolarization, ROS formation, and induction of PCD (16,22).

Interestingly, insulin-like growth factor (IGF)-I is neuroprotective by blocking Mt
swelling, inner mitochondrial membrane depolarization (MMD), and caspase-3 activa-
tion. Two important IGF-I signaling pathways, phosphatidylinositol 3-kinase (PI3K) and
mitogen-activated protein (MAP) kinase/MAP-extracellular signal regulated kinase
(MEK) are implicated in regulation of apoptosis (88,89). In neurons treated with high
glucose, the PI3K pathway is the primary pathway regulating BCL-2 and BCL-xL,
MMD, and apoptosis (/9,90). Although inhibition of MAPK/MEK signaling independ-
ently and partially blocks IGF-I inhibition of MMD, these signaling intermediates do not
significantly affect IGF-I inhibition of Mt swelling, indicating that IGF-I regulates dif-
ferent components of Mt function through discrete signaling pathways (79). IGF-I stim-
ulation of the PI3K/Akt pathway phosphorylates three known Akt effectors: the survival
transcription factor CREB and the proapoptotic effector proteins glycogen synthase
kinase-3p and forkhead. IGF-I regulates DRG survival at the nuclear level by increasing
accumulation of phospho-Akt in DRG neuronal nuclei, increased CREB-mediated tran-
scription, and nuclear exclusion of forkhead (90). A further mechanism by which IGF-I
can reduce apoptosis in DRG neurons is by activating UCPs and in particular UCP3
through a PI3K regulated signaling pathway (9/-93). Similar changes have been
observed with insulin treatment. Insulin increases the AY,, and prevents MMD by acti-
vation of the PI3K signaling pathway and phosphorylation of Akt and cAMP response
element binding (CREB) (83,84). This in turn is associated with increased ATP levels.

Other signaling pathways might also be involved with regulation of PCD in DRG
neurons: diabetes activates all three groups of MAP kinases in sensory ganglia (94).
Inhibition of ERK and p38, stress responsive members of the MAPK family, prevents
nerve damage. Antioxidants and aldose reductase inhibitors that improve neuronal func-
tion in diabetic rats are also able to inhibit activation of ERK and p38 in DRG and increase
activation of JNK (94). In DRG from chronically diabetic rats, the p54/56 isoforms of JNK
are activated and furthermore activated when these animals are treated with antioxidants.
In contrast, cultured DRG neurons die when treated with JNK inhibitors. It is thus likely
that activation of C-Jun N-terminal kinases (JNK) because of a combination of raised glucose
and oxidative stress serves to protect DRG neurons from glycemic damage (94).
Alternative apoptosis pathways such as p53 activation have been shown to occur in an oxy-
gen glucose deprivation model of ischemia observed in diabetic neuropathy (80,95).
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Specifically, there is an increase in phospho-p53 levels under hypoxic-glucose deprivation
that is associated with DNA damage and cell-cycle disruption. These changes suggest a
possible role for p53-mediated apoptosis in diabetic neuropathy (95). DRG neuronal apop-
tosis in this system was prevented by increasing the concentration of NGF in the culture
medium consistent with observations in both animal model of diabetes and human neu-
ropathy that nerve growth factor (NGF) might protect against apoptosis (96,97).

Metabotropic glutamate receptors (mGluRs) might also regulate CREB signaling inter-
mediates and prevent neuronal cellular injury (98—101). The mGluRs are a subfamily of
glutamate receptors that are G protein-coupled and linked to second messenger systems
(101,102). In addition to strong mechanism-driven evidence that glutamate carboxypepti-
dase (GCP)II inhibitors and mGluR3 agonists are neuroprotective, there are preclinical
data that GCPII inhibitors ameliorate diabetic neuropathy in animal models (/03). The
GCPII inhibitor 2-(phosphonomethyl)pentanedioic acid (2-PMPA) is protective against
glucose-induced PCD and neurite degeneration in DRG neurons in a cell culture model
of diabetic neuropathy (98). In this model, inhibition of neuronal PCD is mediated by the
Group II mGluR, mGIluR3. 2-PMPA neuroprotection is completely reversed by the
mGlIuR3 antagonist, (S)-a-ethylglutamic acid, but not by Group I and III mGluR
inhibitors. Other mGluR3 agonists, for example, (2R, 4R)-4-aminopyrrolidine-2,4-dicar-
boxylate (APDC) and N-acetyl-aspartyl-glutamate provide protection to neurons
exposed to high glucose conditions, consistent with the concept that 2-PMPA neuropro-
tection is mediated by increased N-acetyl-aspartyl-glutamate activity. Furthermore, the
direct mGluR3 agonist, APDC prevents induction of ROS (/04). Together these findings
are consistent with an emerging concept that mGIluRs might protect against cellular
injury by regulating oxidative stress in the neuron, and might represent a novel mecha-
nism to prevent ROS induced PCD in diabetic neuropathy.

APOPTOSIS IN AUTONOMIC NEURONS

Apoptosis in the diabetic autonomic nervous system has been less completely stud-
ied than in the somatic nervous system. Nevertheless, important information on the reg-
ulation of apoptosis in the autonomic nervous system has become available in the last
5 years. In rat superior cervical ganglion (SCG) cultures, there is evidence of glucose-
induced apoptosis in SCG neurons, although they are considerably less sensitive to glu-
cose toxicity than DRG neurons treated with the same high glucose conditions (705).
Apoptosis in SCG neurons is coupled with inhibition of neurite growth, reduction in
neurite caliber, beading of neurites, and retraction of the neurite growth cone consistent
with degeneration of autonomic fibers (/05). In agreement with these findings, acute
streptozotocin diabetes is associated with evidence of PCD in a small number of auto-
nomic neurons and activation of the apoptotic cascade occurs relatively early in diabetic
autonomic neuropathy (/06). However, there is no significant neuron loss in chronic
diabetes in either the rat superior mesenteric or superior cervical sympathetic ganglia,
indicating that apoptotic neuronal cell death alone is unlikely to account for the sever-
ity of autonomic neuropathy observed in type 1 diabetes (/07).

As with DRG neurons, insulin and IGF-I inhibit both the induction of apoptosis and loss
of autonomic neurons (/05,108). Furthermore, loss of autonomic neurons is more severe in
animal models of type 1 in comparison with type 2 diabetes, suggesting a protective role
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for insulin and IGF-I and that failure of these protective systems may account for the sever-
ity of autonomic dysfunction in type 1 diabetes (106,109). In support of this concept, dif-
ferences in neuroaxonal dystrophy have been observed in different animal models of
autonomic neuropathy: two models of type 1 diabetes, the streptozotocin diabetic and
BB/W rat develop marked hyperglycemia and concomitant deficiency in both circulating
insulin and IGF-I. These type 1 animals develop neuroaxonal dystrophy in nerve terminals
in the prevertebral sympathetic ganglia and the distal portions of noradrenergic ileal
mesenteric nerves. In contrast, the Zucker diabetic fatty rat, an animal model of type 2
diabetes, despite developing severe hyperglycemia comparable with that in the STZ- and
BB/W-diabetic rat models does not develop neuroaxonal dystrophy. Unlike the type 1
models of diabetes, the Zucker diabetic fatty rats have significant hyperinsulinemia and
normal levels of plasma IGF-I (109).

APOPTOSIS IN THE SC

Despite the abundance of SC in the peripheral nerve, less is known about SC than DRG
apoptosis in the diabetic PNS. Several lines of evidence support morphological changes
of apoptosis in SC in vitro, in models of diabetic neuropathy, and in human diabetic neu-
ropathy (22,110). SC obtained from the dorsal root of diabetic animals exhibit chromatin
clumping and disruption of the myelin surrounding atrophic axons (Fig. 3) (/10).
Schwann-like satellite cells from corresponding diabetic DRG show severe chromatin
clumping, and perikaryeal vacuolation consistent with Mt ballooning and disruption of the
internal Mt cristae structure. Similar observations have been made in vitro using the
chromatin stain bisbenzamide. Under high glucose conditions, SC nuclei break apart
into brightly staining apoptotic clusters indicative of chromatin condensation and
nuclear fragmentation, changes that are confirmed with TUNEL and propidium iodide
staining. Furthermore, high glucose conditions promote cleavage of caspase-3 and -7.
The antiapoptotic BCL family protein, BCL-xL is expressed in normal SC, but is not
significantly increased or decreased under high glucose conditions. However, overex-
pression of BCL-xL protects SC from apoptosis in vitro (1/70).

Changes in animal models of diabetes are reproduced in human SC. In human sural
nerve SCs from patients with moderately severe diabetic neuropathy, several key changes
consistent with SC apoptosis are observed in some, but not all SC. These include: nuclear
chromatin condensation, shrinkage of the SC cytosol, swelling and disruption of the Mt
and of the rough endoplasmic reticulum, disruption of the normal Mt cristae structure,
and formation of cytoplasmic vacuoles (2/,22). Eventually, there is loss of the SC
nucleus and cytosol with preservation of the plasma membrane and supporting collagen,
forming ghost cells. These changes are consistent with single cell deletion observed in
apoptosis, but rarely in necrosis. No inflammatory infiltrates are observed in the affected
nerves, such as might be seen with necrosis of the peripheral nerve. One potential cause
for glucose-induced apoptosis is by generation of AGEs. In SC treated with different iso-
forms of AGE, a change in the AY,; leading to depolarization and SC apoptosis was
induced by AGE-2 and -3, but not AGE-1. Apoptosis was ameliorated by the antioxidant
a-lipoic acid and by inhibition of p38 signaling. In addition, AGE-2 and -3 significantly
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Fig. 3. Electron micrograph of SC from control and STZ-treated diabetic rats. Control ani-
mals (A,B) and STZ-treated rats made diabetic for 1 month (C-E). Control SC, showing normal
diffuse chromatin staining in the nucleus (N), and normal axon (A) with intact myelin lamellae
showing little or no myelin splitting. (A) Satellite cells (S), which are Schwann-like cells, from
a control animal showing normal diffuse chromatin staining in the nucleus (N), and cytoplasm.
The satellite cells lie adjacent to DRG neurons (Nu) that show normal cytoplasmic components.
(B) In the dorsal root, from diabetic animals, there is clumping of the chromatin (Ch) in the SC
(S), atrophy of axons (A), and disruption of myelin surrounding the axons. (C) In Satellite cells
(S) from a diabetic dorsal root ganglion, there is severe chromatin clumping (Ch), shrinkage of
the perikaryeon, and prominent vacuolation. An atrophic axon (A) is seen, nestled between two
Schwann-like satellite cells, adjacent to DRG neurons (Nu), which also show evidence of
perikaryeal vacuolation. (E) End stage changes in a diabetic Schwann cell (S). There is nuclear
chromatin clumping and fragmentation (Ch) coupled with prominent vacuolation (V) resulting
from ballooning of mitochondria and disruption of their cristae. Bars in each panel indicate mag-
nification. (Published with permission from ref. /10.)



126 Russell et al.

suppressed the SC replication rate, enhanced the release of TNF-o and IL-1[, and acti-
vated nuclear factor-xB (/11).

In contrast, certain growth factors can reduce SC apoptosis. Growth factors such
as NGF might also serve as antioxidants and this function might contribute to their
role as possible therapeutic entities in diabetic neuropathy (//2—-114). NGF in phys-
iological concentrations is able to reduce SC MMD (22). In contrast, pretreatment
with 50 pg/mL p75 neurotrophin receptor (p75 NTR) functional blocking antibody
blocks the effect of NGF on the AW,,. High glucose induces dose-dependent cleav-
age of caspases in SC. NGF also reduces apoptosis in SC measured using caspase-3
or TUNEL. This reduction in apoptosis is reversed by pretreatment with p75 NTR
function blocking antibody (22). These results indicate that NGF mediates some of
its Mt stabilizing effects and antiapoptotic effects through the p75 NTR. IGF-I is also
protective to SC in culture at higher concentrations (10 nM) that active the IGF-I
receptor but not the insulin receptor (//0). In contrast, PI3K, but not MAP/MEK
kinase inhibitors block the protective effect of IGF-I. These findings are consistent
with those in DRG neurons where IGF-I protects SC from apoptosis through PI3K
signaling intermediates. Interestingly, the addition of IGF-I, in either normal glucose
or high glucose, has no effect on BCL-xL expression in native SC or BCL-xXL trans-
fected SC suggesting a possible non-BCL-dependent mechanism in preventing apop-
tosis with glucose stress.

CONCLUSION

Because of the first observation of apoptosis in the PNS less than a decade ago, the
balance of evidence supports the concept that PCD occurs in cells of the PNS in the
presence of diabetes, elevated glucose levels, or insulin deprivation. In general, meas-
ured apoptosis is more severe in DRG neurons than in autonomic neurons, or SC.
Ultimately, DRG neuronal death is a balance between finely regulated but often oppos-
ing pathways. Evidence of PCD or organellar damage often exceeds the observed DRG
neuronal loss. This raises the question, is DRG neuronal loss of significance in the
pathogenesis of diabetic neuropathy? Apoptosis represents only the final pathological
observation in this state of organellar failure or suboptimal organelle function. It is
likely that even nonapoptotic neurons exhibit impaired metabolic function and protein
synthesis and this dysregulation will in part induce neuropathy. More importantly, the
primary precipitating events leading to apoptosis in the PNS need to be clearly delin-
eated if it is to be understood how to intervene or prevent the most common complica-
tion of diabetes, namely neuropathy.
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Metabolic-Functional-Structural Correlations
in Somatic Neuropathies in the Spontaneously Type 1
and Type 2 Diabetic BB-Rats

Anders A. F. Sima, Weixian Zhang, and Hideki Kamiya

SUMMARY

Diabetic neuropathy (DPN) is a dynamic condition affecting both type 1 and type 2 diabetic
subjects. It can be divided into an early and reversible metabolic phase of nerve dysfunction. This
is caused by hyperglycemia-induced activation of the polyol-pathway, redox imbalances as well
as by insulin/C-peptide deficiencies resulting in impaired neural Na*/K*-ATPase activity and
impairment of endoneurial blood flow. Superimposed on these metabolic abnormalities, progres-
sive structural changes evolve which become increasingly resistant to therapeutic interventions.
These affect both unmyelinated and myelinated fiber populations and consist of axonal atrophy,
degeneration, and loss occurring in a dying-back fashion. The underlying mechanisms include
impaired neurotrophic support including perturbed insulin/C-peptide signaling, resulting in sup-
pressed expression of neuroskeletal protein genes, and aberrant phosphorylation of these axonal
building blocks. Both the early metabolic and later occurring molecular abnormalities underlying
the structural abnormalities are more severely affected in type 1 DPN relating to insulin and C-
peptide deficiencies, which are not present in type 2 diabetes. This distinction between the two
forms of DPN also underlies nodal and paranodal degeneration unique to both human and exper-
imental type 1 DPN. Impaired insulin action affects the expression of nodal and paranodal adhe-
sive molecules and their post-translational modifications. Such aberrations result in disruption of
the paranodal barrier function with decreased nodal Na*-channels densities and worsening of the
nerve conduction defect in type 1 DPN. In conclusion, major differences exist between type 1 and
type 2 DPN, which can be directly related to the absence and presence of insulin action.

Key Words: Axonal degeneration; diabetic neuropathy; insulin action; neurotrophism; nodal
degeneration; type 1 and type 2 diabetes.

INTRODUCTION

Diabetic polyneuropathies (DPN) are a heterogeneous group of dynamic condi-
tions affecting somatic and autonomic peripheral nerves. It is the most common late
complication of diabetes mellitus (/—4) and occurs in both type 1 and type 2 diabetes
with a prevalence varying from 10% within 1 year of diagnosis to 50% in patients
with diabetes for more than 25 years (5—7). DPN complicating type 1 diabetes occurs
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more predictably and tend to progress more rapidly in comparison with DPN in type
2 diabetes (3,8,9).

Despite decades of intense clinical and experimental research into DPN, their underly-
ing pathogenetic factors, their dynamics, and how they correlate with emerging functional
and structural abnormalities is still not fully understood (/0,11). The current understand-
ing of early metabolic and molecular changes in DPN has heavily relied on acute experi-
ments in the streptozotocin (STZ)-diabetic rat. Such data have then been extrapolated to
established DPN in humans and have served as a basis for the development of various
therapeutic drugs and the design and execution of clinical trials, thereby ignoring the
dynamic of underlying mechanisms and changing spectrum of structural changes. No
doubt, the STZ-rat model has served as a good and inexpensive model of hyperglycemia
and its effects on peripheral nerve. However, it has several shortcomings and reflects
poorly on human DPN in which for instance nerve fiber loss is the cardinal pathology,
which is lacking in STZ-rats. STZ-induced diabetes causes a partial 3-cell destruction and
hyperglycemia. Hence, it is neither a good model of human type 1 insulin- and C-peptide-
deficient diabetes nor is it a model of human type 2 hyperinsulinemic and insulin-resistant
diabetes (/2). Furthermore, it lacks the comorbidities characteristic of human type
2 diabetes such as obesity, hypercholesterolemia, and hyperlipidemia.

Our laboratory has taken a different approach in an attempt to mimic the human disorders
by using two models with spontaneous onset of diabetes: The type 1 Bio-Breeding Worcester
(BB/Wor)-rat develops acute onset of diabetes at the age of 70-75 days, secondary to an
immune-mediated selective destruction of pancreatic B-cell. This results in total insulin and
C-peptide deficiencies and requires daily titration of insulin doses for maintenance of an
even hyperglycemic level at 20-25 mM glucose (13,14). In the type 2 Bio-Breeding Zucker
derived Worcester (BBZDR/Wor)-rat, outbred on the same background as the type 1 model,
diabetes occurs at 7080 days of age and is preceded by obesity. It develops peripheral
insulin resistance with hyperinsulinemia, hypercholesterolemia and triglyceridememia (/5)
and maintains spontaneously hyperglycemic levels equal to those of the type 1 BB/Wor-rat.
Hence, these two models mimic more accurately the two major types of human diabetes
which develop DPN, and can therefore be used advantageously to explore the pathological
and pathogenetic differences (/,16) between type 1 and type 2 DPN.

This review will point out the basic underlying metabolic differences in peripheral
nerve between the two models, the progression of functional deficits, structural abnor-
malities, and their correlations.

UNDERLYING METABOLIC ABNORMALITIES
IN TYPE 1 AND TYPE 2 DPN

Several hyperglycemia-induced pathways have been invoked as the pathogenetic
basis for DPN, such as

1. Activation of the polyol-pathway resulting in redox imbalances and perturbation of
myoinositol and organic osmolyte imbalances (17-19).

2. Nonenzymatic glycation yielding advanced glycation end products (20).

3. Perturbations of neurotrophic homeostasis affecting particularly the nerve growth factor
(NGF) and insulin-like growth factor (IGF) systems (Fig. 1) (21-24).
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Fig. 1. Scheme of pathogenetic pathways involved in type 1 and type 2 DPN. Note that some of
the early key metabolic abnormalities such as Na*/K*-ATPase and NO activities as well as oxida-
tive stress are influenced both by hyperglycemia and insulin/C-peptide deficiencies. This is also
true for some of the mechanisms involved in the “structural phase” with the exception of
nodal/paranodal degeneration, which appears to be a direct consequence of impaired insulin action.

Several investigators have suggested that these factors eventually come together,
causing mitochondrial dysfunction, superoxide overproduction, and oxidative and
nitrosative stress, leading to NO depletion, impaired nerve perfusion, which would pro-
vide a common mechanism underlying the genesis of DPN (25-27).

Recently, it was shown that endoneurial blood flow is decreased and oxidative stress
increased in type 1 BB/Wor-rats. Insulinomimetic C-peptide replacement did not effect
oxidative stress, but prevented nerve conduction velocity (NCV) and neurovascular
deficits by NO-sensitive and -insensitive mechanisms, respectively. On the other hand,
in type 2 BBZDR/Wor-rats, neurovascular deficits and increased oxidative stress were
unaccompanied by sensory NCV slowing. These data suggest that sensory nerve deficits
are not inevitably the consequence of oxidative stress and decreased endoneurial perfu-
sion (28). The vascular hypothesis of DPN therefore remains controversial.

Impaired neural Na*/K*-ATPase activity consequent to perturbed redox imbalances
from an activated polyol-pathway has been implied as a major contributing factor to the
acute nerve conduction defect (Fig. 1) (17,29,30). Interestingly, despite exposure to the
same levels of cumulative hyperglycemia, type 1 BB/Wor-rats exhibit a greater flux
through the polyol-pathway in comparison with type 2 BBZDR/Wor-rats, and more
severe defects in Na*/K*-ATPase activity and myoinositol depletion (37), suggesting
that additional factors must contribute to the Na*/K*-ATPase defect. Recent studies
have demonstrated significant dose-dependent protective effects by proinsulin C-peptide
on Na*/K*-ATPase activity in neural and other tissues, in the absence of an effect
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on hyperglycemia and polyol-pathway activity (32—35). Therefore, it appears that both
perturbed redox balances through the polyol-pathway (36) and direct effects of
insulin/C-peptide deficiencies mediated through a putative G protein-linked receptor or
through the insulin receptor itself (37-39) to contribute to the more severe Na*/K*-
ATPase defect in type 1 diabetes (Fig. 1).

Neurotrophic factors are essential for the maintenance of neurons and their regener-
ative capacity and for the protection against apoptosis (23,24,40). The major groups of
neurotrophic factors are NGF and its receptors, other neurotrophins as well as the IGF
family of neurotrophic factors. The latter consist of IGF-I, IGF-II, insulin, and their
respective receptors, as well as the IGF binding proteins (22). Various neurotrophic fac-
tors are responsible for the gene regulation of neuroskeletal proteins such as neurofila-
ments and neurotubules, and for the integrity of neuropeptide specific neuronal
populations such as substance P (SP) and calcitonin-gene-related peptide (CGRP) dor-
sal root ganglion cells. Several lines of investigations have in the last number of years
demonstrated that insulin and synergistically acting proinsulin C-peptide have direct
gene-regulatory effects on both IGF-I and NGF family members of neurotrophic factors
(Fig. 1), besides their own neurotrophic actions they also act as facilitators of ligand
binding to TrkA, the high affinity NGF receptor (41—44).

These regulatory functions by insulin/C-peptide are reflected in a more severe sup-
pression of IGF’s IGF-IR, insulin receptor and NGF and TrkA receptor expression in
dorsal root ganglia and peripheral nerve in the type 1 BB/Wor-rat as in comparison with
the type 2 counterpart (45,46). Such differences therefore will have consequences such
as regenerative capacities, survival of neuropeptide specific neuronal populations, and
maintenance of axonal integrity (41,45,46).

It is therefore clear that the metabolic and molecular insults in type 1 and type 2 DPN
differ in magnitude and the predominant inciting defects (Fig. 1). Hyperglycemia com-
mon to both types of diabetes is a major contributing factor as demonstrated by large-
scale clinical studies as well as experimentally. However, in recent years insulin and
C-peptide deficiencies have emerged as perhaps equally important in the development
of type 1 late complications including DPN (32,47-51).

PROGRESSION AND MECHANISMS
OF SOMATIC NERVE DYSFUNCTION

Myelinated Fiber Function

Dysfunction of myelinated fiber populations is reflected in decreased NCYV, reflect-
ing particularly large myelinated fibers. Motor nerve conduction velocity (MNCV)
shows after 1 week’s duration of diabetes significant deficits in the type 1 BB/Wor-rat,
whereas the type 2 counterpart shows a milder but significant decrease only after 1 month’s
duration of diabetes (Fig. 2) (3/-32). These early deficits correlate with a milder degree
of nodal axonal hydropic swelling in the type 2 model consistent with a milder Na*/K*-
ATPase defect (31). On the other hand, the endoneurial nutritive nerve blood flow is
equally diminished in type 1 and type 2 BB-rats (28), suggesting that diminished
Na*/K*-ATPase activity is a stronger determinant for the acute metabolic nerve con-
duction defect than is endoneurial blood flow.

Earlier nodal clamp studies in the BB/Wor-rat has demonstrated decreased axolem-
mal Na* equilibrium potentials, and decreased nodal Na* permeability and currents,
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Fig. 2. Longitudinal data on motor nerve conduction velocities (MNCYV) in control-, BB/Wor-,
BBZDR/Wor-, and C-peptide replaced BB/Wor-rats. Note a severe acute immediate decline in
MNCYV in BB/Wor-rats which is probably associated with the more severe Na*/K*-ATPase
defect in comparison with BBZDR/Wor-rats. In the BB/Wor-rat the MNCV then levels off to
5 months duration followed by a further progressive decline. This coincides with the emergence
of nodal and paranodal degenerative changes. The type 2 BBZDR/Wor-rat, which shows milder
early metabolic abnormalities and nodal and paranodal degenerative changes, shows a signifi-
cantly milder progression of the MNCV deficit. Replenishment of C-peptide in BB/Wor-rats sig-
nificantly prevents the MNCV defect, although not completely as these animals are still
hyperglycemic. The MNCYV profile of these animals is similar to that of type 2 BBZDR/Wor-
rats. These comparisons therefore allow us to separate out a hyperglycemic NCV defect and in
type 1 animals an additional insulin/ C-peptide deficiency component. Each data point represents
means * SD’s from at least eight animals.

resulting in a blunted initial inward Na* current (52-54). These findings correlate with
increased intra-axonal [Na*]’ at the node. Hence the bioelectrical changes are in full
agreement with impaired Na*/K*-ATPase activity at the nodal membrane and intra-
axonal nodal swelling. This series of interrelated changes is correctable with insulin
treatment (53,55), aldose reductase inhibition (56), acetyl-L-carnitine treatment (57), or
C-peptide replenishment (32), all of which simultaneously correct the neural Na*/K*-
ATPase defect. Recently Kitano et al. (58) using the threshold tracking technique,
demonstrated reduced transaxolemmal Na® gradients in patients with mild DPN,
changes which improved along with NCV after 4 weeks of intensive insulin treatment.

After this initial, so called metabolic and reversible NCV-defect, the MNCV starts to
show a further progressive decline at 4—-5 months duration of diabetes in the BB/Wor-rat
(Fig. 2) and becomes increasingly uncorrectable by metabolic means. This is the initia-
tion of the socalled structural and irreversible NCV defect. At this time, there are early
axonal atrophy and the emergence of nodal and paranodal molecular and structural
changes in the BB/Wor-rat.
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Table 1
Progression of Axonal Atrophy and Fiber Loss in Sensory Myelinated Fibers
in Sural Nerve

Months of diabetes
4 6 8 10 11 14

Axonal size (% of normal) 91.3¢ 88.50 82.9¢ 80.5% 79.3% 77.5°
Fiber member (% of normal) 89.6¢ 80.6° 76.8° 70.7° 67.1° -

Values are percentages of control values.
4p < 0.005.

bp < 0.001 vs controls.

‘p < 0.05.

Abnormalities of the nodal apparatus consist of a breach of the paranodal ion-channel
barrier (axoglial dysjunction), allowing for the lateralization of nodal Na-channels, hence
diminishing their concentration at the nodal axolemma (/7,55,59,60). Axoglial
dysjunction leads to further perturbations of nodal Na* permeability and diminished
excitability of the nodal membrane (49,59), potentially resulting in conduction
block. As large myelinated fibers are more susceptible to axoglial dysjunction, it will
greatly impact on the nerve conduction velocity (55), and contribute to the progres-
sive increase in the chronic nerve conduction defect in type 1 DPN. Additional con-
tributing factors are progressive axonal atrophy and eventually myelinated fiber loss
(Table 1). These changes occur only late and to a significantly milder extent in the
type 2 BBZDR/Wor-rat, explaining the milder progression of the nerve conduction
defects in this model (Fig. 2).

Recently the molecular abnormalities underlying axoglial dysjunction were described
and demonstrated that they are mainly caused by impaired gene regulatory mechanisms
secondary to perturbed insulin signaling (61). Therefore, these findings are in keeping
with insulin/C-peptide deficiencies in type 1 diabetes mellitus, which are not present in
type 2 diabetes. To provide further evidence for this notion, it was demonstrated that
C-peptide replacement, which does not effect hyperglycemia, prevented underlying
molecular abnormalities and restored significantly MNCV to values similar to those
exhibited by the type 2 BBZDR/Wor-rat. From these data it was concluded that the NCV
defect in type 1 DPN consists of a hyperglycemia-induced component which it has in
common with type 2 DPN, and an additional insulin/C-peptide deficiency component
specific for type 1 DPN (Fig. 2), which hence shows a more severe overall NCV defect.

Sensory nerve conduction velocity (SNCV) deficits in the two models show slower
progression rates with a significant deficit only after 6 weeks of diabetes in the BB/Wor-rat
and only after 8 months of diabetes in the type 2 BBZDR/Wor-rat (Fig. 3). Like MNCYV,
SNCV shows a relatively steep decline during the first 2 months in the BB/Wor-rat,
which levels off to be followed by a further progressive decline after 6 months of dia-
betes. The initial decline in SNCV occurs only after 6 months of diabetes in the type 2
model (Fig. 3). The more severe deficits under type 1 diabetic conditions are amelio-
rated with replenishment of C-peptide, analogous to the deficits in MNCV. Therefore,
distinct differences exist in the progression and severity of both MNCV and SNCV
between the two models despite the same exposure to hyperglycemia (Figs. 2 and 3).



Metabolic—Functional-Structural Correlations in Somatic Neuropathies 139

504
)
2 —e— Control
€ —v— BB/Wor
= a— BB/Wor+C-peptide
5 451 | —e— BBZDR/Wor
o
2
z — Hyperglycemic
S ~ . component
S 404 . 4 b4
g
S }— S _E_ — —I E‘ — ~3 _|Insulin/C-peptide
Dé‘ deficiency
2 35-
s
3
S — Component
9]
30 T

Onset 6Week 2month 4month 6month 8month

Duration of diabetes

Fig. 3. Sensory nerve conduction velocity (SNCV) profiles in type 1 BB/Wor-rats with and
without C-peptide replacement and in type 2 BBZDR/Wor-rats. Note in BB/Wor-rats an acute
significant decline in SNCV like that seen in MNCYV (Fig. 2). However, this is only evident after
6 weeks of diabetes. SNCV then stabilizes to show a further decline starting at 6 months. In con-
trast BBZDR/Wor-rats show only a significant decline in SNCV beyond 6 months of diabetes
(Fig. 3). C-peptide replacement showed a significant effect on SNCV, although this is not com-
pletely prevented, again suggesting a hyperglycemic and an insulin/C-peptide deficiency com-
ponent. Data points represent means + SEM’s for clarity of at least eight animals.

As alluded to, these differences can be partly abolished by replenishment of insuli-
nomimetic C-peptide, thereby confirming the role of default insulin signaling in the
genesis of nerve dysfunction in type 1 diabetes.

Unmyelinated Fiber Function

Painful diabetic neuropathy is a common and often debilitating symptom in DPN
(62). The underlying mechanisms are multiple and have not been fully elucidated (63).
However, it is clear that damage to unmyelinated and small myelinated fibers play a
prominent role (64) along with remodeling of afferent large myelinated A fibers to sec-
ondary nociceptive neurons in the spinal cord, so-called central sensitization (65).

Perturbed nociception is associated with degenerative damage to C-fibers giving rise
to an increase in Na*-channels and o-adrenergic receptors (63) lending them hyperex-
citable (66), with a high-frequency spontaneous firing pattern (67-69), which also sensi-
tizes and maximizes spinal nociceptive circuits (68).

The unmyelinated fiber populations in peripheral nerve are made up of nociceptive
C-fibers and the axons of secondary sympathetic ganglia. The most common modes of
measuring somatic C-fiber function is through thresholds to mechanical or thermal
nociceptive stimulation.

Measurements of the latencies of hind paw withdrawal to a thermal noxious stimulus are
an established technique for measurements of hyperalgesia or hyperexcitability of C-fibers.
In control rats the latencies to thermal stimuli remain fairly constant over a 10-month
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Fig. 4. Latencies of hind paw withdrawal after a noxious thermal stimulus reflecting C-fiber
function. In type 1 BB/Wor-rats the latencies decreased significantly to less than half of that in
control rats. Hyperalgesia reflects hyperexcitability of damaged C-fibers (see text). This decrease
was followed by a recovery of the latencies most likely reflecting loss of hyperexcitable C-fibers
(see Fig. 6). In the type 2 BBZDR/Wor-rat the decrease in latency to thermal stimuli was slower
and was only significantly different from that in control rats after 6 months of diabetes consistent
with the near normal morphometric parameters of C-fibers in this model (Fig. 6). C-peptide
replacement in BB/Wor-rat significantly prevented hyperalgesia resulting in a profile similar to
that in BBZDR/Wor-rat. The data points represent the means = SD’s of at least eight animals.

period (Fig. 4). However, in type 1 BB/Wor-rats, there is a rapid and progressive decline in
the latencies during the first 6 months of diabetes, followed by an increase from 6 to 10
months of diabetes, representing increasing relative analgesia (47). The hyperalgesia in
type 1 BB/Wor-rats can be significantly, but not completely prevented by insulinomimetic
C-peptide (Fig. 4) (47). In contrast the type 2 BBZDR/Wor-rat shows a significantly slower
progression of hyperalgesia (Fig. 4) (46).

Nociceptive C-fibers emanate from small nociceptive SP and CGRP dorsal root gan-
glion cells, which are dependent on neurotrophic support by NGF, insulin, and IGF-1
(10,44,70). In the BB/Wor-rat both systemic insulin and IGF-1 are significantly dimin-
ished as is endogenous IGF-1, abnormalities which are coupled with significantly
decreased expression of the insulin and IGF-1 receptors in dorsal root ganglia (46).
These changes are either milder or nonexistent even in chronically diabetic
BBZDR/Wor-rat (46). Added to these deficiencies, sciatic nerve NGF as well as the
expression of NGF-TrkA in dorsal root ganglion cells are more severely affected in the
type 1 model (46). Hence, as would be expected, these deficiencies lead to impaired
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expression of SP and CGRP in type 1 but not in type 2 BB-rats (46). The underlying
molecular abnormalities in the type 1 BB/Wor-rat are almost totally prevented by
replenishment of insulinomimetic C-peptide that is associated with prevention of hyper-
algesia (47,71), which suggests that nociceptive sensory neuropathy is mainly an
insulin/C-peptide deficiency-mediated phenomenon rather than a hyperglycemia-
induced entity. This is further supported by the frequent occurrence of “idiopathic”
painful neuropathy in patients (72,73) and animals (70) with prediabetes or impaired
glucose tolerance and B-cell dysfunction.

STRUCTURAL ABNORMALITIES IN TYPE 1 AND TYPE 2 DPN
Myelinated Sensory Fibers

One of the earliest detectable structural changes in sensory myelinated fibers is the
conspicuous enlargement or swelling of the nodal and paranodal axon, which correlates
with the early Na*/K*-ATPase defect and increased axonal [Na']' (30,33) and is
reversible after metabolic corrections. This abnormality is less frequent in early type 2
DPN in the BBZDR/Wor-rat, probably related to the milder defect in the Na*/K*-
ATPase activity (31,56). Other early ultrastructural abnormalities observed in sensory
nerves consist of glycogen accumulation in axonal mitochondria, so called glycogeno-
somes, and misalignment of neuroskeletal structures (74,75). These structural changes
are likely to reflect impaired axonal energy metabolism (74,76) and aberrant phospho-
rylation and nonalignment of particularly neurofilaments, respectively (75,77-79).
Maligned neuroskeletal elements appear to induce phagocytotic activities by the
Schwann cell that extends cytoplasmic loops engulfing abnormal axoplasm leading to
so-called honeycombing of the axon (75). These early changes are associated with per-
turbed phosphorylation and synthesis of neurofilaments and decreased slow axonal
transport leading to progressive axonal atrophy evident in the BB/Wor-rat already after
4 months of diabetes (Table 1) (45,80,81). Axonal atrophy leads to decreased circularity
of axons associated with excessive myelin wrinkling best assessed in teased fiber prepa-
rations. The ultimate fate of these changes is axonal degeneration with secondary myelin
breakdown and fiber loss. Significant fiber loss of 10% is already detectable in the sural
nerve after 4 months of diabetes and increases to 33% after 11 months in the BB/Wor-
rat (Table 1). Fiber loss in the tibial nerve at 11 months of diabetes is 12% and in the
dorsal root 0% (81). Therefore, the degenerative processes progress in a proximal direc-
tion both in the peripheral as well as the central sensory axons, hence the characteriza-
tion of DPN as a central-peripheral axonopathy of dying back type (81,82).

Primary demyelination is rare in type 1 DPN of the BB/Wor-rat, but somewhat more
common in both human and experimental type 2 DPN (/,37). The reason for this is not
well known, although more common comorbidities in both human and experimental
type 2 diabetes such as hypercholesterolemia and triglyceridemia have to be considered.

In the BBZDR/Wor-rat the structural changes progress at a slower pace. So for
instance, nodal/paranodal axonal swelling is only evident in 14-month diabetic rats,
reflecting the milder Na*/K*-ATPase defect. Myelinated fiber atrophy of the sural nerve
also progresses slower, becoming significant only after 6 months of diabetes and reach-
ing a reduction of 11% at 14 months (cf. Table 1). At this time-point there is also a 10%
loss of myelinated fibers in the sural nerve. On the other hand, segmental demyelination
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Fig. 5. Axoglial dysjunction is a characteristic degenerative change of type 1 DPN. As the dis-
ease progresses (left to right, top panel), it results in a breach of the paranodal ion-channel bar-
rier (red in the top panel), which connects the terminal myelin loops with the axolemma. This
defect allows the nodal o-Na*-channels (yellow) to diffuse away from the node, resulting in
severe nerve conduction deficits. Insulin receptors (IR, lower panel) are particularly clustered to
the nodal axolemma and paranode. In type 1 DPN the expression of key nodal molecules such,
as B-Na*-channel adhesive molecules (), ankyring, contactin, and RPTPj is severely sup-
pressed. Also, their ability to interact with neighboring proteins is hampered by impaired phos-
phorylation. The expression of the pore forming o-Na*-channel (a) is not altered in type 1 DPN,
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is three times as frequent in comparison with the type 1 BB/Wor-rat and affects 4.2% of
all fibers in chronically diabetic BBZDR/Wor-rats (15,31). It is therefore obvious that the
spectrum and progression of structural changes differ greatly between the two models
despite the fact that cumulative hyperglycemic exposure is the same. These differences
are not dissimilar from the differences previously described between human type 1 and
type 2 DPN ().

Nodal and Paranodal Changes

When initially described (1,55) these lesions were met with some controversy,
because investigators failed to identify them in biopsy material from mainly type 2 dia-
betic patients or in acutely diabetic BB/Wor-rat (83—86). Following the recent elucida-
tion of the longitudinal development of molecular changes underlying the nodal and
paranodal abnormalities in type 1 and type 2 DPN (48,61), these changes are now firmly
established.

The principal ultrastructural change is the breach of the junctional complexes adher-
ing the terminal myelin loops to the paranodal axolemma, referred to as axoglial
dysjunction (Fig. 5). This is followed by retraction of the myelin, paranodal demyelina-
tion, a lesion which may be repaired by the lay down of small thinly myelinated inter-
calated internodes (55,61). Axoglial dysjunction is not specific for type 1 DPN, but
occurs in a variety of neuropathies summarized by Yamamoto et al. (87).

The molecular compositions of the node of Ranvier and the paranodal apparatus are
complex (Fig. 5) (88,89). Voltage-gated Na* channels are concentrated to the nodal
axolemma. They consist of the pore-forming Na* channel o-subunit and two auxiliary Na*
channel subunits 3, and B,, which act as adhesive anchors (90) and interact with axonal
ankyring, (91). The -subunits also interact with neurofascin, Nr-CAM, N-cadherin and
L1 (89,92) mediating contacts with Schwann cell microvilli. Post-translational modifica-
tion of ankyrin; by O-linked N-acetyl-glycosamine, inhibits phosphorylation of serin
residues and prevents interaction with the B-subunits, and its interaction with receptor pro-
tein tyrosin phosphatase (RPTP)-P3, which is mediated by tyrosine phosphorylation sites
(61,93,94). 1t should be mentioned that the high affinity insulin receptor in peripheral
nerve is concentrated to the nodal axolemma and colocalizes with axoglial junctions at the
paranode (Fig. 5) (95).

At the paranode, myelin loops adhere to the axolemma through tight junctions consti-
tuting the paranodal ion-channel barrier separating nodal Na* channels from juxtaparan-
odal K* channels. Caspr is the principal molecule of tight junctions and is coupled to
contactin, serving as a receptor for RPTP-f (Fig. 5) (96,97). The cytoplasmic tail of caspr
mediates protein—protein interactions by adducts of p85 to its protein 4.1 and SH3

Fig. 5. (Continued) although anchoring of the channel to the axolemma is compromised by
the defective B-subunits. At the paranode, the backbone molecule of the tight junctions, caspr is
responsible for the ion-channel barrier function and is compromised in its expression and post-
translational activity by impaired binding of p85 to intracytoplasmic SH, domains. Furthermore,
caspr’s interaction with contactin, RPTPB and [(-Na*-channels is impaired. These molecular
abnormalities lead to the progressive degeneration of the paranodal barrier allowing the now mobile
o-Na*-channels to diffuse away from the nodal axolemma (upper panel). o: o-Na*-channel;
B: B- Na*-channels; IR: insulin receptor. Reproduced by permission from ref. 48.
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domains. p8&5 is the regulatory subunit of PI3-kinase, and is probably mediated by insulin
signaling (Fig. 5) (61,97). Hence, the paranodal ion-channel barrier is not a static rigid
structure but merely a complex of metabolically regulated protein—protein interactions.

In type 1 diabetic BB/Wor-rat the expression of ankyring, contactin, RPTPf, and
-Na*-channel subunits are unaltered after 2 months of diabetes, a time-point at which
axoglial dysjunction is undetectable. However, at 8 months of diabetes, the expression of
these molecules is significantly decreased. In addition, the glycation of ankyring is
increased coupled with decreased phosphorylation (61/), the socalled “yin-yang” relation-
ship, hence compromising its protein—protein interaction. Interestingly the pore-forming
o-Na't channel expression is not altered. Of the paranodal constituents, caspr is unaltered
at 2 months, but shows a 25% reduction in expression at 8§ months at which time there is
also marked suppression of contactin and RPTP (61). Similar changes are not detectable
in 8-month BBZDR/Wor-rats (61), suggesting that these aberrations in type 1 diabetes are
associated with impaired insulin signaling. Indirect evidence for this construct is provided
by the beneficial effects of insulinomimetic C-peptide (48,61), which prevents both the
impaired expression of these molecular elements and maximizes their perturbed post-
translational modifications, necessary for protein—protein interaction.

However, more chronic 14-month diabetic BBZDR/Wor-rats, do show evidence of
nodal and paranodal degenerative changes, such as significant paranodal demyelination
and increased frequencies of intercalated internodes (31/).

Therefore, the progressive axoglial dysjunction first evident after 4 months of dia-
betes in the BB/Wor-rats has a molecular underpinning that appears to be caused by
impaired insulin signaling, thereby, explaining the differences between DPN in type 1
and type 2 diabetes with respect to nodal and paranodal pathology.

Unmyelinated Fiber Pathology

The sensory C-fiber population is probably the most vulnerable anatomical compo-
nent in DPN. This is evidenced by the occurrence of C-fiber related symptoms already
during prediabetic conditions (72,73) and C-fiber atrophy in the glucose-intolerant and
insulin deprived GK-rat (70).

In the type 1 BB/Wor-rat, sural nerve C-fibers show profound axonal atrophy and a
50% fiber loss at 8 months of diabetes (Fig. 6), leaving behind increased frequencies of
denervated Schwann cell profiles and collagen pockets. The degeneration of C-fibers is
associated with loss of mesaxonal junctional complexes of supporting Schwann cells,
exposing C-fibers directly to the endoneurial environment, so-called type 2 axon/Schwann
cell relationship (46). Interestingly, as with the paranodal ion-channel barrier, the insulin
receptor colocalizes with C-fiber mesaxons (95,98). Whether insulin signaling abnormal-
ities are of pathogenetic significance here as demonstrated for axoglial dysjunction has not
been explored.

The C-fiber pathologies are associated with decreased sciatic nerve content of NGF
and systemic insulin with consequent effects on the expression of SP and CGRP in dor-
sal root ganglion (DRG) cells.

In the type 2 BBZDR/Wor-rat the C-fiber population in sensory nerve is substantially
less affected with normal axonal size and number (Fig. 6) even after 8 months exposure
to severe hyperglycemia. Consequently the frequencies of denervated Schwann cell pro-
files and type 2 axon/Schwann cell relationships are not different from nondiabetic
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Fig. 6. C-fiber size and number in sural nerves of 8§ month diabetic BB/Wor-, C-peptide-
replaced BB/Wor- and type 2 BBZDR/Wor-rats. Data represent mean + SDs of eight animals.
*p < 0.05; **p < 0.001 vs control rats: #p < 0.05; ##p < 0.001 vs BB/Wor-rats.

control rats (46). The relative absence of significant C-fiber pathology is associated with
normal expressions of neurotrophic factors and their receptors as well as normal content
of SP and CGRP in dorsal root ganglia (46), and substantially milder functional deficits.

Therefore, the significant differences between C-fiber involvement between the two
models necessitated investigations concerning whether insulin action may have an over-
riding impact. Type 1 BB/Wor-rat replenished with proinsulin C-peptide (7/) for 8 months
demonstrated corrections of the DRG insulin receptor, IGF-1R, TrkA and Trk
C-receptors, and normalization of peripheral NGF and NT-3. These effects resulted in
normal SP and CGRP contents in DRG’s and prevention of C-fiber loss and partial pre-
vention of C-fiber atrophy (Fig. 6) (47), resulting in a functionally mild C-fiber neuropa-
thy similar to that seen in the type 2 BBZDR/Wor-rat. Hence, these data strongly suggest
that C-fiber neuropathy, resulting in painful diabetic neuropathy is caused mainly by
impaired insulin and C-peptide signaling mediated through its effect on the expression of
neurotrophic factors with secondary effects on SP and CGRP positive neurons.

DRG apoptosis has been implied as a potential component in sensory neuropathies.
In the BB/Wor-rat these data has not been confirmed. Rather apoptotic stresses occur-
ring in DRG neurons in the BB/Wor-rat appears to be completely counter balanced by
various survival factors (99).

STRUCTURAL-FUNCTIONAL CORRELATIONS
Myelinated Fibers

From the above it is clear that the early defects in NCV are caused by metabolic abnor-
malities, most noticeably the early Na*/K*-ATPase defect. The type 1 diabetes model
shows a more severe defect, which is likely to cause subthreshold initial Na* currents at
the node resulting in a conduction block of large fast conducting myelinated fibers
(52,53). This would explain the early steep decline in NCV in this model. The early
reversible NCV defect is associated with reversible paranodal and nodal axonal swellings
induced by the increase in intra-axonal [Na*]’ concentration (53). In contrast, the type 2
rat shows a significantly milder initial decline in NCV, which most likely reflects the
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Fig. 7. Correlation between NCV and extent of axoglial dysjunction in control and type 1 dia-
betic BB/Wor-rats at different stages of DPN. Each data point represents one animal.

milder Na*/K*-ATPase defect (31), which may not be sufficient to cause the same extent
of large fiber conduction block, although this has not been specifically examined.

Following the initial defect in the BB/Wor-rat the NCV plateaus at a 25% deficit up
to 4 to 5 months duration of diabetes, followed by a further progressive decline (Fig. 2).
This second phase coincides with the progressive nodal and paranodal changes such as
axoglial dysjunction and emerging axonal atrophy and loss of myelinated fibers. It is
obvious that the molecular and structural changes of the node of Ranvier leading to the
escape of nodal Na* channels (60,61) has a profound effect on NCV. Indeed there is a
highly significant correlation between the extent of axoglial dysjunction and NCV (Fig. 7)
(55). In addition, it is well known that axonal caliber correlates with NCV (100,101),
hence adding to and propagating the NCV deficits.

As described earlier, the BBZDR/Wor-rat develops nodal pathologies only at a late
stage, detectable only after 14 months of diabetes, at which point it shows an acceler-
ated decrease in NCV (37). Moreover, the magnitude and progression of axonal atrophy
is substantially milder, resulting in a smoother and slower decline of NCV over time in
comparison with the type 1 counterpart (Figs. 2 and 3).

Unmyelinated Fibers

The progressive degeneration of unmyelinated fibers in the sural nerve of BB/Wor-
rats correlates with the increasing thermal hyperalgesia of the hind paw, reflecting the
hyperexcitability of these fibers (66,67). The degenerative changes are followed by pro-
gressive loss of fibers, including high frequency firing fibers (47,48), which is reflected
in a reversal of hyperalgesia (Figs. 4 and 6) and is likely to eventually result in pro-
gressive analgesia with duration of diabetes.

The involvement of C-fiber pathology is substantially milder in the BBZDR/Wor-rat
and is reflected in a significantly milder increase in hyperalgesia, both of which are sim-
ilar to those demonstrated by C-peptide replaced BB/Wor-rats with the same duration
of diabetes.
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CONCLUSION

It is clear from these data that the neuropathies occurring in the two BB-rat models
show distinct differences in underlying metabolic and molecular changes, progression of
functional deficits and the spectra of morphological changes despite the same exposure to
hyperglycemia. Therefore the differences imply that hyperglycemia is only one compo-
nent of the pathogenetic web underlying DPN. The other major component contributing
to DPN is provided by the deficiencies in insulin and synergistically acting C-peptide,
resulting in impaired insulin signaling. These latter defects appear to substantially add to
the severity of the neural Na*/K*-ATPase defect and to be the major culprit in the pertur-
bations of impaired neurotrophic support, and to be the sole factor in the development of
nodal/paranodal dysfunction and pathology. Hence, these differences in underlying mech-
anisms explain the differences in the progression and severity between type 1 and type 2
DPN. Only by recognizing such differences in underlying factors and their associated
dynamic consequences in the development of DPN will it be possible to approach these
disorders therapeutically in biologically meaningful ways, as already documented by sev-
eral successful C-peptide trials in type 1 DPN.
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Experimental Diabetic Autonomic Neuropathy

Phillip A. Low, MD

SUMMARY

Experimental diabetic autonomic neuropathy (DAN) recapitulates the pattern of physiolog-
ical and pathological changes seen in human DAN albeit in milder form. Impaired vasoregula-
tion occurs early. Cardiovagal function is impaired in both spontaneous and induced DAN in
rodents. Baroreflex gain is modestly impaired in the rabbit. Cardiac noradrenergic innervation
is reduced in DAN. Splanchnic-mesenteric vasoregulation is reduced, ascribed to prejunctional
impairment of neurotransmission and impaired endothelial function. Excessive venous pooling
is associated with reduced density of 5-hydroxytrytamine and tyrosine hydroxylase labeling of
splanchnic veins. Arterial norepinephrine is reduced in DAN. Structural changes affecting sym-
pathetic neurons are well-established in rodent DAN of 1 year duration. Sudomotor denerva-
tion is present in diabetic mouse and rat. Erectile dysfunction regularly occurs, related to
impaired nitric oxide synthase activity.

Key Words: Baroreflex; erectile; ganglia; norepinephrine; splanchnic; sudomotor.

INTRODUCTION

Autonomic neurons and their preganglionic and postganglionic nerve fibers are
involved as part of peripheral neuropathic process in human diabetic neuropathy. The
distribution of involvement is extensive; affecting sympathetic, parasympathetic, and
peptidergic fibers and involves their supply to peripheral integumental structures,
splanchnic-mesenteric bed, genitourinary, sweat gland, and indeed all regions. Studies
of similar involvement in experimental diabetes are not well documented compared
with human and are better documented for physiological changes than for structural
alterations. In this chapter, the focus is on the involvement of autonomic sympathetic
nerves in the following structures:

Somatic nerves.

Autonomic regulation of cardiovascular function.
Splanchnic-mesenteric nerves.

Sudomotor fibers.

Autonomic and dorsal root ganglia.

Erectile dysfunction.
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Table 1

Results of Studies on Nerve Blood Flow in Experimental Diabetes
Investigator/program Method Results
Low, Mayo, Rochester, MN H,, LDF, iodo_AP 1
Powell/Myers, San Diego, CA LDF l
Greene, Michigan, MI H, l
Cameron/Cotter, Scotland, UK H,, LDF l
Gispen, Netherlands, UK LDF l
Hotta, Nagoya, Japan, Japan LDF H, 2
Stevens, Michigan, MI H, 1
Tomlinson, London, UK LDF l
Ueno, Kanagawa, Japan LDF \2
Yasuda, Ohtsu, Japan LDF 1
Wright/Nukada, New Zealand LDF l
Yorek, WI H, \J
Kihara, Nagoya, Japan H, \2
Nakamura, Nagoya, Japan - -
Schratzberger, Boston, MA LDF, imaging l
Ueno, Japan LDF l
Yamamoto, Osaka, Japan LDF l
Van Dam, Utrect, Netherlands LDF l
Van Buren, Utrect, Netherland LDF l
Zochodne, Calgary Canada LDF, H, ?
Williamson, TX 3H-desmethylimiprimine T

VASOREGULATION OF SOMATIC NERVE FIBERS

An early and consistent finding is impaired vasoregulation of peripheral nerve
trunk. Nerve blood flow to peripheral nerve is reduced to about 50% of normal. The
reduction occurs early and is sustained. In a recent review (/) of studies of peripheral
nerve blood flow in experimental diabetic neuropathy, a reduction was demonstrated
in 19/21 research programs (Table 1) and typically on multiple occasions. The two
laboratories that failed to demonstrate this deficit had methodological problems such
as inexperience with a label or contaminating nutritive flow with arteriovenous shunt
flow. This reduction is because of impairment of nitric oxide synthase activity (2,3)
and is initially reversible. To address the issue of whether the impaired perfusion is
pathophysiologically important, Cameron et al. (4) regressed nerve blood flow
against nerve conduction velocity. There is a close relationship between nerve blood
flow and nerve conduction slowing (Fig. 1). This relationship highlights the impor-
tance of a reduction in endoneurial perfusion, either reflecting the effect of the same
primary process (oxidative stress) affecting both microvessels and large somatic
nerves or the primary role of nerve ischemia. The importance of oxidative stress is
highlighted by correction of this perfusion deficit by the antioxidant
a-lipoic acid (5,6).
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Fig. 1. Relationship between nerve conduction velocity of peripheral nerve and nerve blood
flow (Reprinted with permission from ref. 4).

AUTONOMIC REGULATION OF CARDIOVASCULAR FUNCTION

The best known manifestation of early dysautonomia in human diabetic neuropathy is
a loss of cardiovagal function (7). Similar abnormalities have been described after several
months of diabetes in experimental diabetic neuropathy (EDN). In a study of Yucatan
miniature pigs, blood pressure (BP) and heart rate where recorded telemetrically (8). After
3 months of diabetes induced with streptozotocin (STZ), there was a marked reduction in
respiratory sinus arrhythmia. Beyond 3 months, the impairment of cardiovagal function
became more pronounced and was associated with increased resting heart rate. Similar
observations were reported in spontaneous diabetes in the WBIN/Kob rat (9). Florid hyper-
glycemia was present by 8—9 months, at which time there was a loss of the circadian
rhythm of the heart rate and BP with a loss of the nocturnal fall in BP. Sympathetic fail-
ure is typically preceded by evidence of sympathetic overactivity, and much of the resting
tachycardia is sympathetic in origin.

Baroreflex sensitivity is typically studied in human subjects as heart period change
in response to induced reduction followed by an increase in BP. The agents used are
usually intravenous boluses of phenylephrine followed by nitroprusside. This has been
studied in experimental diabetes using this paradigm and was found to be significantly
reduced (10). These workers studied baroreflex gain in alloxan diabetic rabbits after 12
and 24 weeks of diabetes (/0). Baroreflex control of heart rate was evaluated in con-
scious rabbits by measuring changes in heart rate during phenylephrine-induced
increases and nitroglycerin-induced decreases in arterial pressure. In diabetic rabbits,
the gain of the baroreflex-mediated bradycardia in response to transient hypertension
was significantly reduced after 12 and 24 weeks of diabetes. The gain of the barore-
flex-mediated tachycardia in response to induced hypotension was not altered.
Baroreflex function in anesthetized STZ rat was reported to be unchanged (/7). These
workers measured heart rate and renal sympathetic nerve activity. The effect of anes-
thesia in blunting baroreflex function needs to be considered because there were other
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changes in these rats including hypertension and resting tachycardia, suggesting that
dysautonomia was present.

The neuropathological correlate to these changes in cardiovagal function has been
explored (12,13). STZ-induced diabetic (STZ-D) and euglycemic control rats were
studied at 8- and 16-week time-points after initiation of the diabetic state. Activation
of the afferent limb of the baroreceptor reflex was assessed by measuring the numbers
of c-Fos-immunoreactive neurons in the brainstem site of termination of the barore-
ceptor afferent neurons, the nucleus of the solitary tract. Initial experiments established
that baseline cardiovascular parameters and nucleus of tractus solitarius expression of
c-Fos-immunoreactive neurons were not different between diabetic and control rats at
either time-point. Phenylephrine-induced activation of baroreceptors resulted in a sig-
nificant increase in immunoreactive neurons in this nucleus of control rats. Although
diabetic rats showed similar pressor responses to phenylephrine (PE), the activation of
c-Fos-positive neurons in the solitary nucleus of diabetic rats was significantly attenu-
ated. At both 8 and 16 weeks, STZ-D rats had significantly fewer positive neurons in
the commissural nucleus of solitary tract and in the caudal subpostremal region of this
nucleus when in comparison with the nondiabetic control animals receiving phenyle-
phrine. These data suggest that diabetes results in reduced activity in the afferent
baroreceptor input to the nucleus of solitary tract and are consistent with diabetes-
induced damage to baroreceptor afferent nerves. Oxidative injury may be involved as
these authors described attenuation of these changes with o-lipoic acid treatment given
during the last 4 weeks before the final experiment (/3).

Changes in cardiac adrenergic innervation has been described in experimental
human diabetic autonomic neuropathy (DAN) (/4,15). Schmid et al. (/4) evaluated
myocardial sympathetic innervation scintigraphically using the sympathetic neuro-
transmitter analog C-11 hydroxyephedrine ([''CJHED) and compared with regional
changes in myocardial nerve growth factor protein abundance and norepinephrine con-
tent after 6 and 9 months in nondiabetic and STZ-D rats. In nondiabetic rats, no dif-
ference in ['!C]HED retention or norepinephrine content was detected in the proximal
versus distal myocardium. After 6 months, compared with nondiabetic rats, myocardial
[''CJHED retention had declined in the proximal segments of diabetic rats by only 9%
(NS) compared with a 33% decrease in the distal myocardium (p < 0.05). Myocardial
norepinephrine content was similar in both groups of rats. At 6 months, left venticular
myocardial nerve growth factor protein content in diabetic rats decreased by 52% in
the proximal myocardial segments (p < 0.01 vs nondiabetic rats) and by 82% distally
(p < 0.01 vs nondiabetic rats, p < 0.05 vs proximal segments). By 9 months, [''CJHED
retention had declined in both the proximal and distal myocardial segments of the dia-
betic rats by 42% (p < 0.01 vs nondiabetic rats), and left ventricular norepinephrine
content and nerve growth factor protein were decreased in parallel. Therefore,
6 months of diabetes results in heterogeneous cardiac sympathetic denervation in the
rat, with maximal denervation occurring distally, and is associated with a proximal-to-
distal gradient of left ventricular nerve growth factor protein depletion, suggestive of
heterogeneous cardiac sympathetic denervation complicating diabetes.

In a different preliminary study, cardiac adrenergic innervation was evaluated using
123]-metaiodobenzylguanidine imaging in spontaneous Otsuka Long-Evans Tokushima
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Fatty rats, an animal model of spontaneous noninsulin-dependent diabetes mellitus (/5).
Male rats that were 31-week-old were maintained for 8 weeks with or without 30% sucrose
solution as drinking water. Long-Evans Tokushima Otsuka rats served as controls. Plasma
and cardiac tissue cathecolamine levels were also determined. Plasma glucose levels of dia-
betic rats with and without sucrose loading (554 £ 106 and 141 £ 1.5 mg/dL, respectively)
were significantly higher than those of control rats (116 £ 3.7 mg/dL). Norepinephrine con-
centrations in heart and plasma tended to be lower in diabetic rats. Cardiac uptake of
I231-MIBG, calculated as % dose/g of tissue, was significantly lower in diabetic rats than in
control rats, indicative of reduced adrenergic innervation.

Peripheral vasoregulation has been studied in the nerves of limbs and the splanchnic-
mesenteric bed. Mesenteric arterial function was assessed in constantly perfused prepa-
rations isolated from rats 12 weeks after treatment with STZ to induce diabetes (16).
Frequency-dependent vasoconstrictor responses to electrical field stimulation of sym-
pathetic nerves were severely attenuated in preparations from STZ-diabetic rats. These
results suggest 12 weeks after induction of STZ-diabetes in rats, there is prejunctional
impairment of sympathetic neurotransmission and impaired endothelial function of the
mesenteric arteries.

A major problem in DAN is excessive splanchnic mesenteric venous pooling, which
reduces venous return and contributes to the development of orthostatic hypotension (/7).
Mesenteric venous pooling may also occur in experimental diabetic neuropathy (/8).
Veins from rats with STZ-induced diabetes were markedly dilated in vivo compared with
veins from control animals. Dilation appeared to be the result of loss of smooth muscle
tone. Using quantification by image analysis and double-labeling immunohistochemistry
on mesenteric veins, significant reductions in the density of nerve plexuses staining for
5-hydroxytryptamine and tyrosine hydroxylase were shown in vessels from diabetic rats
compared with controls. These deficits may contribute to an increase in venous pooling of
blood in the splanchnic vasculature of diabetic rats and thus, to inadequate venous return
to the heart (/8). Adrenergic innervation of vessels is reduced. For instance, 6 weeks of
alloxan-induced diabetes mellitus was found to result in a neuropathy of arteries charac-
terized by a 38% reduction in the arterial content of norepinephrine. Norepinephrine
release from the nerves measured from electrically stimulated superfused arterial segments
was decreased. The cocaine-sensitive accumulation of [*H]-norepinephrine was also
reduced, reflecting decreased neuronal uptake (79).

SPLANCHNIC-MESENTERIC BED

Experimental diabetes because of STZ or other models associated with insulin defi-
ciency results in gastric and colonic dilatation and loose stools. Schmidt et al. (20)
described distal axonal swellings and dystrophic changes in the ileal mesentery of dia-
betic rats, containing a variety of normal and unusual subcellular organelles similar to
those described in experimental and clinical axonal dystrophies. These alterations,
consisting a distinctive distal axonopathy involving terminal axons and synapses, are
particularly dense in the prevertebral superior mesenteric ganglia and celiac ganglia.
These axonal alterations were seen after 6, 9, and 12 months of diabetes, apparently
increasing in frequency with time. The changes were not seen at 3.5 months. An apparent
proximo-distal gradient in the frequency of unmyelinated axonal lesions in this system,
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suggests experimental DAN may represent an example of distal axonopathy.
Retrograde axonal transport of nerve growth factor was reduced (27). Aldose reduction
inhibition was reported to partially reduce the development of these dystrophic
changes (22). In a recent study, these workers reported that the changes were more
prominent in the STZ-D rat and BB/Wor rat, both models of hypoinsulinemic type 1
diabetes, than in the BBZDR/Wor rat, a hyperglycemic and hyperinsulinemic type 2
diabetes model. They argued that hyperglycemia alone is not sufficient to produce
sympathetic ganglionic neuroaxonal dystrophy, but rather that it may be the diabetes-
induced superimposed loss of trophic support that ultimately causes these lesions (23).
Similar findings to the pancreas have been reported (24). In a study of diabetes induced
by STZ and occurring spontaneously in BB/W rats, morphometric analysis of contacts
between [*H]norepinephrine-labeled sympathetic nerve terminals and o-cells in pan-
creases from STZ-D rats revealed a 65—-70% reduction in direct contacts. An 80%
reduction in the number of nerve endings in direct contact with o-cells was also noted
in the BB/W diabetic rats.

These structural changes tend to be well-developed only in very chronic diabetes, typi-
cally studies done on rats that had been diabetic for 1 year or more. For instance, in a study
of diabetes because of STZ, for a duration of 1 year, florid pathological changes were found
on light and electronmicroscopy (25). The changes included changes in sympathetic
neurons, with intra-axonal glycogen deposits, accumulation of large amounts of lipoid
material in autonomic ganglion cells and endoneural cells. By morphometry, the cytoplas-
mic area and cytoplasmic to nuclear ratio were significantly reduced in the sympathetic
neurons of diabetic rats. The axons demonstrated dwindling in the sympathetic pregan-
glionic fibers of diabetic animals. Axonal glycogenosomes were absent in the vagus of con-
trol and were present in that of diabetic rats.

In a wide survey of sympathetic adrenergic innervation of nerves, adrenergic nerves
were studied in nervi nervorum and perivascular nerve plexus of vasa nervorum in
whole-mount nerve sheath preparations of optic, sciatic, and vagus nerves and in the
paravertebral sympathetic chain in normal and STZ-treated diabetic rats. A substantial
or complete loss of fluorescent adrenergic fibres around blood vessels in the optic
nerves was observed 8 weeks after induction of diabetes; whereas perivascular adrener-
gic fibres in the sciatic, vagus, and sympathetic chain nerve trunks were increased at that
early time-point.

SECRETOMOTOR FUNCTION

Kennedy et al. (26) has done extensive studies on sudomotor innervation in human
and experiment diabetic neuropathy. Most of the experimental studies were done on
experimental diabetes in the mouse. They provided detailed ultrastructural studies of the
mouse sweat gland (27). Many nerve fibers are entwined with the secretory tubule and
contain accumulations of round, clear vesicles, some microtubules, but apparently no
neurofilaments. Cholinesterase is found in the clefts between nerve fibers and their
ensheathing Schwann cells. The nerve fibers tend to run parallel with capillaries, but
have no close association with either the capillaries or the secretory epithelium.
Capillaries provide an abundant blood supply to the sweat gland and are fenestrated.
The relationships between cellular elements of the sweat gland provide no direct
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evidence of the mechanisms involved in neurogenic sweating, although it seems likely
that effector substances are diffusely distributed. These workers described a reduction
with aging, in sudomotor territories, the complement of sweat glands for individual
nerves, the number of sweat glands responsive to cholinergic stimulation, as well as
their capabilities for compensatory reinnervation of sweat glands by regeneration and
by sprouting (28).

Cardone et al. (29), in a detailed and careful study of the sweat response in STZ-
induced diabetes in the rat, reported decreased sweating that paralleled severity of
hyperglycemia. The pilocarpine-induced sweat responses in the hind foot pads of
groups of control and streptozocin diabetic rats, in good and in poor glycemic control
and with a crossover design after 20 weeks of diabetes, were evaluated with the silicone
mold sweat test to determine the number of sweat droplets per group of foot pads. The
sweat response was dose dependent and reproducible, disappearing with denervation
and reappearing with reinnervation. In the good glycemic controlled group, the sweat
response was not different from that of the control group for up to 136 days. In the poor
controlled group, the sweat response became reduced (p < 0.005) at 16 days and pro-
gressively worsened: 40% of baseline values at 14 weeks (p < 0.001). After restoring
euglycemia in the poor control group, a normal sweat response occurred at 12 days.
These results show that human neuropathic deficit, failure of sweating, can be prevented
or ameliorated by good glycemic control.

Secretomotor functional impairment of parotid and submandibular glands has been
reported in experimental diabetes. The right parotid ducts were cannulated and parotid
salivary flow was induced by stimulating the sympathetic trunk in bursts (50 Hz, 1:10).
Total protein and amylase output from the gland were reduced in diabetic animals com-
pared with controls (30). A reduction in submandibular salivary protein concentration
in response to sympathetic nerve stimulation was seen in rats that had been diabetic at
3 and 6 months (37). These changes were accompanied by a reduction in secretory gran-
ule release from acinar and granular duct cells.

AUTONOMIC GANGLIA

Prominent physiological and less dramatic pathological changes are present in auto-
nomic ganglia of DAN. There is a significant reduction in blood flow in autonomic ganglia
such as superior cervical ganglion (32,33). This reduction by about 50% is present as early
as 1 week and is persistent over 24 weeks (4). Glucose uptake was reduced to 30% of con-
trol values in superior cervical ganglion in rats with DAN. o-Lipoic acid supplementation
had no effect on glucose uptake in normal nerves at any dose, but reversed the deficit in
DAN, with a threshold between 10 and 25 mg/kg. ATP, creatine phosphate, and lactate were
measured in sciatic nerve and superior cervical ganglion. o-Lipoic acid prevented the
reduction in autonomic ganglion creatine phosphate (34).

In both diabetic humans and experimental animals, neuroaxonal dystrophy of auto-
nomic nerve terminals has been found, particularly in the prevertebral superior mesen-
teric and celiac ganglia, which innervate the diabetic small intestine. However, NGF
content, NGF receptor expression, p75 low-affinity neurotrophin receptor (NTR), and
trkA (high-affinity NGF receptor) expression showed an approximate doubling of NGF
content in the diabetic superior mesenteric and celiac ganglia. No change in NGF
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content was detected in the diabetic superior cervical ganglion (35). These observations
suggest that increased NGF content in sympathetic ganglia innervating the diabetic ali-
mentary tract coupled with intact receptor expression may produce aberrant axonal
sprouting and neuroaxonal dystrophy.

Treatment of STZ-diabetic rats for 2—-3 months with pharmacological doses of NGF
or N'T-3, neurotrophic substances with known effects on the adult sympathetic nervous
system, did not prevent and instead increased the frequency of neuroaxonal dystrophy
in the superior mesenteric ganglion of normal rats (36). The sorbitol dehydrogenase
inhibitor SDI-158 resulted in a dramatically increased frequency of neuroaxonal dys-
trophy in ileal mesenteric nerves and superior mesenteric ganglion of SDI-treated vs
untreated diabetics. The effect of SDI on diabetic ganglion was completely prevented
by concomitant administration of the aldose reductase inhibitor sorbinil. Treatment of
diabetic rats with sorbinil also prevented these dystrophic changes in diabetic rats not
treated with SDI. These findings indicate that sorbitol pathway-linked metabolic imbal-
ances play a critical role in the development of neuroaxonal dystrophy in this model of
diabetic sympathetic autonomic neuropathy (37). The morphological changes are con-
fined to neuroaxonal dystrophy. There is no loss of neurons in either superior mesen-
teric or superior cervical ganglia after 10 months of severe untreated diabetes (38).
A role or aberrant neurofilamentous phosphorylation and its possible involvement in the
impaired delivery of neurofilament to the distal axon have been suggested as the rele-
vant mechanism (39).

EXPERIMENTAL ERECTILE DYSFUNCTION

Experimental erectile dysfunction in experimental diabetes and aging has been stud-
ied in the rat (40—42). Rat studies typically consist a measurement of intracavernous pres-
sure in response to electrical stimulation of the cavernous nerve in normal and diabetic
rats (43). The pathophysiology of erectile dysfunction in DAN appears to mimic the
human condition wherein it is vasculogenic resulting in engorgement of corpora caver-
nosa and is because of a deficiency of nitric oxide (40,44—46). In the penile corpora cav-
ernosa, nitric oxide is produced mainly by the activation of the neuronal nitric oxide
synthase (NOS) in the nerve terminals and, to a lesser extent, by endothelial NOS in the
lacunar and vascular endothelium (40,46). Nitric oxide stimulates guanylate cyclase —
c¢GMP — activation of phosphokinase G — reduction of intracellular Ca’* — relaxation
of the smooth muscle cells — penile engorgement. Support for this concept in the rat
derives from a number of observations. Nitric oxide downregulation in the vasculature
and penile corpora is associated with erectile dysfunction (46). Chronic treatment with
the nitric oxide inhibitor L-NAME leads to abolition of the erectile response (46,47).

Structural changes in corpora are also considered important. There is impaired compli-
ance of the corpora cavernosa and the penile arteries (40,48) because of alterations in the
smooth muscle and an increase in collagen deposition in the corporal tissue (40,49).
Corporal fibrosis results in tissue stiffness and venous leakage. Smooth muscle function
is important in that its relaxation results in an increase in intracorporeal pressure, sufficient
to compress veins against tunica albuginea. Impaired smooth muscle relaxation results in
insufficient pressure — insufficient venous compression — venous leakage (50).

Urological investigators have used the rat model to develop and evaluate novel
approaches to treatment (5/). In addition to standard approaches such as the evaluation
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of novel phosphodiesterase inhibitors, investigators have additionally used novel gene
therapy with different genes and vectors and ex vivo gene therapy, combining gene
transfer with stem cell implants (42). Considerable success has been encountered using
gene transfer with the large conductance, Ca-sensitive K channel subtype (i.e., hSlo).
The mechanism of action was presumably related to the importance of K channel
hyperpolarizing currents to relaxation of corporal smooth muscle and penile erection.
A single intracavernous injection of the “naked” pcDNA-ASlo (100 pg), which encodes
the a-subunit of the human maxi-K channel, was associated with physiologically sig-
nificant increases in the magnitude of the cavernous nerve-stimulated intracorporeal
pressure response that lasts for up to 6 months after a single intracavernous injection (52).
Gene transfer prevented an age-related decrease in resting intracavernous pressure and a
physiologically relevant, significant effect on normalizing erection in vivo (53). Recently,
the efficacy of this gene in the treatment of experimental diabetic erectile dysfunc-
tion has been reported (5/). The ability of gene transfer with this pore-forming sub-
unit of the human maxi-K channel (hSlo) to ameliorate the decline in erectile
capacity commensurate with 12-24 weeks of STZ-diabetes examined in 181
Fischer-344 rats.

Erectile capacity was evaluated by measuring the intracavernous pressure response
to cavernous nerve stimulation (ranging from 0.5 to 10 mA). In the first series of
experiments, ANOVA revealed increased engorgement pressure in treated animals.
A second series of experiments further examined the dose dependence and duration
of gene transfer. The intracavernous pressure response to submaximal (0.5 mA) and
maximal (10 mA) nerve stimulation was evaluated 3 or 4 months postinjection of a
single dose of pcDNA-hSlo ranging from 10 to 1000 pg. ANOVA again revealed that
hSlo overexpression was associated with increased nerve-stimulated pressure
responses compared with responses in corresponding control animals. Histological
studies revealed no immune response to the presence of hSlo. Polymerase chain reac-
tion analysis documented that expression of both plasmid and transcript were largely
confined to the corporal tissue. In the third series of pharmacological experiments,
hSlo gene transfer in vivo was associated with iberiotoxin-sensitive relaxation
responses to sodium nitroprusside in corporal tissue strips in vitro. The latter data
indicate that gene transfer produces functional maxi-K-channels that participate in the
modulation of corporal smooth muscle cell tone. Taken together, these observations
suggest a fundamental diabetes-related change in corporal myocyte maxi-K-channel
regulation, expression, or function that may be corrected by expression of recombi-
nant hSlo. Another gene that has been evaluated has been through intracavernosal
gene therapy with PnNOS cDNA, which is reported to correct the aging-related erec-
tile dysfunction for at least 18 days (54).
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Spinal Cord

Structure and Function in Diabetes

Andrew P. Mizisin, Corinne G. Jolivalt, and Nigel A. Calcutt

SUMMARY

The spinal cord is a relatively understudied target of diabetes. In this chapter an overview of
the anatomy of the spinal cord and its associated structures is presented before reviewing the
published literature describing evidence for structural damage to the spinal cord reported in both
diabetic patients and animal models of diabetes. Spinal cord pathology is accompanied by func-
tional disorders and diabetic rodents are being increasingly used to investigate the neurochemi-
cal and molecular mechanisms that contribute to impaired structure and function. The
aetiological mechanisms that lead from hyperglyacemia to disruption of spinal cord structure
and function are only beginning to be explored. The growing appreciation of the role that the
spinal cord plays in modulating sensory input to and motor output from the central nervous sys-
tem should prompt wider interest in diabetes-induced spinal cord injury that will complement
studies of diabetic encephalopathy and peripheral neuropathy.

Key Words: Diabetes; hyperglycemia; myelopathy; neuropathology; neuropathy; painful neu-
ropathy radiculopathy; sensory processing; spinal cord.

INTRODUCTION

Although myelopathy was first described in the spinal cord of diabetic patients at
autopsy over 100 years ago, the impact of diabetes on this portion of the nervous sys-
tem has been infrequently studied compared with the peripheral nervous system (PNS).
In part, this may reflect a tendency to target the regions of the nervous system from
where patients perceive pain and/or loss of sensation to emanate. The greater accessi-
bility of the peripheral nerves to biopsy and functional studies probably also contributes
to the imbalance. Recent technical advances have re-emphasized that the spinal cord is
subject to injury in diabetic patients (/) and exhibits unique structural and functional
features that possess both scientific and clinical significance. For example, the spinal
cord lies within the blood-brain barrier and glucose levels in the cerebrospinal fluid are
substantially lower than those to which peripheral nerves are exposed, both in normal
and hyperglycemic conditions. Consequently, the cell body and the peripherally pro-
jecting axon of a primary sensory neuron are exposed to higher glucose concentrations
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during hyperglycemia than the terminal regions of the central projection that enter the
spinal cord and synapse with second-order neurons in the dorsal horn. Conversely,
motor neuron cell bodies located in the ventral horn are relatively protected in compar-
ison with the sensory cell bodies in the dorsal root ganglia and indeed relative to their
own axons that leave the spinal cord and project to target organs. As hyperglycemia is
widely regarded as a primary pathogenic mechanism for diabetic neuropathy, the
regional variability in glucotoxic exposure may have important consequences for the
manifestation of diabetic neuropathy.

There is increasing scientific interest in the spinal cord as clinical and experimental
studies have revealed the extent to which it is involved in integrating and modulating
both sensory input from peripheral nerves to the higher central nervous system (CNS)
and also output from the CNS to peripheral organs. Phenomena such as phantom limb
and some neuropathic pain states indicate that the perception and pathogenic site of a
lesion do not always match. Research studies of peripheral nerve injury have also high-
lighted associations between the PNS and spinal cord, such that injury to the PNS can
have long-acting consequences in the spinal cord that modify how future sensory input
from the PNS is modulated and presented to the CNS. The extent to which the well-
documented effects of diabetes on the PNS have an impact on the structure and func-
tion of the spinal cord, including its processing of sensory input, is largely unexplored.
The direct effects of hyperaglycemia on spinal cord have to be incorporated into the
pathogenic scheme of diabetic neuropathy.

FUNCTIONAL ANATOMY

It might be helpful if an overview of the anatomy of the spinal cord and associated
structures that is a distillation of more detailed texts is provided first (see ref. 2). The
spinal cord, which is divided into 31 segments, is ensheathed by the spinal canal that is
formed by the bodies, pedicles, and spinous processes of individual vertebra. Each
spinal segment (8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal) gives rise
to a pair of spinal nerves that are joined to their segments by a pair of posterior (dorsal
in quadrupeds) and anterior (ventral in quadrupeds) roots (Fig. 1). The spinal cord is
partitioned into peripherally oriented white matter that is organized into tracts contain-
ing bundles of axons and centrally oriented gray matter with a “butterfly-shaped”
appearance (Figs. 2 and 3). White matter contains myelinated and unmyelinated axons
traveling to (posterior roots) and from (anterior roots) the spinal cord and to (ascending
tracts) and from (descending tracts) the brain. Gray matter contains neuronal cell bodies,
their dendrites and axons, as well as neuroglia, and is functionally organized into the
laminae of Rexed (see Gray Matter and Fig. 2).

Cell bodies of sensory neurons are located in ganglia that sit on the posterior (dorsal)
roots of spinal nerves. Correlations between neuronal size and electrophysiological
properties of their cell bodies and axons have resulted in a classification into large clear
neurons (type A) and smaller dark neurons (type B) (3,4). The processes of these
pseudounipolar afferent neurons conduct somatic and visceral impulses from the periphery
to the spinal cord (Fig. 1). Nerve fibers of somatic afferents carry exteroceptive
(pain, temperature, and touch) and proprioceptive (body position, muscle tone, and
movement) input from sensory receptors in the body wall, muscle, tendons, and joints.
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Fig. 1. (Continued)

Nerve fibers of visceral afferents carry enteroceptive (degree of filling or stretch of
alimentary tract, bladder, and blood vessels) input from the viscera.

Cell bodies of efferent motor neurons are located in lamina IX of the anterior (ven-
tral) horn of the spinal cord (Fig. 2) and conduct somatic impulses from the spinal cord
to the periphery through myelinated axons in anterior (ventral) roots. Somatic efferents
of o0 and Y motor neurons innervate striated muscle. Anatomically, the situation for
visceral efferents is more complicated and is dependent on whether the efferents are part
of the sympathetic or parasympathetic divisions of the autonomic nervous system. Cell
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Fig. 1. Spinal nerves and roots, and sympathetic components of the autonomic nervous system
in a schematic diagram of a section of thoracic spinal cord. Somatic and visceral afferent input,
and somatic efferent output are illustrated in (A), whereas visceral efferent output is shown in (B).
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bodies of efferent preganglionic autonomic neurons are located in the interomediolat-
eral cell column of lamina VII that extends from the last cervical segment to the last
lumbar segment (sympathetic) or in the midbrain, medulla, and sacral segments 2
through 4 (parasympathetic). Postganglionic autonomic cell bodies are either in par-
avertebral or prevertebral ganglia (Fig. 1). Myelinated preganglionic and unmyelinated
postganglionic visceral efferents innervate smooth and cardiac muscle, and regulate
glandular secretion.
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Fig. 2. Schematic representation depicting the location of the laminae of Rexed in spinal cord
gray matter.
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Rubrospinal tract

Tectospinal tract
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Anterior spinocerebellar tract Anterior corticospinal tract

Fig. 3. Schematic representation depicting the location of the various ascending (left) and
descending (right) tracts in spinal cord white matter.

Gray Matter

In the spinal cord, the “butterfly-shaped” gray matter consists of a pair of posterior
(dorsal) horns and a pair of anterior (ventral) horns connected by the gray commissure
that contains the central canal. The size of the gray matter and thus, the spinal cord is
larger in the cervical and lumbar regions, where it contains the numerous large motor
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neurons that control the movements of the arms and legs. Aside from regional variation
in size and the presence of large motor neurons in the anterior horn, the gray matter of
the spinal cord is a microscopically homogenous mixture of neurons and their
processes, neuroglia cells, and blood vessels. Despite this homogeneity, the posterior
and anterior horns have been functionally subdivided into distinct regions known as the
laminae of Rexed (Fig. 2).

The posterior horns contain laminae I-VI and most receive afferent input from the
periphery. Lamina I, also known as the posterior marginal nucleus, contains neurons whose
axons contribute to the ascending spinothalamic tract and respond to input from primary
afferents that sense pain and temperature. Lamina II, the substantia gelatinosa, receives
afferents from Lissauer’s fasciculus that convey information about pain, temperature, and
touch. Laminae III and IV, the nucleus proprius, contain interneurons that relay touch and
pressure sensations. The dendrites of these neurons extend up into lamina II and their axons
contribute to the contralateral spinothalamic tract. As with laminae II and IV, interneurons
in lamina V supply projections to the contralateral spinothalamic tract. In addition, they
receive input from afferent neurons that respond to both painful and nonpainful stimuli.
Located at the base of the posterior horns in the cervical and lumbar enlargements, lamina
VI receives input from central processes of primary sensory neurons.

The anterior horn contains laminae VII-IX, with the gray commissure, lamina X, sur-
rounding the central canal and continuous with laminae VII on each side of the spinal
cord. Also, known as the intermediate zone, lamina VII contains interneurons, such as
those in the nucleus dorsalis of the thoracic and upper lumbar regions that are associ-
ated with the posterior spinocerebellar tract. The interneurons found at the base of the
anterior horn that synapse with axons of the descending tracts include lamina VIII.
Lamina IX contains cell bodies of o0 and 'y motor neurons whose axons constitute effer-
ent motor output to striated muscle.

White Matter

Surrounding the gray matter, the white matter of the spinal cord is a homogeneous
mixture of myelinated and unmyelinated axons, neuroglia cells, and blood vessels. It
can be divided into three general regions: the posterior (dorsal), lateral and anterior
(ventral) funiculi. Funiculi are further functionally subdivided into tracts or fasciculi
(Fig. 3). Spinal cord tracts either carries peripheral input to the brain through a sequence
of primary and secondary neurons that constitute the ascending tracts, or direct central
input from the brain to the spinal cord in descending tracts that modify efferent output.
The white commissure carries impulses of crossed tracts from one side of the spinal
cord to the other.

Ascending Tracts

In the white matter, there are three main ascending tracts: the posterior columns
(tracts), the spinothalamic tracts, and the spinocerebellar tracts (Fig. 3). The posterior
columns contain central processes of sensory neurons in spinal ganglia that carry input
from receptors in muscles, joint capsules, and skin. These fibers ascend directly to the
medulla oblongata where they synapse with secondary neurons. The posterior column
contains two fasciculi: the medial fasciculus gracilis that receives central processes of
primary sensory neurons in the lumbosacral region; and the lateral fasciculus cuneatus
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that receives central processes from neurons in the cervical and thoracic regions.
Posterior tract axons convey information about well-localized touch, movement, and
position senses.

The ascending spinothalamic tract is divided into the lateral and anterior compo-
nents, although this division is not clearly defined. Free nerve endings throughout the
body convey impulses to the sensory neurons in spinal ganglia through thinly myeli-
nated (A 0) and unmyelinated (C) fibers. Short central processes of these neurons enter
the spinal cord through Lissauer’s fasciculus, ascend one segment and then synapse
with secondary neurons in laminae I, IV, and V, whose axons cross the midline in the
anterior white commissure before ascending to the thalamus in the contralateral
spinothalamic tract. Secondary neurons of the lateral spinothalamic tract convey sen-
sations of pain and temperature that are subject to modification by emotion and expe-
rience. Secondary neurons of the anterior spinothalamic tract receive input from
central processes of sensory neurons with peripheral receptors in hairless skin that
project throughout laminae IV-VIIL. These secondary neurons also cross through the
anterior white commissure before ascending and conveying sensations of light, poorly
localized touch.

The ascending spinocerebellar tracts have posterior and anterior components. In the
posterior spinocerebellar and cuneocerebellar tracts, myelinated fibers carry input from
muscle spindles (Ia), golgi tendon organs (Ib), and skin (I) in the lower and upper body,
respectively. It is conveyed by central processes of neurons in spinal ganglia, which
ultimately synapse with neurons in the nucleus dorsalis of lamina VII or the cuneate
nucleus of the medulla. Axons of these secondary neurons consist the posterior spin-
ocerebellar and cuneocerebellar tracts and terminate on mossy fibers in the cerebellar
cortex. These tracts convey muscle-spindle or tendon-organ related information with
resolution to the level of a single muscle fiber of a muscle-tendon complex. The ante-
rior and rostral spinocerebellar tracts convey similar input from the lower and upper
body, respectively, to the cerebellum, whereas secondary neurons in lamina VII cross to
contralateral tracts through the gray commissure before ascending with postural infor-
mation relating to an entire limb.

Descending Tracts

The main descending tracts of spinal cord white matter are the corticospinal,
rubrospinal, tectospinal, reticulospinal, and vestibular tracts (Fig. 3). These tracts carry
information from neurons originating in the cerebral cortex, midbrain, medulla, and
vestibular apparatus, respectively. As a portion of the upper motor neuron pool, axons
of neurons in the cerebral cortex contribute to the corticospinal tracts. They descend
directly to terminate on interneurons at the base of the posterior horn and modify sensory
input on anterior motor horn neurons in lamina IX or on adjacent interneurons. Cortical
and subcortical neurons decussate at the level of the medullary pyramids and then travel
in the lateral and anterior corticospinal tracts. Corticospinal tract function concerns
voluntary control relating to manipulation of objects (upper limbs) and locomotion
(lower limbs). Neurons of the rubrospinal tract originate in the red nucleus of the mid-
brain and their axons descend in the spinal cord where they intermingle with corti-
cospinal tracts as far as the thoracic level. Rubrospinal terminal fibers synapse with
interneurons in laminae V, VI, and VIII that project to o and Yy motor neurons.
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Rubrospinal tract activity is regulated by sensory input provided to the cerebellum
through the spinocerebellar tracts and controls the tone of flexor muscle groups.

The remaining descending tracts run in the anterior funiculus. The tectospinal tract
originates in the superior colliculus of the midbrain, crosses the midline in the peri-
aqueductal gray area and descends in the anterior funiculus, where it intermingles with
the medial longitudinal fasciculus. Tectospinal terminal fibers project to interneurons in
laminae VI, VII, and VIII that synapse on motor neurons of the anterior horn to help
blend the interaction of visual and auditory stimuli with postural reflex movements.
Axons of the vestibulospinal tract are derived from neurons in the lateral vestibular
nucleus that receive afferent input from both the vestibular apparatus of the inner ear and
the cerebellum. Vestibulospinal fibers descend ipsilaterally through the anterolateral
spinal cord, where they synapse with interneurons in laminae VII and VIII that project
to motor neurons in the anterior horn. The vestibulospinal tract helps control basic
posture or stance by facilitating activity in all extensor muscles. The axons of the two
uncrossed reticulospinal tracts originate from several levels in the reticular core of the
brainstem and terminate on interneurons in laminae VII and VIII that project to o and 7y
neurons of the anterior horn. Reticulospinal tracts modify motor and sensory functions of
the spinal cord and facilitate motor and cardiovascular responses (pontine reticulospinal
tract) or inhibit motor and cardiovascular responses (medullary reticulospinal tract).

DIABETES-INDUCED NEUROPATHOLOGY

While there are earlier reports of spinal cord lesions associated with diabetes mellitus
(refs. 5-7), the publication of a series of key (8—/2) and other (/3-16) neuropathologi-
cal studies in the latter half of the 20th century established the histological nature of this
injury. These reports helped promote the concept that myelopathy is a part of the dia-
betic process and remain the definitive neuropathological studies. Unlike myelopathy,
the existence of peripheral neuropathy and radiculopathy is not disputed and the pathol-
ogy has been well documented. The following section will first consider morphological
evidence from autopsy material for diabetes-induced injury to the spinal cord, associ-
ated ganglia and roots, and then available evidence from studies using experimental
models of diabetes.

Human Studies

Among the earliest observations of spinal cord lesions in diabetes mellitus are those
of Williamson (5,6), who described macroscopic changes evident in the posterior
columns of the cervical and thoracic regions after hardening in Miiller’s fluid. In sec-
tions from the affected regions of celloidin-embedded spinal cords of three patients,
swollen axis cylinders surrounded by distended or thin myelin sheaths and scattered
degenerated fibers were evident. These early observations suggest that both demyelina-
tion and axonal degeneration occur in lesions of the posterior column white matter.
Later, distension and/or thinning of myelin sheaths and axonal loss in the white matter
of paraffin-embedded autopsy material from patients with diabetes mellitus were also
described (8,11), whereas others have simply noted degeneration of the long tracts
(9,10,13). The most comprehensive autopsy investigation of diabetic myelopathy is that
reported by Slager (12), who expanded an earlier series of 37 patients (/6) to 75 unselected
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diabetic patients and reported posterior column demyelination with relative sparing of
axons in 27% of spinal cords. A subsequent report quantitatively documented a decrease
in myelinated fiber density in the fasciculus gracilis of the cervical posterior columns
(17). Although the posterior columns are the most commonly reported site of injury in
diabetes mellitus, lesions have also been documented in the lateral (spinocerebellar
tracts) and ventral columns (8,9), with the lower segments of all regions affected more
than the upper segments.

Diabetes-associated injury to the gray matter of the spinal cord is not as commonly
reported as that in the white matter and, where reported, involves neuron shrinkage
and loss, chromatolysis, and gliosis. Dolman described a slight loss of anterior horn
cells in three patients and chromatolysis in four others (8). Similarly, neuron loss in
the anterior horn was reported in a single patient in each of two studies (9,/3) where
surviving cells appeared shrunken. In contrast, Reske-Nielsen and Lunbaek docu-
mented mild-to-moderate loss of neurons in both the posterior and anterior horns that
was associated with mild gliosis in their series of 15 long-term juvenile diabetic
patients (/7). In this study, the remaining neurons had swollen or displaced nuclei
and cytoplasmic PAS- and fat-positive accumulations. Similar to lesions in the white
matter, neuronal loss in the gray matter has been reported to be more severe in the
lower spinal cord segments (13).

As with motor neurons in the anterior horn, diabetes-associated injury to primary
sensory neurons in spinal ganglia has only been sporadically documented. Dolman (8)
and Greenbaum et al. (/3) observed some loss of neurons, particularly in lumbar gan-
glia, accompanied by proliferation of satellite cells. In a clinically uniform series of
nine patients dying after early-onset diabetes of long duration, Olsson and colleagues
(9) reported heavy loss of neurons and formation of noduli of Nageotte in ganglia from
all levels, with chromatolysis in some of the remaining neurons. In a morphometric
analysis of posterior spinal ganglia, Ohnishi et al. (/7) documented a decrease in the
relative frequency of large size (type A) cell bodies, but no loss of neurons. More
recently, neuroaxonal dystrophy has been described in the posterior spinal ganglia (18).
The swollen axon terminals and enlarged initial segments were usually located within
the satellite cell sheath, where they compressed and distorted adjacent sensory neuronal
cell bodies. These dystrophic accumulations, consisting of hyperphosphorylated neu-
rofilaments or collections of tubulovesicular bodies with intermingled neurotransmitter
granules, occurred in calcitonin gene related peptide (CGRP)-containing axons, but not
in sympathetic noradrenergic axons, which appeared earlier and with greater fre-
quency in diabetic patients than in aged human subjects, and are also a structural hall-
mark of diabetic autonomic neuropathy (reviewed in ref. 79).

Similar to peripheral neuropathy, radiculopathy is a frequently described manifesta-
tion of diabetes mellitus and is well documented in the literature. Williamson described
degenerated nerve fibers in the intramedullary course of posterior roots in Lissauer’s
fasciculus of lumbar and cervical spinal segments and noted that generally roots exter-
nal to the spinal cord in these regions lacked degenerated fibers (5). Others (9,11,13)
have also documented varying degrees of loss and degeneration of myelin sheaths and
axons in spinal roots. In these studies, the extramedullary portions of both posterior and
anterior roots were affected, although injury to the anterior roots was usually less
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advanced. In contrast to these observations are reports of widespread demyelination with-
out extensive axonal degeneration in spinal roots (8,/2,17). The presence of segmental
demyelination and remyelination in both posterior and anterior roots with and without
myelinated fiber loss, respectively (/7), argues that this Schwann cell response is not
secondary to axonal atrophy and/or degeneration.

In summary, there is unequivocal histological evidence of radiculopathy and degen-
eration of the long tracts in studies with diabetic patients that range from clinically uni-
form to unselected. Lesions at both sites are more frequent in the posterior roots and
columns, and with the exception of microinfarcts, may well be independent of vascular
lesions in these sites. Neuronal degeneration is less commonly observed in sensory gan-
glia and spinal cord gray matter. Much of the debate related to diabetes-induced spinal
cord injury has centered on whether myelopathy is an independent lesion or a second-
ary consequence of peripheral neuropathy and/or radiculopathy, the most frequently
described neurological manifestations of diabetes mellitus. Indeed, many symptoms and
clinical signs considered indicative of myelopathy can be attributed to involvement of
the peripheral neuraxis. For example, abnormal cutaneous sensation, paresthesia, and
ataxia clearly involve lesions in peripheral nerves and roots. However, alterations in pro-
prioceptive sensation and lack of muscle coordination without profound changes in
cutaneous sensation point to an independent lesion in the ascending tracts of the poste-
rior column (20). Further, the dissociation of histological changes in the posterior
columns from posterior radiculopathy or clinical signs of sensory neuropathy in some
of the cases reported by Slager (/2) argue that myelopathy is an independent lesion.

Experimental Studies

Although there is structural evidence for spinal lesions in human diabetes mellitus,
little support is present in the literature for comparable injury in experimental animal
studies. There is better documentation of radiculopathy in animal studies and some
reports of neuronal degeneration and loss in the dorsal root ganglia. Lack of evidence
for myelopathy in animal, particularly rodent, studies is perhaps not surprising, given
that there are relatively few pathological abnormalities in peripheral nerves from diabetic
animals. The majority of animal studies concerned with structural injury to the spinal
cord, dorsal root ganglia, and roots involve rats and mice with streptozotocin-induced
diabetes, with an occasional report concerned with alloxan-induced diabetes or genetic
models. Unlike the paraffin-embedded autopsy material of human studies noted earlier,
most animal studies are based on plastic-embedded material and appear in the literature
after the definitive human reports.

The earliest report of diabetes-induced structural abnormalities in the spinal cord
is a morphometric study of lower motor and primary sensory neurons in rats with
streptozotocin-induced diabetes of 4 weeks duration (27). Although no histological
signs of neuronal degeneration or loss were identified, diabetes was associated with a
significant reduction in perikaryal volume of both motor and sensory neurons of the
same magnitude as the atrophy previously reported for axons in the peroneal nerve
(22,23). Aside from preliminary observations of ol motor neuron loss throughout the
anterior horn in streptozotocin- and alloxan-diabetic rats and db/db mice that have not
been subsequently published (24) there are no reports of neuronal loss in spinal cord
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gray matter. Regarding structural injury in the spinal cord, Yagihashi et al. (25) observed
neuroaxonal dystrophy in neurons of the sensory ganglia and in the myelinated axons
constituting the tracts of the posterior columns in spontaneously diabetic BB/Wor rats. As
described by Schmidt et al. (/8) in human studies, the dystrophic accumulations consisted
of tubulovesicles, tubular rings, layered and electron-dense membranes and neurofilaments,
and increased with increasing duration of diabetes.

Unlike the spinal cord, the literature concerned with structural injury to sensory gan-
glia and roots in experimental diabetes is more extensive but also more controversial,
particularly with respect to the ganglia. Points of contention include whether there is
neuronal loss in sensory ganglia and whether there is histological evidence of neuronal
degeneration. As noted above, Sidenius and Jakobsen (2/) reported no cell loss in the
lumbar dorsal root ganglia of streptozotocin-diabetic rats, with abnormalities restricted
to decreases in perikaryal volume and the relative number of large type-A neurons.
Using systematic dissector counting approaches, Russell et al. (26) and Zochodne et al.
(27) report neuronal atrophy but with a relative preservation of neurons in lumbar dor-
sal root ganglia from rats with streptozotocin-induced diabetes of 3 or 12 months dura-
tion, respectively. Using less rigorous profile counts of lumbar dorsal root ganglia from
streptozotocin-diabetic rats after 12 months of diabetes, Kishi et al. (28) were also
unable to detect neuronal loss but did confirm an increase in the ratio of small type-B
neurons to large type-A neurons reported earlier (2/,29). At this point, overt sensory
neuron loss in experimental diabetes has only been observed in a recent study (30) using
long-term streptozotocin-diabetic mice, which do not show the neuronal atrophy
reported in rats except when overexpressing human aldose reductase (31).

In spite of morphometric evidence documenting preservation of neuron number,
neuronal apoptosis has been claimed in several experimental reports using streptozotocin-
diabetic rats with diabetes ranging from 1 to 12 months duration (26,32). TUNEL-
positive neurons in the dorsal root ganglia, considered indicative of apoptosis,
consisted of 7-34% of the total and was concomitant with markers of oxidative stress
and activation of caspase-3. It is worth noting that apoptosis in experimental diabetic
neuropathy is not supported by morphometric determination of neuronal or peripheral
myelinated fiber loss, suggesting DNA strand damage does not necessarily equate to
neuronal loss. Further, sensory neurons with activated caspase-3 survive long-term
streptozotocin-induced diabetes (33), again indicating that expression of apoptotic
markers does not always correspond to cell death.

Regarding structural injury in the dorsal root ganglia in experimental diabetes,
Sidenius and Jakobsen (2/) report that neuronal degeneration was not evident in rats
with short-term streptozotocin-induced diabetes. As noted earlier, neuroaxonal dystro-
phy has been observed in sensory ganglia from diabetic BB rats (25). Several studies
have documented degenerative changes in the dorsal root ganglia neurons from short-
term (26) and long-term (28,34) streptozotocin-diabetic rats. Neuronal vacuolation is
the most prominent change described, with vacuoles evenly distributed throughout the
perikaryon in diabetic animals (28). In some instances, vacuoles appear to contain
remnants of mitochondrial cristae or to be associated with lipofuscin granules (34).
Vacuoles, condensed chromatin, and ballooned mitochondria with disrupted cristae
were observed in neurons and dorsal root Schwann cells in short-term experimental
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diabetes by Russell et al. (26). Although neuronal vacuolation and mitochondrial
disruption have been suggested to result from hyperglycemia-induced oxidative stress
(26,28,34), these changes may be a feature of poor fixation. Moreover, aging-associated
oxidative mitochondrial damage involves effaced cristae in an otherwise intact, not bal-
looned, organelle (35).

Radicular pathology in experimental diabetes was first reported by Tamura and Parry
(36) and has subsequently been confirmed with remarkable agreement by others in
both streptozotocin-diabetic and galactose-fed rats (28,34,37-39). The structural abnor-
mality is focused on the myelin sheath and occurs in the context of marked
interstitial oedema in both roots, although it is more frequent in the dorsal root. The ear-
liest change consists of myelin splitting at the intraperiod line progressing to often-spec-
tacular myelin ballooning. At this stage, strands of tubulovesicular myelin debris span the
intramyelinic space and intratubal macrophages are sometimes observed stripping away
myelin lamellae. There is minimal axonal degeneration associated with this myelin defect,
suggesting that this lesion is a primary Schwann cell defect. Similar radicular pathology
has been described in aged rodents (40), leading to the suggestion that its earlier appear-
ance in experimental diabetes represents an acceleration of the aging process in this dis-
ease (41). However, myelin splitting and ballooning is prevented by aldose reductase
inhibition and is present in several toxic neuropathies, pointing to other aetiologies (38).

In summary, whether there is neuronal loss and degeneration in dorsal root ganglia
remains an unresolved issue in experimental diabetes. Presently, neuronal loss has only
been documented in a murine model of long-term streptozotocin diabetes. In spite of
claims of programmed cell death based on various markers of apoptosis, pathological
evidence of neuronal loss and degenerative changes has not yet been convincingly
demonstrated in the streptozotocin-diabetic rat. Radiculopathy is the most striking and
consistently observed pathology in experimental diabetes and provides a stark contrast
to the more modest injury present in peripheral nerves in rodent models of diabetes. As
for spinal cord injury, there is a distinct paucity of evidence, with a single mention in
the literature of neuroaxonal dystrophy in the posterior columns. With the possible
exception of radiculopathy, there is discordance between the neuropathology present in
diabetic animals and humans. The short life-span and small size of rats and mice, the
most frequently used species in animal studies, may preclude the full development of
the diabetic neuropathy that develops over time with a “stocking and glove” distribution
in the longer nerves of humans. Also, particularly with reference to the spinal cord, it is
possible that lesions have been overlooked because this tissue has not been as routinely
studied as the peripheral nerves and spinal roots. Careful evaluation of longer-term rat
and mouse models, while controlling for age-related confounds, might help reconcile
the differences in structural injury between human and experimental diabetic neuropa-
thy, as might the development and characterization of new animal models.

SPINAL ELECTROPHYSIOLOGY IN DIABETES
Conduction Velocity

Slowing of large motor and sensory fiber conduction velocity has long been recog-
nized as an early indicator of neuropathy in the PNS (4/,42) and these deficits are
widely used to follow progression of neuropathy and assess efficacy of therapeutic
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interventions. In contrast, there have been relatively few evaluations of spinal electro-
physiology in diabetic subjects and such measurements are rarely included in global
assessments of neuropathy. Increased latencies, indicative of conduction slowing are
described in diabetic subjects (43—45), but it is not definitively established that this dis-
order shares a common presentation or aetiology with peripheral conduction slowing.
For example, evaluation of a series of diabetic subjects indicated that relatively few
showed both spinal and PNS conduction slowing, with many cases of either PNS or
CNS dysfunction (46) and there is not a strong correlation between conduction slowing
in the PNS and CNS (47). It had also been reported that slowing in sensory (ascending)
tracts precedes that of motor (descending) tracts (48). The aetiology of CNS conduction
slowing is poorly understood and the extent to which it precedes or reflects the patho-
logical changes that occur in the spinal cord described earlier is not known.

There have been occasional reports of conduction slowing in the spinal cord of dia-
betic rats as early as 2 weeks after onset of hyperglycemia (49), although others reported
that months of diabetes were required to show slowing in both ascending and descend-
ing tracts (50,51). Again, little is known about the pathogenesis of the disorder and the
extent to which it mirrors the early metabolic and later structurally mediated aetiology
of PNS conduction slowing has not been established, although conduction slowing in
the PNS does appear to precede that in the CNS (57). It may be worth noting that
glucose levels in spinal cerebrospinal fluid of diabetic rats are markedly lower than in
plasma of the same animals (52), so that spinal axons and lower motor neuron cell bodies
are exposed to less glycemic stress than their PNS counterparts.

Response Properties

Characterization of the response properties of spinal neurons that are triggered by
peripheral sensory stimuli have been studied only in rats with short-term diabetes. There
is agreement that spontaneous activity of the second order neurons that respond to a
broad range of sensory stimuli (wide dynamic range or WDR neurons) is increased in
spinal cord of diabetic rats (53,54). This could reflect diverse mechanisms including
ectopic primary afferent input to the cord, rewiring of spinal synapses or altered post-
synaptic signal transduction properties. Increased spontaneous activity of WDR neurons
that project to the brain through the spinothalamic tract has been proposed to underlie
spontaneous pain and hyperalgesia in diabetes. There is less agreement on other para-
meters, with a report of increased receptive field size, lower activation thresholds, and
augmented responses to mechanical stimulation in ascending (sensory) spinothalamic
tract neurons (54) being balanced by another showing no change in these parameters
(53). Most recently, the phenomenon of spinal wind-up, where repeated electrical stim-
ulation of C fibers leads to a frequency-dependent increase in the excitability of spinal
neurons has been reported to be enhanced in short-term diabetic mice (55), further
supporting the idea that spinal mediation of sensory processing is altered by diabetes.

SPINAL NEUROCHEMISTRY IN DIABETES
Neurotransmitter Release

The structural and electrophysiological properties of the spinal cord during diabetes
described earlier present a picture that resembles the paradox often noted in studies of
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the peripheral nerve, namely structural and electrophysiological indices of progressive
degeneration and functional loss that are accompanied by increased activity in some
sensory fibers and associated with hyperalgesia, allodynia, or spontaneous pain. There
has been speculation that the spontaneous or enhanced activity of spinal sensory path-
ways is responsible for diabetic neuropathic pain and is secondary to enhanced excita-
tory input from peripheral nerve primary afferent fibers. This is difficult to verify in
clinical studies, whereas evidence of spontaneous or exaggerated evoked activity of
primary afferents in animal models of diabetes has been reported in some studies
(56-59) but also discounted in others (60,61). Of course, electrical activity of sensory
fibers is only one component of any altered input to the spinal cord and other factors,
such as the amount of available neurotransmitters and patency of vesicular release
mechanisms, must also be considered. To date, few studies have addressed spinal neu-
rotransmitter release properties during diabetes. Current evidence obtained using in
vitro perfusion and in vivo spinal microdialysis techniques indicates that evoked release
of the excitatory amino acid neurotransmitter glutamate that drives nociception and of
neuropeptides that modulate nociceptive processing are diminished, rather than exag-
gerated, in diabetic animals (62—65). Such depression of sensory input is consistent with
the general view of peripheral nerve as developing a degenerative phenotype during pro-
longed diabetes where, even if overt degenerative pathology is not observed in rodents,
loss of neurotrophic support leads to decreased synthesis, axonal transport and therefore
evoked release of neuropeptides (see ref. 66). While the stimulus-evoked release of
excitatory neurotransmitters is reduced in diabetic rats, the appearance of prostaglandin
E, (PGE,) in spinal dialysates after paw stimulation is prolonged and accompanied by
an increase in paw flinching behavior indicative of hyperalgesia (67). The release of
PGE, in the spinal cord is triggered by primary afferent input and is responsible for the
subsequent sensitization of spinal sensory processing systems that contributes to hyper-
algesia in a number of models of neuropathic pain (68,69). Increased PGE, release in
the cord of diabetic rats after paw stimulation with formalin is accompanied by an
increase in the amount of protein for the enzyme cyclooxygenase-2 (COX-2), which
converts arachidonate to prostaglandins (67). Moreover, spinal delivery of inhibitors of
cyclooxygenase prevents the increase in formalin-evoked flinching of diabetic rats.
Together, these data suggest that a diabetes-induced increase in spinal COX-2 may
underlie spinal sensitization and hyperalgesia in rats, although presently it is not clear
how diabetes causes the increase in COX-2 or which cells of the spinal cord are
involved in modifying spinal sensory processing.

Receptors

The complexities of the distribution and actions of neurotransmitter receptors in the
spinal cord and their role in spinal pain processing are still being unravelled for many neu-
ropathic pain conditions, including diabetes. Models of simple synaptic transmission
involving excitatory postsynaptic receptors have been augmented by including considera-
tion of the role of descending inhibitory systems that can act on both pre- and postsynap-
tic receptors and by the growing appreciation that modulation of synaptic function can
also occur through both the postsynaptic neuron and other cells, such as astrocytes and
microglia (reviewed in refs. 70,71). A thorough appreciation of the involvement of a
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particular receptor in diabetic neuropathy requires understanding of a number of parame-
ters including: the amount of receptor protein; location of the receptor (both within the cell
and in different cell types); receptor turn-over patterns; ligand binding and channel acti-
vation properties, and the function of downstream signaling cascades. At present, the lit-
erature offers some interesting snapshots of the effects of diabetes on spinal receptors (see
Table 1) but a detailed evaluation of spinal sensory processing mechanisms is lacking.

It has been previously speculated that decreased excitatory neurotransmitter input to
the spinal cord as a result of a hyperglycemia-induced shift in the phenotype of primary
afferents could lead to a sensitized postsynapse through upregulation of receptors for the
excitatory neurotransmitter glutamate and the modulating neuropeptides substance P and
CGRP. This hypothesis was prompted by the observation that whereas peripherally-
evoked spinal release of substance P is reduced in diabetic rats, direct delivery of sub-
stance P to the spinal cord of diabetic rats elicits a protracted hyperalgesic response
(52,65). The biological precedent for such a mechanism is seen in skeletal muscle, which
responds to denervation and loss of cholinergic excitatory input by increasing the amount
of ACH receptor protein and progressing to a state of denervation hypersensitivity (see
ref. 72). Of the few studies published to date, ligand binding experiments have reported
increased binding of substance P in the spinal cord of diabetic rats (73) and of ligands
for both the AMPA and NMDA glutamate receptors in genetically diabetic ob/ob mice
(74). Increased ligand binding could reflect elevated protein production, as mRNA
levels for the glutamatergic AMPA receptor, the R2 subunit of the glutamatergic NMDA
receptor and assorted metabotropic glutamate receptors are also increased in the dorsal
horn of the spinal cord from diabetic rats (75), although the own studies have been unable
to detect increased protein for either the NK-1 substance P receptor or the NMDA R1
subunit in the cord of diabetic rats (Jolivalt and Calcutt, unpublished observations).

A variety of neurotransmitters regulate spinal synaptic activity after release from
descending inhibitory systems, interneurons or glial cells. Opiates have long been known
to have a spinal site of analgesic action. Although there appears to be no change in the
amount of protein for the [-opioid receptor in the cord of diabetic rats (76), receptor
functions, as indicated by measuring downstream signaling activity, is reduced (77).
Suppression of opioid receptor function could account for reports of reduced efficacy of
agents, such as morphine, against pain in diabetic subjects and perhaps also impede
any tonic inhibitory tone acting through this mechanism. Other plausible contributors
to inhibitory tone in the spinal cord include adrenergic and GABAergic systems. Both
mRNA for the oi2-adrenoceptor sub-type and ligand binding to the o2-adrenoceptor are
reduced in the cord of diabetic rats (78) so that a loss of inhibitory tone could well
contribute to spinal sensitization. In contrast, there have been reports suggesting
increased number or activity of spinal muscarinic ACH receptors (79), bradykinin B1
receptors (80), and serotonin receptors (Jolivalt and Calcutt, unpublished), although the
significance of these findings to spinal sensory processing remains to be established.

Pharmacology

Many studies have used receptor agonists or antagonists in attempts to address the
effects of diabetes on spinal sensory processing and to develop treatments for neuropathic
pain (reviewed in ref. 87). However, there are a number of caveats that prompt caution
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Table 1
Effects of Diabetes on Spinal Cord Receptors
Diabetes What
Ligand Receptor effect measured Model Reference
Glutamate NMDA R1 Increased Ligand ob/ob 74
binding mouse
Unchanged Protein STZ rat Jolivalt and
Calcutt
(unpublished)
NMDA R2  Increased mRNA STZ rat 75
M GluR Increased mRNA STZ rat 76
mGlu
1,2,3,5
AMPA Increased Ligand ob/ob 74
binding mouse
Increased mRNA STZ rat 75
Substance P NK-1 Increased Ligand STZ rat 73
binding
Unchanged Protein STZ rat Jolivalt and
Calcutt
(unpublished)
Opiates w Unchanged  Ligand STZ rat 76
binding
Reduced Signal STZ rat 77
pathway
activation
K Unchanged Protein STZ rat Jolivalt and
Calcutt
(unpublished)
Noradrenaline ol Unchanged mRNA/ STZ rat 85
ligand
binding
o2 Reduced mRNA/ STZ rat 78
ligand
binding
Acetylcholine ~ mACHr Increased Ligand STZ rat 79
binding/
signal
pathway
activation
Serotonin SHT 2a Increased Protein STZ rat Jolivalt and
Calcutt
(unpublished)
Bradykinin Kinin B1 Increased mRNA/ STZ rat 80
ligand
binding
IGF-1 IGF-1 Reduced mRNA STZ rat 86
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when interpreting these findings, particularly when drugs are delivered systemically. The
extreme metabolic profile of diabetic rodents, with raging polydypsia, polyphagia,
polyuria, and attendant changes to the digestive and urinary systems and the blood—brain
and blood—nerve barriers can alter many aspects of pharmacokinetics and drug distri-
bution, so that simplistic interpretations of shifts in dose-effect curves of systemically
delivered drugs between control and diabetic animals can be misleading and need not
reflect changes in receptor number or function (82,83). Direct intrathecal delivery of
drugs overcomes some of these issues, but agents delivered in this manner still distribute
to the higher CNS (84) and can be subject to altered access and clearance mechanisms.
Although pharmacological studies have value for assessing potential efficacy of drugs
in altering behavioral indices of nociception and neuropathic pain in animals, their value
for investigating aetiological mechanisms is tied to concurrent use of other techniques
for assessing spinal receptor number and function.

CONCLUSION

Though understudied when compared with peripheral nerve, it is clear that the spinal
cord is not protected from diabetes-induced injury and that structural and functional
damage is discernable in diabetic subjects. Animal models of diabetes show a number
of disorders similar to those seen in humans and these changes are accompanied by
neurochemical changes, which may have functional significance. Because the spinal
cord is the first site of integration of sensory input from the periphery and the last site
of descending control of sensory and motor systems, disruption of spinal cord function
has the capacity to impede appropriate CNS control systems and contribute to apparent
peripheral neuropathy. The extent to which aberrant spinal cord processing is evoked by
direct metabolic consequences of diabetes or is secondary to peripheral neuropathy, is
an intriguing question that has not yet been widely addressed.
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Diabetic Encephalopathy

Geert Jan Biessels, MD, PhD

SUMMARY

Diabetes and its treatment are associated with functional and structural disturbances in the
brain. Acute disturbances are related to acute hypoglycemia or severe hyperglycemia and stroke.
These acute metabolic and vascular insults to the brain are well known and beyond the scope of
this chapter, which will focus on changes in cerebral function and structure that develop more
insidiously. These changes are referred to as diabetic encephalopathy, a term that encompasses
functional impairment of cognition, cerebral signal conduction, neurotransmission and synaptic
plasticity, and underlying structural pathology associated with diabetes. The first section
addresses animal studies, and focuses on the cellular and molecular events that underlie changes
in cognition. The second section deals with studies in man and provides an overview of the
nature and severity of the changes in cognition, and identifies groups of diabetic patients that are
at particular risk of developing cognitive impairments (i.e., the very young and the old). In addi-
tion, neurophysiological and neuroimaging studies of diabetic patients will be considered. The
final section of this chapter provides a practical guide to the clinical approach of a diabetic
patient with complaints of cognitive dysfunction.

Key Words: Brain MRI; cognition; dementia; evoked potentials; hippocampus; learning.

Diabetes and its treatment are associated with functional and structural disturbances in
the brain. Acute disturbances are related to acute hypoglycemia or severe hyperglycemia
and stroke. These acute metabolic and vascular insults to the brain are well known and
beyond the scope of this chapter, which will focus on changes in cerebral function and
structure that develop more insidiously, referred to as diabetic encephalopathy.

STUDIES IN ANIMALS

Outside the field of diabetes research, animal models are widely used to explore the
mechanisms of learning and memory. Although many questions remain unanswered,
much progress has been made in identifying the cellular and molecular events that
underlie the storage of information in specific brain areas. In this respect, the hip-
pocampus, a structure in the medial temporal lobe, has attracted particular attention.
Within the hippocampus, activity-dependent plastic changes in the strength of synaptic
connections between neurons can be studied in vivo and in vitro and serve as a model
for information storage at the cellular level (/). Long-term potentiation (LTP) and
depression (LTD) are two such forms of synaptic plasticity. In LTP, brief high-frequency
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afferent activity leads to a long-lasting increase in the strength of synaptic transmission,
whereas in LTD prolonged low-frequency activity results in a persistent reduction in
synaptic strength. Both processes depend on glutamatergic neurotransmission and are
triggered by an increase in the level of postsynaptic intracellular calcium concentration
[Ca?*], (). Experimental manipulations that disturb hippocampal synaptic plasticity,
typically also disturb behavioral learning tasks, such as spatial learning in a water maze.

Several aspects of hippocampal function and structure have been studied in diabetic
rodents to increase our understanding of the effects of diabetes on the brain. The majority
of these studies have been performed in streptozotocin (STZ) diabetic rats, although the
number of studies in spontaneously diabetic rodent models is increasing.

Behavioral Findings

Studies of behavioral learning in STZ-diabetic rodents have used several learning
tasks (2). Whereas performance on relatively simple passive or active avoidance tasks is
generally preserved, performance on more complex learning tasks, such as an active
avoidance T-maze, or a Morris water maze, is impaired (3,4). The development of learn-
ing deficits in the water maze is dependent on the duration of STZ-diabetes and the level
of hyperglycemia (4,5). Subcutaneous implantation of insulin pellets at the onset of dia-
betes, leading to near normalization of blood glucose levels, completely prevents the
learning deficit (5). If, however, insulin-treatment is started 10 weeks after diabetes
onset, when learning is already impaired, there is only partial improvement (5). Control
experiments show that these performance deficits are not because of sensorimotor
impairment (4,5). Studies on water maze learning in spontaneously diabetic BB/Wor
rats, or OLETF rats, produced similar results (6,7).

Hippocampal Synaptic Plasticity

Learning deficits in STZ-diabetic rats develop in association with distinct changes in
synaptic plasticity in hippocampal slices, which also appear to be dependent on diabetes
duration and severity (2). A deficit in the expression of N-methyl-D-aspartate (NMDA)-
dependent LTP in the Cornu Ammonis(CA)1 field of the hippocampus develops grad-
ually and reaches a maximum at 12 weeks after diabetes induction (4,8,9). At this
time-point, NMDA-dependent LTP in the dentate gyrus and NMDA-independent LTP
in the CA3 field are also impaired (9). Insulin treatment prevents the development of
the changes in LTP, but only partially reverses existing deficits (5). In contrast to LTP,
expression of LTD is enhanced in the CA1 field following low-frequency stimulation
of slices from diabetic rats (9).

A number of studies have tried to pinpoint the mechanisms underlying these alter-
ations in hippocampal synaptic plasticity. In presynaptic fibers, subtle changes are
detected, including reduced impulse conduction velocity (/0). However, as paired-pulse
facilitation in the CA1-field is unaffected (4), presynaptic function appears to be largely
preserved. Therefore, it is likely that the plasticity deficit is mainly postsynaptic in
nature, involving glutamate receptors, membrane excitability, and/or the intracellular
signaling cascade involved in LTP and LTD induction (2). The effects of diabetes on
postsynaptic glutamate receptors in the hippocampus have been the subject of several
studies (/7). In Sprague-Dawley rats, after 6-8 weeks STZ-diabetes, the affinity of
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glutamate for a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), but
not for NMDA-receptors, is decreased (/2). The reduced affinity for AMPA is associ-
ated with reduced levels of the GluR1 subunit of the AMPA receptor (/2), whereas the
level of GluR2 and 3 in the hippocampus and cortex is unaffected (/2). After 12 weeks
of STZ-diabetes the levels of the NMDA receptor subunits NMDA receptor (NR)1 and
NR2A are not changed, but there is a marked decrease (—40%) in NR2B (13).
Furthermore, the phosphorylation of the NR2A/B subunits by Ca®*/calmodulin-depend-
ent protein kinase II is reduced in diabetes (/3). These NMDA receptor related changes
are likely to be involved in the LTP deficits.

Neurophysiological Changes

Evoked potentials are electrical field potentials as recorded on the scalp that are gen-
erated by specific brain structures in response to visual, auditory, or somatosensory
stimuli. Measurements of the latencies of these evoked potentials can be used to study
the efficiency of signal conduction in the brain, as a central equivalent of peripheral
nerve conduction studies. As might be expected, in both STZ- and spontaneously dia-
betic rats the latencies of visual, auditory, and somatosensory evoked potentials are
increased (14,15). However, unlike peripheral nerve conduction deficits, increases in
evoked potential latencies take months, rather than weeks, to develop (14).

Structural Abnormalities

Long-term STZ-diabetes is associated with loss of neocortical neurons (/6,17). In
BB/Wor rats, loss of hippocampal neurons is observed after 8, but not after 2 months of
diabetes duration (6). However, ultrastructural changes may occur much earlier, as
retraction and simplification of apical dendrites of hippocampal CA3 pyramidal neu-
rons can be demonstrated within 9 days of untreated STZ-diabetes (/8).

Microvascular changes, not unlike those observed in other organ systems, have also
been observed in the brain of diabetic rodents, including decreased capillary density
(16) and thickening of capillary basement membrane (/7).

Pathogenetic Mechansims

Several of the metabolic and vascular disturbances that are implicated in peripheral
neuropathy also appear to affect the brain (2,79). As in the periphery, excess glucose is
converted to sorbitol and fructose, leading to increased levels of these molecules in the
brain (20,21). In contrast to observations in peripheral nerves, cerebral myo-inositol lev-
els are increased despite the increase in sorbitol level (27). The amounts of advanced
glycation end products (AGEs) are also increased in the brain and spinal cord of dia-
betic rats (22,23), as are the byproducts of lipid peroxidation, indicative of oxidative
damage (24,25). Furthermore, the activities of superoxide dismutase and catalase,
enzymes involved in the antioxidant defence of the brain, are decreased (26,27).

In the light of the changes in synaptic plasticity it is of particular interest to note that
diabetes also affects the levels of second messengers and the activity of protein kinases
in the brain. In diabetic rats cerebral phosphoinositide and diacylglycerol levels appear
to be decreased whereas the activities of protein kinases A and C are increased (28) and
the activity of calcium/calmodulin dependent protein kinase II is decreased (13).
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In addition to the aforementioned structural alterations in the cerebral microvascula-
ture, functional vascular changes such as a reduction in cerebral blood flow also occur
(29,30). Interestingly, treatment of diabetic rats with the angiotensin enzyme inhibitor
enalapril not only prevents deficits in blood flow, but also in water maze learning and
hippocampal synaptic plasticity (30), indicating that vascular disturbances may indeed
play a role in the aetiology of cerebral dysfunction.

Insulin itself may also be involved. The brain has long been considered an “insulin-
insensitive organ.” However, insulin and its receptor are now known to be widely dis-
tributed throughout the brain, with particular abundance in defined areas, such as the
hippocampus. Insulin appears to affect cerebral glucose utilization, and plays a role in
the regulation of food intake and body weight (317). In addition insulin acts as a “neu-
romodulator,” influencing the release and reuptake of neurotransmitters and learning
and memory (32). Disturbances in insulin signaling pathways in the periphery and in
the brain have recently been implicated in Alzheimer’s disease (AD) and brain ageing
(2,33). Ageing is associated with reductions in the level of insulin and the number of its
receptors in the brain (34). In AD this age-related reduction in cerebral insulin levels
appears to be accompanied by disturbances of insulin receptor signaling in the brain
(34), leading to the suggestion that AD is an “insulin-resistant brain state” (35). Insulin
also regulates the metabolism of B-amyloid and tau, two proteins that represent the
building blocks of amyloid plaques and neurofibrillary tangles, the neuropathological
hallmarks of AD (33). The significance of these recent insights for diabetes is yet
unknown.

STUDIES IN MAN: COGNITION AND DEMENTIA

Studies into the effects of diabetes on cognitive functioning in man can be broadly
divided in two categories: case—control studies, which are mostly cross-sectional, and
population-based surveys, which are often longitudinal. The case—control studies usually
involved selected populations of patients and matched nondiabetic controls, using per-
formance on a battery of neuropsychological tests as an outcome measure. Population-
based surveys mostly involved elderly subjects, and used either relatively crude cognitive
screening tests or a clinical diagnosis of dementia as a primary outcome measure.

Type 1 Diabetes in Children

Although quite a few studies have looked at neuropsychological test performance and
school achievement in children with diabetes, this remains an area of some controversy
(36). Some studies report that children with type 1 diabetes perform more poorly than
control subjects on measures of intelligence, attention, processing speed, long-term
memory, and executive skills (37,38), whereas other studies report that test perform-
ances are within the normal range (39). However, the observation that children with an
early onset of diabetes (e.g., before the age of 6) are at increased risk for slowing of
intellectual development is quite consistent (36,40). This increased vulnerability of
younger children may be attributable to an increased sensitivity of the developing brain
to the adverse effects of both hypo- and hyperglycemia (40,41).

Importantly, a recent study, involving a large population of patients and controls,
reports that for most children, type 1 diabetes is not associated with lower academic
performance compared with either siblings or classmates, although increased behavioral
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concerns are reported by parents (42). Apparently, the aforementioned subtle cognitive
changes in children with type 1 diabetes do not significantly limit their functional
academic abilities over time.

Type 1 Diabetes in Adults

All but a few studies on cognition in adult patients with type 1 diabetes have a cross-
sectional case—control design. A recent meta-analysis of these studies shows that cogni-
tive performance in patients with type 1 diabetes is characterized by a mild-to-moderate
slowing of mental speed and a diminished mental flexibility, whereas learning and mem-
ory are spared (43).

However, uncertainty remains as to the disease variables that are related to impaired
cognitive performance (43). This is likely to be largely because of methodological lim-
itations of the studies that addressed this issue. Many factors other than diabetes, such
as education, and genetic and socio-economic background, are important determinants
of cognitive performance. This results in marked interindividual variation, which can
easily obscure the effects of different diabetes-related variables in cross-sectional stud-
ies, particularly when sample sizes are relatively small, as is the case in the majority of
the studies that have been published thus far. Longitudinal studies in which intraindi-
vidual changes in cognition over time can be related to specific diabetes-related vari-
ables, would resolve this issue. Nevertheless, in cross-sectional studies lowered cognitive
performance in diabetic patients appears to be associated with the presence of microvas-
cular complications (44—46). Although cross-sectional studies generally report no con-
sistent relation between diabetes duration and the severity of performance impairments
(43), there are clear indications that the impairments are progressive over time (Fig. 1).
Taken together, these data suggest that at least part of the cognitive changes observed in
type 1 diabetic patients are because of chronic exposure to hyperglycemia, despite the
fact that a relation between impaired cognition and increased HbA1 levels has not been
reported (43).

In this context, the effect of hypoglycemia also needs to be addressed. The occur-
rence of episodes of severe hypoglycemia is an unwanted side effect of intensified
insulin therapy (47). Several case reports and small case—control series indicate that
repeated severe hypoglycemia may have permanent cognitive sequelae (43). In contrast,
the largest available prospective survey on the consequences of severe hypoglycemic
episodes on cognition in subjects receiving intensified insulin therapy does not show
important negative effects (48). A recent meta-analysis of studies that compared type 1
diabetic patients with and without severe hypoglycemic episodes reached the same con-
clusion (43). Still, this issue warrants further investigation, as specific subgroups of
patients, such as young children or subjects with advanced microvascular complications
may be more susceptible to the adverse effects of hypoglycemia.

Type 2 Diabetes

Neuropsychological studies in type 2 diabetic patients report moderate degrees of cog-
nitive impairment, particularly in tasks involving verbal memory or complex information
processing (49,50). Tasks that assess basic attentional processes, motor reaction time, and
immediate memory appear to be unaffected. This pattern of cognitive impairments is quite
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Fig. 1. Psychomotor efficiency as measured with the Grooved Pegboard test (//4) in patients
with childhood onset type 1 diabetes. The curves are comprised of data that were collected in a
number of cross-sectional studies of patients with diabeties (125 children and 189 adults) and
demographically similar comparison subjects without diabeties (83 children and 184 adults).
Data are presented as means = SEM. Note that with increasing duration of diabetes (and increas-
ing age) the relative difference between the two groups increases. Courtesy of Dr CM Ryan and
coworkers (Western Psychiatric Institute and Clinic,University of Pittsburgh School of
Medicine, Pittsburgh, PA), who conducted these studies. Part of these data has been published
previously, i.e., refs. 44, 115.

different from that observed in type 1 diabetes. Moreover, the magnitude of the perform-
ance deficit, relative to age-matched controls, appears to be somewhat larger (Table 1).

Although, the risk of cognitive impairment in type 2 diabetes is well established, the
underlying mechanisms remain largely unidentified. Type 2 diabetes typically develops
in the context of a cluster of vascular and metabolic risk factors (including hypertension,
dyslipidemia, and obesity), referred to as the “metabolic syndrome.” The metabolic syn-
drome itself, with or without hyperglycemia, is associated with atherosclerotic cardio-
vascular disease, ischaemic stroke, and with cognitive decline and dementia (51). A key
question is whether hyperglycemia per se or other factors from the metabolic syndrome
lead to impaired cognition in type 2 diabetes. Previous studies indicate that increased
HbAT or fasting plasma glucose levels appear to be risk factors for cognitive dysfunc-
tion in type 2 diabetic patients (52). However, factors related to the metabolic syndrome
are also likely to play a role, as elevated serum triglyceride levels are related to lower
cognitive performance in type 2 diabetic subjects (53). Some investigators even suggest
that cognitive dysfunction in type 2 diabetic patients is primarily because of concomi-
tant hypertension (50). However, in the own cross-sectional survey on cognition in a
population of 125 type 2 diabetic patients, hypertension had little effect on the nature
and magnitude of cognitive impairment (54).

Age is probably a key factor in cognitive impairment in type 2 diabetic patients
(54,55). In the above mentioned survey (54), age proved to be a strong predictor of
impaired cognitive performance, much more so than in nondiabetic aged controls.
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Table 1

An Overview of Changes in Cognition in Type 1 and Type 2 Diabetes

Cognitive domain Type 1 Type 2
General intelligence 0.4-0.8 0-04
Attention 0-0.3 0-0.3
Psychomotor speed 0.3-0.6 0.3-0.6
Verbal memory 0-0.2 0.5-1
Nonverbal memory 0-0.2 0.3-1
Mental flexibility-executive function 0.4-0.6 0.5-1
Visuospatial 0.4 0-04
Language 0-0.2 0-0.2

Estimates of the severity of impairments in cognition per domain expressed in standardized effect sizes
(Cohen’s d) based on meta-analyses by Brands (43), Awad (49), Stewart (50) and their coworkers. The
Cohen’s d is defined as the difference between the means of two groups divided by the pooled standard
deviation of the two groups. By expressing test performances of an experimental group relative to controls
in Cohen’s d standardized effect sizes, the results of different test that access the same domain can be
pooled. It also facilitates comparison across different studies. In neuropsychological studies an effect size
of 0.2 is generally considered to correspond to small effects, 0.5 to medium, and 0.8 to large effects (106).

Indeed several studies in elderly subjects with type 2 diabetes or “prediabetic” condi-
tions such as impaired glucose tolerance, have detected cognitive impairment with rel-
atively crude tests, such as a mini mental state examination, suggesting that the
impairments may be more pronounced than in younger individuals (56,57). In a study
of 400 type 2 diabetic patients and 400 nondiabetic controls with an average age of 75,
for example, 29% of diabetic subjects scored below a mini mental state examination
cut-of point of 24, compared with 12% of the controls (57). In the diabetic subjects a
score lower than this cut-of point proved to have an impact on diabetes self-care and
monitoring, and was also associated with higher hospitalisation, reduced ADL (activi-
ties of daily living) ability, and increased need for assistance in personal care.

Dementia

During the past decade several large longitudinal population based studies have pro-
vided clear evidence that the incidence of dementia is increased among elderly patients
with diabetes (Table 2). This appears to be related to both AD (relative risk 1.5-2) and vas-
cular dementia (relative risk 2-2.5), although it can be difficult to distinguish between
these types of dementia based on the clinical criteria that were used in these studies.

Depression

The next section of this chapter will address structural and neurophysiological changes
in the brain that are likely to underlie changes in cognition. However, it should be noted
that other factors can also influence cognitive function in diabetic patients. For example,
the prevalence of psychiatric disorders in particular depressive and anxiety disorders, is
increased in both type 1 and type 2 diabetes (58,59). A recent systematic review showed
that the odds for the prevalence of depression among type 1 and type 2 diabetic patients
are twice as high as in nondiabetic subjects (odds ratio [OR] 2, 95% CI 1.8-2.2) odd rate
(59). The significance of clinical depression in diabetic patients should not be underestimated.
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Table 2
The Relative Risk of Incident Dementia in Diabetic Patients
Follow-up Relative risk
References (years) n Tot/DM* Diagnosis” dementia“
107 (Japan) 7 826/ND AD 2.2 (1-4.9)
VaD 2.8 (2.6-3)
108 (USA) 6.9 ND/1455 All dem 1.6 (1.3-2)
AD 1.6 (1.3-2)
109 2.1 6370/ND All dem 1.9 (1.3-2.8)
(The Netherlands)
AD 1.9 (1.2-3.1)
VaD 2.0 (0.7-5.6)
68 (Hawaii) 2.9 2574/900 All dem 1.5 (1-2.2)¢
AD 1.8 (1.1-2.9)
VaD 2.3 (1.1-5)
110 (Canada) 5 5574/503 All Dem 1.3 (0.9-1.8)¢
AD 1.3 (0.8-2)
VaD 2.0 (1.2-3.6)
111 (Swedan) 6 702/108 All Dem 1.2 (0.8-1.7)¢
AD 0.8 (0.5-1.5)
VaD 2.5(1.4-4.8)
112 (USA) 55 824/127 AD 1.7 (1.1-2.5)¢
113 (Swedan) 4.7 1301/ND All dem 1.5 (1-2.1)¢
AD 1.3 (0.9-2.1)
VaD 2.6 (1.2-6.1)

“The number of nondiabetic and diabetic participants from which follow-up was obtained.

bdementia diagnosis: All Dem: all subtypes of dementia combined, AD,Alzheimer’s disease; VaD, vas-
cular dementia.

“The relative risk of the different dementia diagnoses in diabetic subjects in comparison to the nondia-
betic subjects is indicated.

@Relative risks are adjusted for demographics.

“In studies additionally adjusted for vascular risk factors, such as hypertension.

Depression is a debilitating disorder that typically impairs all aspects of an individual’s
functioning. Moreover, there appears to be significant and consistent association between
depressive symptoms, diabetic complications (60), and glycemic control (617), although a
causal relationship has not yet been established. It is evident that the recognition of
depression in diabetic patients is important, as it is a potentially treatable condition.

STUDIES IN MAN: NEUROPATHOLOGY AND BRAIN IMAGING

Up till two decades ago, studies on the structural basis of impaired cognition in man
largely depended on neuropathology. Much has changed since the introduction of pow-
erful neuroimaging techniques, such as computed tomography, and even more so
Magnetic resonance imaging (MRI). Neuroimaging now plays a key role both in daily
clinical practice and in cognition and dementia research. In patients suspected of demen-
tia, MR in particular not only serves to exclude (rare) treatable causes of dementia, but
increasingly adds to a more accurate diagnosis of dementia syndromes, also in the early
stages (62). For research purposes structural and functional brain changes are evaluated
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Fig. 2. Examples of white matter lesions and lacunar infarcts on magnetic resonance imaging
scans obtained from type 2 patients with diabetes. The images have been acquired with fluid attenu-
ated inversion recovery sequences. Two types of white matter lesions can be distinguished, based on
their location. Periventricular lesions are located directly adjacent to the cerebral ventricles (middle,
closed triangle), whereas deep subcortical lesions are patchy lesions located in the deep white matter
(left, open triangle). White matter lesions can be distinguished from lacunar infarcts (right, arrow)
because the latter are hypointense on fluid attenuated inversion recovery and T1-weighted images.

using a variety of methods, ranging from very simple semiquantitative visual scales to
highly sophisticated computerized tools (63). These methods allow the assessment of cor-
tical and subcortical atrophy, of “silent” or symptomatic brain infarcts, and of so-called
white matter lesions (Fig. 2). These white matter lesions are a common finding in aged
subjects with vascular risk factors or ischaemic vascular disease. Their direct role in caus-
ing cognitive deterioration has not been established, although their frequency is higher in
demented subjects than in normal controls, and they are associated with specific cogni-
tive deficits, particularly those related to impairment of frontal lobe functions (64).

Neuropathological Studies

Neuropathological studies of diabetic patients are relatively limited in number. In the
mid-sixties a case series was published, involving 16 type 1 patients with diabetes wide-
spread macro and microvascular disease, half of whom also showed “mental distur-
bances”(65). Macroscopic examination revealed moderate to severe atrophy in five
cases. Microscopic examination revealed gliosis in the cerebral cortex, and subependy-
mal gliosis of the periventricular regions. Atherosclerosis was observed in large arter-
ies, and basement membrane thickening in capillaries. These microvascular changes
were also reported in another autopsy study (66).

In a large retrospective study of 7579 necropsies, including 935 subjects with dia-
betes, macroscopic brain infarcts were more prevalent in subjects with diabetes than in
controls, for all ages studied (67). In subjects older than 70 the percent of diabetic sub-
jects with ischemic lesions was 40-50%, vs 30% in controls.

More recent studies have assessed the relation between diabetes and the occur-
rence of neuropathological lesions that are common in AD, such as neurofibrillary
tangles and amyloid plaques (68—70), but the results are inconclusive. Possibly, dia-
betes in interaction with the APOE €4 genotype leads to accelerated Alzheimer-type
pathology (68).
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Neuroimaging Studies

A number of studies have assessed atrophy or white matter lesions in type 1 patients
with diabetes. Some of these studies included a direct comparison with nondiabetic con-
trols (71-73), but sample sizes were small (generally <20 per group). Other studies
compared type 1 patients diabetes with microvascular complications (e.g., retinopathy)
(45) or a history of repeated severe hypoglycemia (74) to patients without these com-
plications. Taken together, these studies suggest that there may be some degree of cere-
bral atrophy in type 1 patients diabetes (73,74), which may be linked to the occurrence
of hypoglycemia (74) (but see ref. 45), but not to the presence of microvascular com-
plications such as retinopathy (45). In addition, white matter lesions may be more com-
mon in type 1 diabetic patients than in controls (7/). Additional studies on the brain
MRI features of type 1 diabetes are necessary before solid conclusions can be drawn.
Given the relatively modest changes in cognition in type 1 diabetes, these studies should
apply MR rating methods that are sensitive enough to pick up subtle differences, and
should have adequate statistical power.

Data on the brain imaging features of type 2 diabetes can be extracted from a num-
ber of large population based surveys on risk factors for cerebrovascular disease and
on age-related MR changes. These studies indicate that type 2 diabetes is a risk factor
for (lacunar) infarcts (75,76), cortical, and subcortical atrophy (77) and possibly white
matter lesions (77,78). Studies with a case—control design provide more detailed infor-
mation (79-82). These latter studies show that type 2 diabetes is associated with both
cortical and subcortical atrophy, relative to age-matched nondiabetic controls (79,82,54).
Atrophy has also been reported in the medial temporal lobe (80), and may already be
present in prediabetic stages (83). These latter observations are of particular interest,
as atrophy in this region of the brain is also one of the early manifestations of AD.
Schmidt et al. (79) reported a nonsignificant increase in the severity of white matter
lesions in type 2 diabetic patients relative to controls (79), using a relatively insensitive
interval scale. In our own cross-sectional survey on MRI and cognition in a
population of 125 type 2 patients with diabetes and 65 matched controls (54), an
evident increase is observed in white matter lesion load in patients compared with
controls (Fig. 3).

The amount of data on the relation of these MR changes in type 2 diabetes to differ-
ent disease variables is still limited. It has been suggested that hypertension is an impor-
tant determinant of cerebral atrophy in type 2 diabetes (79), but in our own study
hypertension had only modest effects on atrophy and white matter lesions (54; Fig. 3).

STUDIES IN MAN: NEUROPHYSIOLOGICAL CHANGES
Evoked Potentials

In the brainstem, auditory evoked potential five waves can be distinguished. Wave I,
III, and V are considered to reflect activity in the acoustic nerve, the pons, and the mid-
brain, respectively. In both type 1 and type 2 patients diabetes the latency of wave I as
well as the interpeak latencies I-III and III-V are prolonged (84,85). The latency of the
P100 wave of the visual evoked potential, which is thought to be generated in the visual
cortex, is increased both in type 1 and type 2 diabetes (86—88). P100 latencies correlate



Diabetic Encephalopathy 197

DWML score
30T 30T 30T
* o -]

20

10 [ -

HT- HT+ HT- HT+
CON DM

Fig. 3. Deep white matter lesions (DWML) in type 2 diabetic patients (z = 115) and age and
sex-matched nondiabetic controls. The severity of DWML was assessed semi-quantitatively
using the “Scheltens scale” (116), a scale that takes both the number and the size of the lesions
into account. Boxes represent quartiles and median scores. The DWML score is significantly
(p < 0.01) higher in the diabetic patients. After adjustment for the presence of hypertension (HT;
defined as a systolic blood pressure 2160 mmHg and/or diastolic blood pressure =295 mmHg
and/or self reported use of antihypertensive medication) the difference between the diabetic and
nondiabetic group remains statistically significant. Data are derived from the Utrecht Diabetic
Encephalopathy Study (54).

positively with the duration of diabetes and HbA1 levels (86) and can be improved by
intensive insulin treatment (87).

Studies on somatosensory evoked potentials in diabetic patients have provided more
variable results. Increased latencies of the central components of the somatosensory
evoked potential have been reported (89), although other studies have only found signifi-
cant conduction delays in peripheral components of the somatosensory pathways (90,91 ).

Event-Related Potentials

The latency of the so-called P300 wave is also increased in type 1 as well as in type
2 diabetic patients (92,93). This P300 wave is a positive deflection in the human event-
related potential that is considered to reflect the speed of neuronal events underlying
information processing (94). It is most commonly elicited with an “oddball” paradigm
in which a subject is instructed to detect an occasional target stimulus in a regular train
of standard stimuli (94). The increased latency of the P300 wave in diabetes may thus
be a neurophysiological manifestation of impairment of higher brain functions.

STUDIES IN MAN: THERAPIES

To date the only published studies that have evaluated the effects of different treatment
modalities on cognition in type 1 diabetes, are the intensive insulin treatment trials
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(48,95). In these trials cognition was monitored primarily in order to detect possible
unwanted side effects of an increased incidence of hypoglycemic episodes. Neither study
detected a deterioration of cognitive function in relation to the occurrence of hypo-
glycemic episodes, but they also failed to show an improvement of cognition with
improved glycemic control.

In type 2 diabetes some studies suggest that intensified glycemic control may improve
cognition (96-99; but see ref. 100). However, the methodological quality of the studies
is insufficient to draw firm conclusions (/01 ). Alternative treatment modalities are also
being considered. There is some evidence that treatment with the lipid-lowering drug
atorvastatin has beneficial effects on learning in type 2 diabetes (/02). Moreover, a recent
randomized, double-blind, placebo-controlled crossover study showed that administra-
tion of the 11B-hydroxysteroid dehydrogenase inhibitor carbenoxolone improved verbal
memory after 6 weeks in 12 patients with type 2 diabetes (/03). The rationale behind this
treatment was that the compound might protect hippocampal cells from glucocorticoid-
mediated damage that occurs in association with ageing (103).

Another interesting development, outside the field of diabetes, is the observation from
a recent exploratory placebo-controlled trial in nondiabetic subjects with early AD that
rosiglitazone, an insulin-sensitizing compound from the thiazolidinedione class, amelio-
rated cognitive decline (/04). The effects of this compound on cognition were accompa-
nied by an improvement of cerebrospinal fluid B-amyloid levels. Future studies should
determine whether these compounds are superior than other classes of antihyperglycemic
agents in preventing cognitive deterioration in patients with type 2 diabetes.

A CLINICAL APPROACH TO COMPLAINTS OF COGNITIVE
DYSFUNCTION IN DIABETIC PATIENTS

The data that are reviewed in this chapter clearly show that diabetes is associated
with changes in cerebral function and structure. However, it should be noted that the
diagnosis “diabetic encephalopathy” cannot be readily established in individual
patients. This is because of the fact that the changes in cognition and in brain structure,
as observed on computed tomography or MRI, are not specific to diabetes. There is, for
example, considerable overlap with functional and structural changes in the brain that
occur with brain ageing, or cerebral changes that occur in association with other vascu-
lar risk factors such as hypertension. Because clinically significant cognitive impair-
ments mainly occur in elderly diabetic patients it will be evident that it is difficult to
distinguish between the effects of diabetes, ageing, and comorbidity. However, this
should not lead to a nihilistic diagnostic approach. The main task of the clinician who
is faced with a diabetic patient with cognitive complaints is to assess the severity and
nature of the cognitive impairments, to try and classify these impairments and to
exclude other (potentially treatable) causes of cognitive deterioration. The next para-
graph serves as an illustration of a possible diagnostic approach.

A full disease history should be obtained, focussing on the cognitive and behavioral
changes in the patient, their evolution over time, and symptoms suggestive of other
medical, neurological, or psychiatric illnesses. The possibility of depression should be
considered, as depression may manifest itself primarily in complaints of concentration
and/or memory disturbances, particularly in the elderly. Attention should be paid to the
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assessment of the impact of changes in cognition on day-to-day functioning (for exam-
ple: problems with such activities as cooking, shopping, managing ones financial
affairs, progressive dependence on spouse, social withdrawal, problems with self care,
and medication use). Helpful screening lists have been developed to this end (705).
Information on the presence of other diabetic complications and vascular risk factors,
including blood pressure, is required. Prescription and nonprescription drugs, in partic-
ular analgesic, anticholinergic, antihypertensive, psychotropic, and sedative-hypnotic
agents, should be reviewed carefully as potential causes of cognitive impairment.
Alcohol use should be assessed. Laboratory tests can include a blood count, tests of
liver, kidney and thyroid function, vitamin B,, levels, HbA1l, and blood lipids. Brain
imaging can be used to detect structural lesions (for example, infarction, neoplasm, sub-
dural haematoma, and hydrocephalus), but can also contribute to the classification of
dementia syndromes in their early stages (62). A neuropsychological examination can
help to qualify and quantify the cognitive disturbances, and can help to differentiate
between early dementia and depression.

As has been stated in the previous section of this chapter, there are no specific
treatments with proven efficacy in preventing cognitive decline in diabetic patients.
Still, analogous to the prevention of other diabetic complications, the maintenance
of adequate glycemic control while avoiding hypoglycemia, and the treatment of
vascular risk factors, appear to be the main targets for the prevention of end-organ
damage to the brain.
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Microangiopathy, Diabetes, and the Peripheral
Nervous System

Douglas W. Zochodne, MD (FRCPC)

SUMMARY

This chapter reviews how disease of small nerve and ganglia microvessels, or microangiopa-
thy, relates to the development of diabetic peripheral neuropathy. Microangiopathy involving
vessels of the nerve trunk and those of dorsal root ganglia (that house sensory neuron cell bod-
ies), does develop in parallel with neuropathy and is likely to eventually contribute to it. It is
debatable whether early polyneuropathy in models or in humans can be exclusively linked to
reductions in the blood supply of nerves. More likely, diabetes targets neural structures and ves-
sels concurrently. There might be chronic ganglion ischemia altering neuronal function such that
terminal branches of the nerve can no longer be properly supported. Downregulation, in turn, of
critical structural and survival proteins in the sensory (or autonomic) neuron tree might account
for early sensory dysfunction and pain (or autonomic abnormalities). There might also be exqui-
site sensitivity of vessels to vasoconstriction as an early functional abnormality. Rises in local
endothelin levels, for example, might trigger acute nerve trunk and ganglion ischemia, and dam-
age. Finally, failed upregulation of blood flow to injured nerves after acute injury might impair
their ability to regenerate. Future therapy of diabetic polyneuropathy will require attention
toward both direct neuronal degeneration and superimposed microangiopathy.

Key Words: Diabetic neuropathy; ganglion blood flow; ischemia; microangiopathy; nerve blood
flow; nerve injury; regeneration; vasa nervorum.

INTRODUCTION

Microangiopathy, or dysfunction of small blood vessels, is closely linked to diabetic
complications, such as nephropathy and retinopathy. Microangiopathy is also closely
associated with the third complication of this triad, polyneuropathy, but its exact role
in the development of nerve disease is uncertain. It is probably incorrect to conclude
that microvascular disease is the primary trigger of neuropathic complications, an
assumption that ignores direct neuronal damage. Instead, there is significant evidence
that a unique neuroscience of diabetic neuropathy exists. The evidence that diabetes
has direct impacts on sensory neuron structure and function independently of microan-
giopathy is reviewed in depth elsewhere (/). Overall, it might be more accurate to
depict chronic diabetes as involving nerve trunks, ganglion, and their respective
microvessels in parallel, a process that can eventually lead to a vicious interacting
cycle of damage. In some situations, such as focal nerve trunk ischemic insults or

From: Contemporary Diabetes: Diabetic Neuropathy: Clinical Management, Second Edition
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mechanical nerve injury, the relative contribution of microangiopathy might be higher.
Although, a detailed technical appraisal of relationships between nerve blood flow in
published work and experimental neuropathy has been recently published separately,
this review will highlight and summarize some of this controversy (2). In this work,
aspects of nerve and ganglion blood flow and its measurement, models of ischemia,
and evidence for diabetic peripheral nerve and ganglion microangiopathy are empha-
sized and reviewed.

BLOOD FLOW OF NERVE TRUNKS AND GANGLIA

The characteristics of the blood flow in nerve trunks and ganglia are unique and are
distinguished from those of the central nervous system. Nerve trunks are supplied
upstream by arterial branches of major limb vessels that share their supply with other
limb tissues. At some sites, the overlapping vascular supply from several parent vessels
renders zones of susceptibility to ischemia, or watershed zones. In the rat, and probably
human sciatic nerve, a watershed zone can be found in the proximal tibial nerve (3). In
some nerve trunks, the centrofascicular portion of the nerve trunk might be the most
vulnerable to ischemia, accounting for corresponding centrofascicular patterns of axon
damage. However, ischemic damage of large multifascicular nerve trunks is more com-
monly multifocal, with irregular zones of axon damage that depend on specific features
of their perfusion and the exact vessels that are involved in causing ischemia (4,5). In
general, nerve trunks are well-perfused from multiple anastamosing parent arteries that
ultimately form a rich epineurial vascular plexus on it. Such a rich vascular supply
explains why long segments of nerves can be “mobilized” by surgeons without major
sequellae. Arteriovenous anastamoses are common in the epineurial plexus, but some
might also exist in the endoneurium (6). Because of this rich complex of vessels, it can
be surprisingly difficult to distinguish arterioles from venules in the epineurial plexus
when they are directly visualized in vivo.

Spinal dorsal root ganglia are supplied from segmental radicular arteries and anasta-
moses with branches of spinal arteries (7). Unlike the peripheral nerve trunk, they do
not have a prominent extracapsular plexus. Neuron perikarya that entrain higher meta-
bolic requirements are most often located in the subcapsular space, whereas axons even-
tually entering roots are more frequently found in the core of the ganglia. Given this
structure, microanatomic susceptibility of the ganglia to ischemia is probably even less
predictable than that of nerve trunks.

Peripheral nerve trunks are supplied by blood vessels from two distinct compart-
ments: the epineurial vascular plexus and the intrinsic endoneurial blood supply.
Although, extrinsic epineurial blood flow is ultimately responsible for “downstream”
blood flow in the endoneurial compartment, each compartment has distinct physiolog-
ical and morphological characteristics. The epineurial plexus, as discussed, is well-
perfused by arterioles, has prominent arteriovenous shunting, has innervation of its
arterioles, discussed further below, and has a leaky blood—nerve barrier. This plexus
supplies segmental arterioles that penetrate into the endoneurium directly or that arrive
there from a remote origin traveling in a longitudinal centrofascicular pattern.
Although not an absolute rule, the endoneurium is largely supplied by noninnervated
capillaries that respond passively to changes in blood flow. Pericytes, smooth muscle-
like contractile cells, are associated with some endoneurial capillary segments, but
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how they influence local blood flow is uncertain. Endoneurial capillaries might also be
somewhat larger than those of other tissue beds (8).

Epineurial arterioles are innervated by sympathetic adrenergic unmyelinated axons
that mediate local vasoconstriction and peptidergic (Substance P, calcitonin gene-
related peptide [CGRP]) sensory axons that in turn mediate local vasodilatation (9,10).
CGRP is a highly potent vasodilator, capable of relaxing vascular smooth muscle
through both nitric oxide (NO)-dependent and -independent pathways (/17,/2). An inter-
esting feature of both the adrenergic and peptidergic vascular innervation is that both
types of axons appear to arise from their parent nerve trunk (/3). Moreover, there is evi-
dence that this innervation is tonically active, influencing the ambient caliber of arteri-
oles of the epineurial plexus. Ongoing sympathetic and concurrent peptidergic “tone”
of the epineurial vascular plexus, thus, can direct downstream endoneurial capillary
blood flow. Sympathetic blockade or sympathectomy to block ongoing adrenergic tone
in the normal vasa nervorum consequently is associated with rises in endoneurial nerve
blood flow, whereas blockade of peptidergic innervation is associated with declines in
nerve blood flow (/4-16). Among neuropeptides that influence vascular caliber, CGRP
is likely the most potent candidate identified, although it has been observed that both
Substance P (SP) and CGRP antagonists were associated with constriction of vasa ner-
vorum (16). Although not explored in peptidergic perivascular axons, the adrenergic
innervation of epineurial arterioles is probably nonuniform and segmental, suggesting
the presence of discrete zones of vascular regulation that might control “downstream”
endoneurial capillary flow (/4). Hypercarbia might be associated with mild rises in
epineurial plexus blood flow, but appears to have less impact on endoneurial blood flow
(17,18). There is very little evidence of autoregulation in peripheral nerve trunks, but
instead there is a near linear passive relationship between mean arterial pressure and
endoneurial blood flow (18).

Quantitative hydrogen clearance (HC) or autoradiographic ['“C] iodoantipyrene meas-
ures of normal endoneurial blood flow yield values in the range of 15-20 mL/100 g per
minute (18,19).

Dorsal root ganglia, and probably sympathetic ganglia have higher levels of blood
flow measuring approximately 30-40 mL/100 g per minute (20,21). These higher val-
ues likely reflect higher metabolic demands of perikarya in ganglia than stable axons
and Schwann cells in the nerve trunk. Similarly, oxygen tension values measured in
ganglia are shifted to lower values, implying increased oxygen extraction. Such
measures have been carried out using oxygen sensitive microelectrodes and polarog-
raphy, an approach that constructs histograms of oxygen tension values in tissues to
circumvent the variability of single estimates of oxygen tension (22,23). Neither
nerve trunks nor ganglia are as well perfused as spinal cord gray matter that ranges
approximately 50-60 mL/100 g per minute or cortex ranging more than 100 mL/100 g
per minute depending on the measurement approach (24). Unlike peripheral nerve
trunks, there is some evidence of partial autoregulation of ganglion blood flow, but a
lesser influence of adrenergic input (25). Hypercarbia does not appear to influence
ganglion blood flow (20).

Although newer imaging approaches might be capable of providing blood flow
measures within nerve, published measures have concentrated on a few approaches:
quantitative microelectrode HC polarography, laser doppler flowmetry (LDF), ['“C]
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idioantipyrene distribution or autoradiography, and microsphere embolization. Detailed
appraisal of the methodology and its pitfalls is given elsewhere (2,26) and is only briefly
highlighted here. Ancillary approaches have included direct live videoangiographic
imaging of epineurial vessels (/4), morphometric measures of fixed or unfixed periph-
eral nerves (27,28), and measures of indicator transit times (29). Combining approaches
to address primarily the epineurial plexus (LDF) and the endoneurium (HC) is a
powerful way to confirm and supplement findings as both compartments have strong
linkages as discussed earlier. HC requires rigorous physiological support and charac-
terization, and locally manufactured linearly sensitive hydrogen microelectrodes with
small diameter tips of 3—5 um. Some publications have used very large microelectrodes
that might excessively disrupt sampled nerves (30—34). HC and autoradiographic ['“C]
idioantipyrene distribution both offer quantitative measures of selective endoneurial
blood flow, but only the former can offer serial studies. LDF is sensitive to real time
changes in erythrocyte flux, but vigorous care and controls in its use are required:
lighting conditions, multiple sampling, micromanipulator use, and (like all techniques)
strict control of near nerve temperature. Because LDF measures can vary widely
depending on the exact placement of the sampling probe, single measures are likely to
be highly unreliable. For instance a small movement of the probe might shift its
sampling sphere to a nearby superficial vessel, substantially altering the read out.
Kalichman and Lalonde (35) pointed out the importance of obtaining multiple samples
of LDF along the nerve trunk to provide meaningful measures. Microsphere
embolization measures have yielded somewhat lower blood flow values in peripheral
nerve trunks, and this might be a technical limitation of the approach (36-38).
Arteriovenous (AV) shunts might allow passage rather than capture of indicator
microsphere, underestimating their distribution. Other isotope distribution techniques
have used [*H] desmethylimipramine and [!“C] butanol (39,40).

ACUTE NERVE ISCHEMIA

It is important when considering some types of neuropathy in diabetes to ask
whether ischemia plays a role. Peripheral nerve trunks are resistant to acute ischemia
in part because of their rich anastamotic vascular supply and their limited metabolic
demands. Several models of experimental ischemic neuropathy have been developed
ranging from multiple arterial ligation, embolization by microspheres or other agents,
and the topical application of the potent vasoconstrictor endothelin (3,4/-50). Chronic
constriction injury, a model of neuropathic pain (5/) likely develops from ischemia
generated by the placement of four loose ligatures applied around a nerve trunk with
gradual swelling and “strangulation” (52). To irreversibly damage axons acutely,
ischemia must be severe and continuous for approximately 3 hours in nondiabetic
peripheral nerves (50).

Several important observations have emerged from these studies that are of relevance
to the understanding of localized, or focal diabetic neuropathies. It is clear that focal
compressive types of nerve injury, such as ulnar neuropathy at the elbow or carpal tunnel
syndrome, are unlikely to be ischemic in origin; it is unlikely that a single compressive
lesion would disrupt the rich nerve vascular supply. Direct investigations of blood flow at
sites of nerve crush or transection have not identified ischemia (53,54). Instead, blood
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flow is well maintained even immediately after injury at crush sites, and tends to rise with
time. However, as discussed later, it is possible that diabetic microangiopathy might
impair reactive changes in local blood flow that support regeneration after injury.

Some forms of focal diabetic nerve injury at “nonentrapment” sites might have an
ischemic origin. For example, diabetic lumbosacral plexopathy is thought to be a conse-
quence of focal plexus ischemia either from microangiopathy or superimposed vascular
inflammation (55,56). As demonstrated in work by Nukada (57,58), experimental diabetic
nerves rendered even mildly ischemic develop more severe axonal damage than nondia-
betic nerve. Similar findings were encountered in nerve trunks exposed to the potent vaso-
constrictor endothelin (5,59). Rat diabetic sciatic nerves exposed to topical endothelin
experienced more prolonged and severe vasoconstriction leading to focal axon nerve con-
duction block followed by local axonal degeneration. Axonal damage in diabetic nerves
exposed to epineurial topical endothelin also had a striking multifocal distribution, resem-
bling changes in human diabetic sural nerve biopsies. Rises in serum endothelin levels
have been reported in some human studies, but not others, and it is not certain whether
transient or acute localized rises might damage human peripheral nerves (60-62).

Models of sensory ganglion ischemia might be relevant in considering acute focal
exacerbations of sensory neuropathy in diabetes. This possibility has had less attention,
but as in nerve trunks, ganglia also appear more sensitive in diabetes to ischemic dam-
age from exposure to local endothelin vasoconstriction. Ischemia generated ischemic
necrosis of some sensory neurons, intraganglionic axon damage, and downstream degen-
eration of the distal sural nerve axon branches of the targeted perikarya (63) (Fig. 1).
Neurons disappeared and were replaced by nests of Nageotte, had peripheral displace-
ment of their nuclei, loss of neurofilaments, nuclear disruption, and had nuclear Terminal
transferase dUTP nick end labeling (TUNEL). Interestingly, ischemia of diabetic ganglia
thus resulted in three separate pathological reactions among neuron perikarya: ischemic
necrosis of neurons, probable apoptosis of sensory neurons, and a retrograde cell body
response to axonal damage.

MICROANGIOPATHY, DIABETES, AND THE PERIPHERAL NERVOUS
SYSTEM: EXPERIMENTAL STUDIES

Tuck and colleagues (22) initially reported that experimental diabetes of rats was
associated with a decline of sciatic nerve blood flow and endoneurial hypoxia. Several
other laboratories have reported similar findings and a variety of interventions have
been reported to both correct nerve blood flow and diabetic electrophysiological abnor-
malities in tandem (see review [2]). A large number of such studies through their find-
ings have consequently implied that reductions in nerve blood flow initiate the changes
of diabetic neuropathy. Although this body of work has undoubtedly provided evidence
of a linkage, cause and effect has not been proven. A number of the reports have arisen
from relatively few experimental laboratories (33,34,64—97). Similarly, the spectrum of
agents reported to correct blood flow and conduction slowing has been very wide. As
such, this range of apparently beneficial interventions raises the strong possibility that
they exert parallel benefits on separate, but not necessarily linked changes from dia-
betes. Most such studies have also not addressed the impact of interventional agents at
the level of ganglia rather than nerve trunk.
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Fig. 1. Images of a L5 lumbar dorsal root ganglion and sural nerve from diabetic and nondi-
abetic rats exposed 2 weeks earlier to local endothelin: (A) Vasoconstriction in diabetics resulted
in downstream sural nerve axonal degeneration (inset shows higher power). (B) Karyoylsis and
early formation of a nest of Nageotte from a dying neuron (below it is an intact neuron with a
displaced nucleus, illustrating a cell body response to axotomy). (E,F) Intranganglionic axonal
degeneration. In contrast there is relatively little damage in a nondiabetic ganglion and sural
nerve (C,D respectively). Bar = 50 pm for A, C-F and 20 um for B. (Reproduced with permis-
sion from ref. 63.)

Several experimental interventions have corrected electrophysiological and structural
abnormalities of diabetic axons without an action on microvessels. For example, both
intermittent near nerve and chronic neuron perikaryal exposure to intrathecal insulin
infusion that provided low subhypoglycemic doses, corrected axon conduction slowing
in experimental diabetes (98,99). A direct receptor-mediated neuron cell support pathway
is mediated by insulin that is unrelated to microvessels. In addition, intrathecal insulin
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reversed axon atrophy, whereas sequestration of endogenous intrathecal insulin by an
anti-insulin antibody in nondiabetic rats generated abnormalities of conduction and cal-
iber resembling those of diabetes (99). In another example, transgenic mice lacking axon
neurofilaments, (but without vascular abnormalities) had electrophysiological and struc-
tural features of neuropathy that were accelerated (/00).

Some of the studies examining nerve blood flow in experimental diabetes have had
methodological weaknesses, such as failure to strictly maintain near nerve temperature,
incorrectly described hydrogen microelectrodes, excessively large microelectrodes, and
single uncontrolled LDF measures. Other laboratories, including ours, have failed to iden-
tify declines in nerve blood flow, using rigorously controlled HC or LDF in Streptozotocin
(STZ) or BioBreeding Wistar (BBW) rat models of diabetes of varying durations
(23,101-103). One laboratory consistently described contrary rises in nerve blood flow
in their diabetes models (36—38,104). Moreover, despite more consistent findings of
shifts toward lower levels of endoneurial oxygen in the very few studies that have
addressed this change, these findings do not necessarily imply that blood flow need be
reduced. Changes in erythrocyte oxygen delivery might develop in diabetes, depending
on changes in perfusion. Careful morphometric studies, including those using unfixed
tissues, have not identified reduced vessel calibers or numbers (27,28,105), excepting
one study criticized for using nonvalidated measures of nerve perfusion (whole nerve
laser doppler imaging and counts of fluorescein perfused vessels of whole nerve [106]).
Morphological changes of axons, an expected consequence of ischemia, are usually
very mild in diabetic rat models indicating axonal atrophy. In contrast, there might be
loss of epidermal axons in the skin (without tissue breakdown or damage otherwise), a
finding similarly difficult to link with nerve trunk or skin microangiopathy. Accurate
measures of nerve and ganglion blood flow in mouse models of diabetes have also not
been available to date for technical reasons.

Four separate studies have identified reductions in lumbar dorsal root ganglion blood
flow in experimental diabetes in rats: three in STZ rats using HC or [*C] iodoan-
tipyrene distribution and one in BBW rats (63,102,103,107). In two of the studies, gan-
glion, but not nerve blood flow was reduced by diabetes. In the studies of BBW
spontaneously diabetic female rats blood flow was normal in ganglia and nerve 2-3
months after the onset of diabetes, then declined to values less than nondiabetics by 4-6
months (Fig. 2). Oxygen tension measures trended toward lower values in nerve and
ganglia (Fig. 3). In ganglia it might be that changes in blood flow and oxygen tension
do not occur in parallel because there might also be decreases in oxygen extraction as
blood flow declines.

A distinct feature of diabetic microangiopathy is its selective impact on vasodilation.
The consequence of this alteration has been unopposed vasoconstrictor sensitivity both
in large macrovessels and the microcirculatory bed (Fig. 4). Loss of vasodilation in dia-
betes might be secondary to vascular unresponsiveneness to NO (/08-113), accelerated
“quenching” of intraluminal NO by advanced glycosylation end products (//4), or
endothelial damage that fails to normally elaborate it (715,116). NO synthase isoforms
(NOS) protein or messenger RNA (mRNA) were not altered by experimental diabetes in
our laboratory beyond a slight decline in iNOS. Thus, deficits in NO vascular actions in
diabetic nerves likely reflect failed action rather than a decline in its synthesis in diabetes.
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Fig. 2. Local measurements of nerve and ganglion blood flow using microelectrode HC
polarography. On the left side of the bar chart, note that endoneurial blood flow measures were
unaltered in BBW diabetic rats after 7-11 weeks of diabetes or 17-23 weeks of diabetes com-
pared with nondiabetic littermates Control (Con). In L5 dorsal root ganglia, however, older dia-
betics did have a reduction in ganglion blood flow. Results are also compared with pooled values
from normal rats (Lab con). (Reproduced with permission from ref. 103.)
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Fig. 3. Composite bar charts showing pooled oxygen tension histograms from experimental
diabetes work carried out in the Zochodne lab. The values are constructed from multiple sam-
pling in groups of diabetic rats (STZ or BBW) of diabetes duration 4 months or longer and non-
diabetic littermates. Note that there are shifts toward lower oxygen tension levels in both the
endoneurium and dorsal root ganglia of diabetic rats and that there are more lower level oxygen
tension values in ganglia than endoneurium from nondiabetic rats.
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Fig. 4. Local measurements of L5 ganglion blood flow using microelectrode HC polarogra-
phy in diabetic rats and nondiabetic littermates before and after exposure to local endothelin.
Baseline blood flow was reduced in diabetics. With endothelin exposure, diabetic ganglion blood
flow declined to lower values and had a prolonged action (not shown) rendering ischemic dam-
age (Fig. 1). (Reproduced with permission from ref. 63.)

Indeed, overall NOS enzyme activity was increased, perhaps indicating a compensatory
rise in its production in the setting of accelerated consumption (//7). Diabetes might
also be associated with unresponsiveness to peptide vasodilatation (//8), loss of
perivascular peptidergic axons innervating vasa nervorum (//9), increased sensitivity to
angiotensin II (/20), increased adrenergic tone (/21), or decreased vasodilation from
prostacyclin (122) (Fig. 5).

If not a “triggering” event in the development of diabetic polyneuropathy, microan-
giopathy does account for some unique properties of diabetic nerves. As discussed ear-
lier, diabetic peripheral nerve trunks exposed to a mild ischemic insult unexpectedly
develop severe damage to axons. Such damage can occur in spite of axon resistance to
ischemic conduction failure (RICF), a property whereby ischemic axons have a
delayed loss of excitability. RICF is an invariable, though not exclusive, electrophysi-
ological property of diabetic axons that is linked to chronic hypoxia and excess glu-
cose substrate (/23). RICF might be thought of as a mechanism of protecting diabetic
axons, yet it fails to protect them from ischemia lasting longer than the duration of
even prolonged RICF (its duration is approximately 25-35 minutes after complete
ischemia and is defined most often as the time for a 50% decline in motor axon
excitability). For longer durations of ischemia, diabetic axons are more likely to
undergo axonal degeneration than nondiabetic axons when exposed to ischemia. In
nondiabetic nerves, complete ischemia of 1-3 hours is required to damage axons. In
diabetic nerves, pre-existing hypoxia and loss of compensatory vasodilation are both
likely to contribute to their vulnerability.

DIABETES, REGENERATION, AND THE MICROCIRCULATION

Microangiopathy likely impacts the regenerative microenvironment of an injured
diabetic peripheral nerve trunk. Focal lesions or mononeuropathies are common and
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Fig. 5. Local measurements of sciatic nerve blood flow using microelectrode HC polarogra-
phy in nondiabetic rats (left) and diabetic rats (right) before (pre) and after (post) exposure to
topical capsaicin. Capsaicin generates acute release of vasoactive peptides from perivascular sen-
sory terminals after topical application. In nondiabetic rats, there are prompt rises in endoneur-
ial blood flow from acute activation of peptidergic epineurial vasodilatation. The rise was
inconsistent and insignificant in diabetic rats.

disabling in diabetes. Examples are carpal tunnel syndrome, intercostal neuropathies,
and lumbosacral plexopathies. These focal peripheral nerve lesions regenerate more
slowly in diabetics than nondiabetics (/24,125) and regeneration from them might be
incapable of restoring function in many patients. If clinical therapy to arrest polyneu-
ropathy is developed, attention will shift toward understanding how diabetic nerves with
failed regeneration might be resurrected.

Ischemic peripheral nerve lesions also have impaired regeneration (/26). What level
of perfusion is required to sustain or enhance regenerative activity involving axons,
Schwann cells, and other cellular constituents is unknown. “Normal” rises in local
blood flow, that develop when peripheral nerves are injured, are robust, persistent, and
probably important in supporting nerve repair. Despite early work suggesting otherwise,
most focal injuries of peripheral nerves do not involve ischemia. For example, at the site
of an acute nerve crush, there might be expectations of local vessel disruption, local
microthrombosis, and endoneurial edema. However, direct blood flow measures of
blood flow at the site of experimental crush in rats, indicate that injured nerve trunks
compensate for such microvascular disruptions with preserved and enhanced local
blood flow (53,54). Moreover, by 24-48 hours, endoneurial and epineurial blood flow
rises substantially after peripheral nerve injury, a development linked to local actions of
CGRP and NO (54,127,128). Their elaboration within this microenvironment is part of
an interesting and complex story involving the formation of axonal endbulbs and accu-
mulation of peptides and enzymes within them. In the case of NO, accumulation of NOS
within endbulbs allows diffusion of the vasodilator to nearby microvessels. Within a few
days following nerve injury, angiogenesis, especially prominent in the epineurial plexus,
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ensues and is associated with local rises in vascular endothelial growth factor (VEGF)
mRNA (7129,130). Neovascularization develops concurrently with other events within the
nerve trunk involving axon outgrowth and Schwann cell (SC) proliferation.

Distal stumps of severed peripheral nerves eventually, become inhospitable to new axon
entry. Several factors contribute to the hostility of long-term denervated nerve stumps
including changes in their microvascular supply. Distal nerve stumps that remained uncon-
nected for 6 months had a decline in their epineurial (LDF) and endoneurial (HC) blood
flow by more than 50% (129). Although new blood vessels formed soon after injury were
retained in these stumps, their caliber and number gradually declined as did VEGF mRNA
levels. Overall the remodeling of the microvascular supply with prolonged denervation is
interesting and highlights a close relationship between axons and microvessels in the
peripheral nerve. These changes also render an unsuitable ischemic microenvironment for
late regeneration, should the nerve be reconnected. In injured diabetic nerves, distal nerve
stumps that have not been reinnervated because of slowed regeneration suffer such problems
that then impose further barriers to regrowth. In addition to ischemia, long-term denervated
nerve trunks undergo other changes that make them less hospitable including Schwann cell
atrophy, loss of growth factor synthesis (e.g., Glial cell line-derived neurotrophic factor
[GDNF]), and perhaps excessive collagen elaboration with fibrosis (137/-133).

In diabetic nerve trunks that are transected, rises in local blood flow in both the proxi-
mal and distal stumps of the nerve are attenuated and angiogenesis is dampened. Kennedy
and Zochodne (134) described microvascular changes associated with transected sciatic
peripheral nerve trunks in rats with experimental diabetes (STZ) of 8 month duration
using quantitative HC measures of endoneurial flow and multiple LDF epineurial plexus
sampling. The findings were correlated with quantitation of endoneurial and epineurial
vessels by India ink perfusion using unfixed tissues. As described earlier, nondiabetic rats
exhibit substantial rises in local nerve blood flow, or hyperemia in both proximal and dis-
tal nerve stumps that is evident at both 48 hours and 2 weeks after injury. Although dia-
betic nerve trunks had normal, unaltered blood flow after sham exposure without injury,
epineurial rises in blood flow following injury were almost completely dampened. Rises
in blood flow within the endoneurium also failed to develop in diabetic nerves at 48
hours, but began to rise by 2 weeks (Fig. 6). There were rises in the numbers of epineur-
ial vascular profiles in nondiabetic, but not in diabetic rats in the distal and proximal
stumps. Similarly, there were substantial rises in mean vascular luminal areas of both
endoneurial and epineurial vessels of the proximal and distal stumps after transection
that were almost completely attenuated in diabetic vessels (Figs. 7 and 8). Overall the
findings suggested that diabetic functional microangiopathy imposes severe limitations
on the capability of vasa nervorum to respond to injury. These limitations involve both
failed epineurial and endoneurial vascular dilatation and a somewhat later failure of
compensatory angiogenesis.

Additional work indicates that diabetic nerves also fail to upregulate NOS activity at
the site of a peripheral nerve injury. Normally, iNOS expression and activity rise following
peripheral nerve injury concomitant with SC phagocytic activity and macrophage inva-
sion. Both SCs and macrophages express iNOS (/35). Rises of iNOS activity in turn, are
important in facilitating the process of Wallerian degeneration through clearance of axon
and probably more importantly, myelin components that inhibit regeneration. As such,
effective clearance is a prerequisite for later successful axonal ingrowth. Nondiabetic
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Fig. 6. Local measurements of erythrocyte flux (LDF) made in rats with experimental dia-
betes of 8 months duration and littermates, proximal and distal to a sciatic nerve transection.
Note the prominent rises in blood flow after injury in nondiabetic sciatic nerves that are attenu-
ated in diabetics. There are no changes in flux of intact nerves in diabetic rats (sham surgery).
(*p < 0.05 between diabetics and nondiabetics). (Reproduced with modifications and permission
from ref. 134.)

mice lacking iNOS have delays in the progress of Wallerian degeneration and subsequent
regeneration (136).

MICROANGIOPATHY, DIABETES, AND THE PERIPHERAL
NERVOUS SYSTEM

Human Investigations

There have been a limited number of human investigations of nerve trunk microan-
giopathy in diabetes. The earliest and most convincing data are rigorous morphological
studies of epineurial and endoneurial blood vessels in human sural nerve biopsies. These
have identified microthrombosis and microvessel occlusion in diabetic nerves, endothe-
lial duplication, smooth muscle proliferation, endoneurial capillary closure, basement
membrane thickening, pericyte degeneration, and other changes (105,137-146). The loss
of axons in a multifocal pattern in such biopsies has also suggested an ischemic or
microvascular etiology (4,140,141,147). However, it is difficult to ascribe cause and
effect to morphological changes of peripheral nerve biopsies because they cannot tell us
whether the changes in vessels parallel or follow loss of axons or other abnormalities. In
earlier investigations, such biopsies were harvested from older patients with already
existing neuropathy. More recently, however, Malik and colleagues (/48) have demon-
strated that microvascular changes might develop early in patients with only mild neu-
ropathy, findings that suggest a role in promoting axonal damage. Similarly recent work
by Tesfaye and colleagues (/49) has linked the development of neuropathy with risk fac-
tors for cardiovascular disease, as well as implying a close relationship between
macrovessels and neuropathy.
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Fig. 7. Total vascular luminal areas of vasa nervorum from nerves of 8 month diabetic rats or
littermates proximal (above) or distal (below) to a sciatic nerve transection. The rats were per-
fused with India ink and both endoneurial and epineurial vascular profiles were counted and
sized using unfixed tissues. (Units are in um>. Bars are diabetics [open], nondiabetics [solid],
diabetic sham [hatched], and nondiabetic sham [squares]). Note that in nondiabetics there is a
rise in endoneurial vascular area at the early 48 hour time-point but a more prominent rise in the
epineurium at both time-points. These rises are attenuated in diabetics. (Reproduced with
permission from ref. 734.)

Direct approaches to measure blood flow in human nerve have been fewer and less
definitive. Such approaches have included fluorescein transit times that are delayed in
patients with diabetes with advanced neuropathy (29,750). Endoneurial oxygen tensions
in patients with established neuropathy were reduced when measured with direct micro-
electrode recordings (1/51). Theriault et al. (/52) measured human sural nerve blood
flow using multiple epineurial LDF measures of erythrocyte flux in patients in the
operating room (with a micromanipulator and theater lights turned off) undergoing sural
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Fig. 8. Examples of sciatic nerves from nondiabetic (left) and diabetic (right) rats perfused
with India ink to outline vasa nervorum in the distal nerve stump 2 weeks following transection.
Note the large number of perfused vessels in epineurial area of the nondiabetics, but fewer in dia-
betics. (Bar = 1 mm) (Reproduced with permission from ref. 134.)

nerve biopsy as part of a clinical trial for therapy in diabetic neuropathy. In the trial, sub-
jects with relatively mild diabetic polyneuropathy (presence of a sural nerve sensory
nerve action potential) underwent a biopsy on one leg at the outset of the trial then on
the contralateral leg one year later. Ultimately, the trial agent (acetyl-L-carnitine) did not
improve neuropathy, but the LDF measures yielded interesting insights. Measures were
compared with results from “disease control” subjects with nondiabetic neuropathies.
These controls provided proof of principal, because patients with necrotizing vasculitis
of nerve had expected reductions in blood flow as did one subject in whom the surgeon
applied the vasoconstrictor epinephrine over the epineurial plexus before biopsy.
Overall diabetic subjects had no evidence of lowered blood flow, but trends toward
higher values (Fig. 9). Interestingly, there were similar trends toward higher blood flow
values in the same subjects when studied serially after one year, and patients with lower
sural nerve sensory nerve action potentials (that correlated very closely with lowered
myelinated fiber density) also trended toward higher, rather than lower blood flow values.
These findings therefore did not link alterations in blood flow, as assessed using an
epineurial LDF probe, with progressive diabetic axon loss and neuropathy.

CONCLUSION: LINKING MICROVESSELS, DIABETES,
AND NEUROPATHY

Compelling experimental and human work, as summarized here, has highlighted the
intimate connection between microangiopathy and diabetic polyneuropathy.
Epidemiological work has similarly suggested that patients with macrovascular risk fac-
tors are at greater risk of developing polyneuropathy. A number of experimental and
human studies have suggested that there is a direct cause and effect relationship between
diabetic microangiopathy and polyneuropathy. These have identified reduced nerve blood
flow in diabetic models and possibly humans, correction of flow and nerve conduction in
tandem with agents that can modify vessels, and changes of vessels in human biopsy
material. However, other evidence should caution against overinterpreting such a connec-
tion. This evidence has pointed out that rigorous experimental blood flow measures and
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Fig. 9. Local measurements of erythrocyte flux (LDF) made in patients with mild diabetic
polyneuropathy before a sural nerve biopsy in comparison with patients without diabetes with
other polyneuropathies or with vasculitic polyneuropathy. Note that patients with diabetes had
trends toward higher flux whereas patients with vasculitis had significant reductions in local
blood flow. One patient with a sural nerve that was treated with epinephrine had reduced flux
whereas a patient with diabetes with severe lumbosacral plexopathy had significantly reduced
local blood flow. (Reproduced with permission from ref. 152.)

morphological work have not identified such alterations in a variety of models or in a
human study. Very few interventional studies have gone beyond short-term rat models,
where structural evidence of axon damage is very limited. Indeed the sheer numbers and
varieties of agents proposed for human therapy based on some of the experimental work
is so large as to question specificity of the corrections they have identified and proposed.
Similarly, few studies have explored the possibility that interventions directed primarily
toward microvessels might more importantly target events in ganglia, rather than nerve
trunks. Many human diabetic subjects already undergo chronic therapy for a number of
macrovascular complications and hypertension, yet it is unclear if they are protected from
polyneuropathy by these agents. Other interventions without vascular actions have sub-
stantially altered the development of neuropathy or reversed it through mechanisms that
directly target neurons, rather than blood vessels.

Future work should likely de-emphasize exclusive attention toward microvessels in
the pathogenesis of diabetic neuropathy. Thinking about diabetic polyneuropathy
needs to be flexible, multidisciplinary, and not exclusive. It should emphasize rigorous,
long-term models in more than one species, several clinically relevant end points
beyond changes in nerve conduction, and should consider the range of potential actions
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of pharmacological interventions applied. It might be that shared molecular mecha-
nisms, not yet thoroughly worked out, of microvessel dysfunction and direct neuron
targeting, best explains the development of this complex and intractable problem.
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Pathogenesis of Human Diabetic Neuropathy

Rayaz Ahmed Malik and Aristides Veves

SUMMARY

Experimental studies have provided multiple mechanisms for the development of diabetic
neuropathy, yet very few findings have been replicated in patients. Hyperglycemia mediated
nerve damage may begin very early even prior to overt diabetes as evidenced by several recent
studies in patients with impaired glucose tolerance. Polyol pathway abnormalities have been
exhaustively explored in animals, but studies in man are limited and inconsistent and hence not
surprisingly, clinical trials with aldose reductase inhibitors have consistently failed. Glycation is
widespread and may induce a range of structural and functional changes and glycation inhibitors
are being actively developed. Both large and small vessel disease have been implicated in dia-
betic neuropathy and treatment with ACE inhibitors has shown some benefit. Growth factors
may be important in maintaining both the vascular and neuronal phenotype. Thus a range of neu-
rotrophic and vascular growth factors have entered phase III clinical trials for human diabetic
neuropathy recently.

Key Words: Neuropathy; aldose reductasef; glycation; vascular; neurotrophins.

PATHOGENESIS

Studies in animal models and cultured cells provide a conceptual framework for the
cause, and potentially, the treatment of diabetic neuropathy (/) (Fig. 1). Each of these
putative pathways has been discussed in detail in several other chapters.

Although, experimental evidence in vivo suggests that these paradigms provide
a novel basis for research and drug development, limited translational work in patients
with diabetes continues to generate much debate and controversy about their relevance
to human diabetic neuropathy. This chapter will therefore focus entirely on the changes,
which have been reported in man.

Hyperglycemia

The role of even minor and intermittent episodes of hyperglycemia has been explored
recently in patients with impaired glucose tolerance (IGT). Thus, 25% of patients with
apparent “idiopathic painful neuropathy” and electrodiagnostic evidence of axonal
injury with loss of epidermal nerve fibers have been shown to have IGT (2). The
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Fig. 1. Pathogenesis of diabetic neuropathy. Factors implicated in the pathogenesis of diabetic
neuropathy include the activation of the polyol pathway, the activation of PKC, increased oxida-
tive stress, the impaired n-6 fatty acid metabolism, auto-oxidation of glucose and the formation
of advanced glycation end products, and the reduced bioavailability of neurotrophic factors. All
these mechanisms are interrelated and can potentiate each other’s detrimental effects. Although
the exact mechanisms of their action are not well understood, it is currently believed that these
factors lead to reduced Na*, K* ATPase activity and vasoconstriction, reduced endoneurial blood
flow, and nerve hypoxia. All these changes initially result in reduced nerve conduction velocity
and demyelination with later axonal loss (75).

neuropathy in patients with IGT appears milder than the neuropathy associated with
newly diagnosed diabetes and it may particularly affect the small nerve fibers (3). They
have not demonstrated a reduction in sural nerve amplitude or myelinated fiber density
(4). However, a recent study has shown a decrease in distal sural conduction velocity in
IGT subjects with normal distal and proximal amplitudes and proximal sural sensory
conduction velocity, suggestive of distal demyelination (5). Regarding the mechanistic
basis for IGT neuropathy a small nerve biopsy study has shown increased expression of
the ligand N epsilon-carboxymethyl lysine and the receptor for advanced glycation end
products (RAGE) as well as the transcription factor nuclear factor (NF)-«B in the peri-
neurium, epineurial, and endoneurial vessels in subjects with IGT (6).

In patients with predominantly type 2 diabetes, longitudinal data from the Rochester
cohort has suggested that the duration and severity of exposure to hyperglycemia are
related to the severity of neuropathy (7). Improvement of glycemic control in type 1 dia-
betes by intensified insulin as in the Diabetes Control and Complications trial (DCCT) (8),
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pancreatic transplantation (9), or recently with islet cell transplantation (/0) improves
neuropathy. However, similar results have not been achieved in patients with type 2 dia-
betes either in the United Kingdom Prospective Diabetes Study (UKPDS) (11), Veterans
Affairs Cooperative Study on Glycemic Control and Complication in NIDDM (VACSDM)
study (12), or the Steno-2 study (/3), suggesting that either hyperglycemia is not the major
driving factor for neuropathy in type 2 diabetes, or that other factors such as hyperten-
sion or hyperlipidemia might play more important roles.

Polyol Pathway

Animal models consistently demonstrate an association between increased polyol
pathway flux and a reduction in nerve conduction velocity (NCV), which can be ame-
liorated with aldose reductase inhibitors (ARI’s) (14, 15). In man, perhaps the potential
role of the polyol pathway has been oversimplified and oversold. Thus, in patients with
diabetes, considerable heterogeneity has been observed in the level of polyol pathway
metabolites in different studies (/6—79) and subjects with IGT do not demonstrate an
elevated nerve sorbitol, suggestive of a glycemic threshold for activation of this path-
way (4). Only one study has shown a significant inverse correlation between the levels
of nerve sorbitol and myelinated fiber density (/9). Although a careful and detailed
study using neurophysiology has shown that subjects with diabetes with the T allele of
the C-106T polymorphism had lower peroneal, sural, and radial sensory response
amplitudes at baseline and a higher decrease in peroneal motor NCV than those with
the C-106C genotype (20). It also appears that those at the highest risk of developing
the complications are those with a higher set-point for AR activity (27), which may be
further modulated by the activity of Sorbitol dehydrogenase (22). Despite the disap-
pointing results in somatic neuropathy of a meta-analysis of 19 randomized ARI trials
which demonstrated only a small reduction in decline of median (0.66 m/second) and
peroneal (0.53 m/second) motor NCV (23), several other interventional studies have
been more positive and suggest there might be a dose response relationship between the
degree of AR inhibition and peripheral nerve regeneration (24-26). Furthermore,
recently ARI’s have been shown to benefit autonomic dysfunction by showing improve-
ments in esophageal dysfunction (27), gastroparesis (28), and left ventricular ejection
fraction (29).

Glycation

Glycation induces a range of cellular and subcellular alterations, which have far reach-
ing effects on tissue biology (30). It might affect the function of matrix metallopro-
teinase’s, their tissue inhibitors -1 and -2, transforming growth factor-$ (317), epidermal
growth factor induced autophosphorylation, and activation of extra cellular signal-
regulated kinases (32). Sural nerves obtained from patients with diabetes at amputation
demonstrate significantly elevated pentosidine levels in both cytoskeletal and myelin
protein (33). In a recent biopsy study of eight patients with diabetes with polyneuropa-
thy and proximal neuropathy, advanced glycation end product (AGE) was localized to
the endoneurium, perineurium, and microvessels and the intensity of axonal AGE expres-
sion correlated with the loss of axons (34). Pyrraline, an AGE, is also increased in post-
mortem samples of optic nerve from patients with diabetes (35). The RAGE and its
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Fig. 2. (A) Localization of carboxymethyl lysine, receptor for advanced glycation end prod-
ucts, activated nuclear factor-kBp65, and interleukin-6 antigens in epineurial vessels (top), peri-
neurium (middle), and endoneurial vessels (bottom) of sural nerve biopsies from a representative
patient with diabetes mellitus and Charcot-Marie-Tooth disease (Scale bars: 100 um). (B)
Quantification of staining intensities of epineurial vessels, perineurium, and endoneurial vessels
in nondiabetic (n = 8) and diabetic (n = 10) patients (mean = SD, *p < 0.05, **p < 0.005).
(C) Comparison of the staining intensity for carboxymethyl lysine and the receptor for advanced
glycation end products ligand SI00A8/A9 on epineurial vessels x400 ref. 36.

primary ligands (activated NF-kB, and interleukin-6) have been colocalized in the sural
nerve microvasculature of patients with diabetic neuropathy (36) (Fig. 2). The formation
of AGE’s can be limited by inhibitors such as pyridoxamine, tenilsetam, 2, 3-
diaminophenazone and aminoguanidine, or recombinant RAGE may hinder the
AGE-RAGE interaction (37). However, no agents are currently in clinical trials for
human diabetic neuropathy.

Oxidative Stress

Oxidative stress has been implicated strongly in the pathogenesis of diabetic neu-
ropathy in animal models (38), but to a lesser extent for somatic and autonomic dia-
betic neuropathy in patients (39). Benefits have been observed with a-lipoic acid (LA),
a powerful antioxidant that scavenges hydroxyl radicals, superoxide and peroxyl radi-
cals and regenerates glutathione (40). The Alpha Lipoic Acid in Diabetic Neuropathy
(ALADIN) study demonstrated that 3 weeks of intravenous LA improved neuropathic
symptoms (4/) and in the oral pilot (ORPIL) study, oral LA improved the total symptom
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score and surprisingly the neuropathy disability score (42). In ALADIN-II, 5 days of
intravenous LA followed by 2 years of oral treatment led to a significant improvement
in sural sensory nerve conduction velocity (SNCV), sensory nerve action potential
(SNAP), and tibial motor nerve conduction velocity (MNCV) but not neuropathy dis-
ability score (NDS) (43). Finally, the SYDNEY study has demonstrated a significant
improvement in the neuropathy symptom score, neuropathy impairment score, and one
attribute of nerve conduction after 14 (5 days/week) intravenous treatments with
racemic LA (44).

Vascular Factors

A substantial body of data implicates vascular disease in the pathogenesis of diabetic
neuropathy (45). Large vessel revascularization improved NCV in one study (46),
prevented worsening in another study (47), but failed to show any benefit in another
study (48). It was also shown to improve, but not totally correct microvascular perfu-
sion (49). In 55 type 2 patients with diabetes, independent of traditional risk factors,
systolic blood pressure and pulse pressure were related strongly to the severity of dia-
betic neuropathy (50). Whereas in 1172 type 1 patients with diabetes in the European
Diabetes (EURODIAB) prospective complications study, apart from glycemic control,
the incidence of neuropathy was associated with potentially modifiable cardiovascular
risk factors, including a raised triglyceride level, body-mass index, smoking, and hyper-
tension (57). The recent nerve biopsy studies demonstrate the early occurrence of a
significant diabetic microangiopathy in patients with IGT (52) and minimal neuropathy
(53) (Fig. 3). In diabetic patients it has been previously shown that resistance vessel
endothelial function is worse in those with hypertension (54), but can improve markedly
even with short-term treatment with an angiotensin II receptor blocker (55). Thus, in a 12-
week open label dose escalation study with lisinopril, a significant improvement was
observed in electrophysiology and quantitative sensory testing (56). A larger double-blind
placebo-controlled clinical trial with Trandalopril showed an improvement in peroneal
motor NCV, M-wave amplitude F-wave latency, and sural nerve amplitude (57). However,
in the appropriate blood pressure control in diabetes trial although a significant reduction
in blood pressure was achieved, neuropathy did not improve with Enalapril (58).

1,2-diacylglycerol induced activation of protein kinase C (PKC)-3, has been pro-
posed to play a major role in diabetic neuropathy (59). Although a fall in 1,2-
diacylglycerol levels and a consistent pattern of change in PKC activity has not been
observed in diabetic animal models, inhibition of PKC-f in diabetic rats appears to
correct reduced nerve blood flow and NCV (60). In a multinational, randomized, phase
II, double-blind, placebo-controlled parallel-group trial comparing 32 mg/d or 64 mg/d
of the PKC-f inhibitor ruboxistaurin with placebo for 1 year, 205 diabetic patients were
enrolled. The primary analysis failed to show an improvement in VDT and NTSS-6
scores, although an improvement was seen in a posthoc analysis of patients with less
severe symptomatic DPN (6/7). Indeed two phase II trials with ruboxistaurin have
recently failed to show an improvement in symptoms, although a larger randomized
double-blind placebo-controlled trial assessing an effect on neurological deficits is cur-
rently underway and is due for report in 2007.

As noted previously, abnormal lipids also appear to be important in the pathogenesis
and progression of human diabetic neuropathy (57). Thus, the statins and fibrates may
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Fig. 3. Electronmicrograph of endoneurial capillary from a diabetic patient with minimal neuro-
pathy demonstrating basement membrane (bm) thickening, endothelial cell (e) hyperplasia and
luminal (1) narrowing bar = 2 um (53).

well be expected to benefit the patients by reducing low-density lipoproteins and triglyc-
erides, respectively and improving endothelial function (62). In addition statins can com-
pletely prevent AGE-induced NF-kf3 induced protein-1 activation and upregulation of
vascular endothelial growth factor (VEGF) mRNA, in microvascular endothelial cells
(63). Thus simvastatin has shown a trend toward slower progression of neuropathy
assessed using vibration perception threshold, but no change in clinical neuropathy (64).

GROWTH FACTORS
Insulin-Like Growth Factors

A deficiency of insulin like growth factors (IGF’s) has been proposed to lead to cell
death. Neuroaxonal dystrophy occurs in the nerve terminals of the prevertebral sympa-
thetic ganglia and ileal mesenteric nerves of the streptozotocin (STZ)-diabetic and
biobreeding/Worcester rat, and has been related to hyperglycemia and a deficiency of
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circulating IGF-I levels. In contrast, although the Zucker diabetic fatty rat is hyper-
glycemic it does not develop neuroaxonal dystrophy because it is claimed it has normal
levels of plasma IGF-I (65). In cultured Schwann cells and the STZ-diabetic rat, IGF-1
administration prevents apoptosis through PI 3-kinase (66). However, again transla-
tional studies in man have failed to show any differences in the expression of Insulin-
like growth factor I and IGF-I receptor mRNA levels in the sural nerve of patients with
diabetes compared with control subjects (67).

C-Peptide

C-peptide deficiency has emerged as a prominent factor in the pathogenesis of the
microvascular complications in type 1 diabetes (68). In neuropathy it has been shown to
have effects on Na(+)/K(+)-ATPase activity, expression of neurotrophical factors, regu-
lation of molecular species underlying the degeneration of the nodal apparatus as well as
DNA binding of transcription factors leading to apoptosis (69). Administration of C-pep-
tide in the STZ rat improves NCV through enhanced activity of endothelial nitric oxide
synthase and an improvement in nerve blood flow (70). In a small randomized double-
blind placebo-controlled study of 46 patients with type 1 diabetes and excellent glycemic
control (HbA1c-7%), a significant improvement in sural sensory NCV and vibration per-
ception, without a benefit in either cold or heat perception was observed after 12 weeks
of daily subcutaneous C-peptide treatment (7/). More recently, a larger randomized dou-
ble-blind placebo-controlled study of 139 patients has also demonstrated a significant
improvement in sensory NCV and a clinical score of neurological deficits after 6 months
of daily C-peptide (72).

Vascular Endothelial Growth Factor

VEGF was originally discovered as an endothelial-specific growth factor with a pre-
dominant role in angiogenesis and retinopathy (73). However, recent observations
indicate that VEGF also has direct effects on neurons and glial cells stimulating their
growth, survival, and axonal outgrowth (74). Thus with its potential for a dual impact
on both the vasculature and neurones it could represent an important therapeutic inter-
vention in diabetic neuropathy (75). A transient increase in the transcriptional regulator
hypoxia-inducible factor-1o and a number of its target genes including VEGF and ery-
thropoietin has been demonstrated recently in diabetic rats (76). Similarly in the STZ-
diabetic rat intense VEGF staining has been shown in cell bodies and nerve fibers
compared with no or very little VEGF in controls and animals treated with insulin
or NGF (77). After 4-week intramuscular gene transfer of plasmid DNA encoding
VEGF-1/2 nerve vascularity, blood flow, and both large and small fiber dysfunction
were restored in the STZ-diabetic rat and the alloxan-induced diabetic rabbit (78). Thus,
although there is an intrinsic capacity to upregulate hypoxia-inducible factor-1ow and
hence VEGTF, this appears insufficient and may require exogenous delivery possibly
through gene therapy. In 29 patients with angiographically proven critical leg ischemia
(six patients with diabetes), injections of phVEGF165 in the muscles of the ischemic
limb resulted in a significant improvement in the sensory examination score, peroneal
nerve motor amplitude, and vibration perception threshold (79). The improvement in
the vascular ankle-brachial index corresponded to the improvement in neuropathy and
four of six patients with diabetes also showed an improvement in neurological deficits.
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A phase I/II double-blind, placebo-controlled study evaluating the impact of VEGF165
gene transfer on diabetic sensory neuropathy is currently underway (80).

Neurotrophins

Neurotrophins promote neuronal survival by inducing morphological differentia-
tion, enhancing nerve regeneration, and stimulating neurotransmitter expression (87).
Although the data implicating deranged neurotrophical support is compelling in ani-
mal models, in diabetic patients results are somewhat contradictory. Thus, although
dermal NGF protein levels are reduced in patients with diabetes, sensory fiber dys-
function (82), skin mRNA NGF (83), and NT-3 (84) are increased and sciatic nerve
ciliary neurotrophic factor levels remain unchanged (85). Furthermore, in situ
hybridization studies demonstrate increased expression of TrkA (NGF-receptor) and
trkC (NT-3 receptor) in the skin of patients with diabetes (86), whereas a phase 11
clinical trial of recombinant human nerve growth factor demonstrated a significant
improvement in neuropathy (87), a phase III trial failed to demonstrate a significant
benefit (88). More recently brain-derived neurotrophic factor has demonstrated no
significant improvement in nerve conduction, quantitative sensory, and autonomic
function tests, including the cutaneous axon-reflex (89).

REFERENCES

1. Nishikawa T, Edelstein D, Du XL, et al. Normalizing mitochondrial superoxide production
blocks three pathways of hyperglycemic damage. Nature 2000;404:787-790.

2. Smith AG, Ramachandran P, Tripp S, Singleton JR. Epidermal nerve innervation in impaired
glucose tolerance and diabetes-associated neuropathy. Neurology 2001;13:1701-1704.

3. Sumner CJ, Sheth S, Griffin JW, Cornblath DR, Polydefkis M. The spectrum of neuropa-
thy in diabetes and impaired glucose tolerance. Neurology 2003;60:108—-111.

4. Sundkvist G, Dahlin LB, Nilsson H, et al. Sorbitol and myo-inositol levels and morpho-
logy of sural nerve in relation to peripheral nerve function and clinical neuropathy in men
with diabetic, impaired, and normal glucose tolerance. Diabetic Med 2000;17:259-268.

5. Cappellari A, Airaghi L, Capra R, et al. Early peripheral nerve abnormalities in impaired
glucose tolerance. Electromyogr Clin Neurophysiol 2005;45:241-244.

6. Haslbeck KM, Schleicher E, Bierhaus A, et al. The AGE/RAGE/NF-(kappa) B pathway
may contribute to the pathogenesis of polyneuropathy in impaired glucose tolerance (IGT).
Exp Clin Endocrinol Diabetes 2005;113:288-291.

7. Dyck PJ, Kratz KM, Karnes JZ, et al. The prevalence by staged severity of various types
of diabetic neuropathy, retinopathy and nephropathy in a population-based cohort: the
Rochester Diabetic Neuropathy Study. Neurology 1993;43:817-824.

8. DCCT Trial Research Group. The effect of intensive diabetes therapy on the development
and progression of neuropathy. Ann Int Med 1995;122:561-568.

9. Navarro X, Sutherland DE, Kennedy WR. Long-term effects of pancreatic transplantation
on diabetic neuropathy. Ann Neurol 1997;42:727-736.

10. Lee TC, Barshes NR, O’Mahony CA, et al. The effect of pancreatic islet transplantation on
progression of diabetic retinopathy and neuropathy. Transplant Proc 2005;37:2263-2265.

11. UKPDS. Intensive blood glucose control with sulphonylureas or insulin compared with
conventional treatment and risk of complications in patients with Type 2 diabetes. Lancet
1998;352:837-853.

12. Azad N, Emanuele NV, Abraira C, et al. The effects of intensive glycemic control on neu-
ropathy in the VA cooperative study on type II diabetes mellitus (VA CSDM). J Diabetes
Complications 1999;13:307-313.



Pathogenesis of Human Diabetic Neuropathy 239

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O. Multifactorial inter-
vention and cardiovascular disease in patients with type 2 diabetes. N Engl J Med 2003;
348:383-393.

Oates PJ. Polyol pathway and diabetic peripheral neuropathy. Int Rev Neurobiol
2002;50:325-392.

Chung SS, Chung SK. Aldose reductase in diabetic microvascular complications. Curr
Drug Targets 2005;6:475-486.

Dyck PJ, Sherman WR, Hallcher LM, et al. Human diabetic endoneurial sorbitol, fructose,
and myo-inositol related to sural nerve morphometry. Ann Neurol 1980;8:590-596.
Mayhew JA, Gillon KR, Hawthorne JN. Free and lipid inositol, sorbitol and sugars in sci-
atic nerve obtained post-mortem from diabetic patients and control subjects. Diabetologia
1983;24:13-15.

Hale PJ, Nattrass M, Silverman SH, et al. Peripheral nerve concentrations of glucose, fruc-
tose, sorbitol and myoinositol in diabetic and non-diabetic patients. Diabetologia
1987;30:464-467.

Dyck PJ, Zimmerman BR, Vilen TH, et al. Nerve glucose, fructose, sorbitol, myo-inositol,
and fiber degeneration and regeneration in diabetic neuropathy. N Engl J Med
1988;319:542-548.

Sivenius K, Pihlajamaki J, Partanen J, Niskanen L, Laakso M, Uusitupa M. Aldose reduc-
tase gene polymorphisms and peripheral nerve function in patients with type 2 diabetes.
Diabetes Care 2004;27:2021-2026.

Kasajima H, Yamagishi S, Sugai S, Yagihashi N, Yagihashi S. Enhanced in situ expression
of aldose reductase in peripheral nerve and renal glomeruli in diabetic patients. Virchows
Arch 2001;439:46-54.

Shimizu H, Ohtani KI, Tsuchiya T, et al. Aldose reductase mRNA expression is associated
with rapid development of diabetic microangiopathy in Japanese Type 2 diabetic (T2DM)
patients. Diabetes Nutr Metab 2000;13:75-79.

Airey M, Bennett C, Nicolucci A, Williams R. Aldose reductase inhibitors for the prevention
and treatment of diabetic peripheral neuropathy. Cochrane Database Syst Rev 2000;(2):
CD002182.

Sima AA, Bril V, Nathaniel V, et al. Regeneration and repair of myelinated fibers in sural-
nerve biopsy specimens from patients with diabetic neuropathy treated with sorbinil.
N Engl J Med 1988;319:548-555.

Greene DA, Arezzo JC, Brown MB. Effect of aldose reductase inhibition on nerve con-
duction and morphometry in diabetic neuropathy. Zenarestat Study Group. Neurology
1999;53:580-591.

Hotta N, Toyota T, Matsuoka K, et al. The SNK-860 Diabetic Neuropathy Study Group.
Clinical efficacy of fidarestat, a novel aldose reductase inhibitor, for diabetic peripheral
neuropathy: a 52-week multicentre placebo-controlled double-blind parallel group study.
Diabetes Care 2001;24:1776-1782.

Kinekawa F, Kubo F, Matsuda K, et al. Effect of an aldose reductase inhibitor on
esophageal dysfunction in diabetic patients. Hepatogastroenterology 2005;52:471-474.
Okamoto H, Nomura M, Nakaya Y, et al. Effects of epalrestat, an aldose reductase
inhibitor, on diabetic neuropathy and gastroparesis. Intern Med 2003;42:655-664.
Johnson BF, Nesto RW, Pfeifer MA, et al. Cardiac abnormalities in diabetic patients with
neuropathy: effects of aldose reductase inhibitor administration. Diabetes Care 2004;27:
448-454.

Wada R, Yagihashi S. Role of advanced glycation end products and their receptors in devel-
opment of diabetic neuropathy. Ann NY Acad Sci 2005;1043:598-604.

McLennan SV, Martell SK, Yue DK. Effects of mesangium glycation on matrix metallo-
proteinase activities: possible role in diabetic nephropathy. Diabetes 2002;51:2612-2618.



240

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Malik and Veves

Portero-Otin M, Pamplona R, Bellmunt MJ, et al. Advanced glycation end product precur-
sors impair epidermal growth factor receptor signaling. Diabetes 2002;51:1535-1542.
Sugimoto K, Nishizawa Y, Horiuchi S, Yagihashi S. Localization in human diabetic periph-
eral nerve of N (epsilon)-carboxymethyllysine-protein adducts, an advanced glycation end
product. Diabetologia 1997;40:1380-1387.

Misur I, Zarkovic K, Barada A, Batelja L, Milicevic Z, Turk Z. Advanced glycation end
products in peripheral nerve in type 2 diabetes with neuropathy. Acta Diabetol 2004;41:
158-166.

Amano S, Kaji Y, Oshika T, et al. Advanced glycation end products in human optic nerve
head. Br J Ophthalmol 2001;85:52-55.

Bierhaus A, Haslbeck KM, Humpert PM, et al. Loss of pain perception in diabetes is
dependent on a receptor of the immunoglobulin superfamily. J Clin Invest 2004;114:
1741-1751.

Cameron NE, Gibson TM, Nangle MR, Cotter MA. Inhibitors of advanced glycation end
product formation and neurovascular dysfunction in experimental diabetes. Ann NY Acad
Sci 2005;1043:784-792.

Vincent AM, Russell JW, Low P, Feldman EL. Oxidative stress in the pathogenesis of dia-
betic neuropathy. Endocr Rev 2004;25:612-628.

Ziegler D, Sohr CG, Nourooz-Zadeh J. Oxidative stress and antioxidant defense in relation
to the severity of diabetic polyneuropathy and cardiovascular autonomic neuropathy.
Diabetes Care 2004;27:2178-2183.

Ziegler D, Hanefeld M, Ruhnau KJ, et al. Treatment of symptomatic diabetic peripheral
neuropathy with the anti-oxidant alpha-lipoic acid. A 3-week multicentre randomized con-
trolled trial (ALADIN Study). Diabetologia 1995;38:1425-1433.

Ruhnau KJ, Meissner HP, Finn JR, et al. Effects of 3-week oral treatment with the antiox-
idant thioctic acid (alpha-lipoic acid) in symptomatic diabetic polyneuropathy. Diabetic
Med 1999;16:1040-1043.

Reljanovic M, Reichel G, Rett K, et al. Treatment of diabetic polyneuropathy with the
antioxidant thioctic acid (alpha-lipoic acid): a two year multicentre randomized double-
blind placebo-controlled trial (ALADIN II). Free Radic Res 1999;31:171-179.

Ziegler D, Hanefeld M, Ruhnau KIJ, et al. Treatment of symptomatic diabetic polyneu-
ropathy with the antioxidant alpha-lipoic acid: a 7-month multicentre randomized con-
trolled trial (ALADIN III Study). ALADIN III Study Group. Diabetes Care 1999;22:
1296-1301.

Ametov AS, Barinov A, Dyck PJ, et al. SYDNEY Trial Study Group. The sensory symp-
toms of diabetic polyneuropathy are improved with alpha-lipoic acid: the SYDNEY trial.
Diabetes Care 2003;26:770-776.

Malik RA, Tomlinson DR. Angiotensin-converting enzyme inhibitors: are there credible
mechanisms for beneficial effects in diabetic neuropathy? Int Rev Neurobiol 2002;50:
415-430.

Young MJ, Veves A, Walker MG, Boulton AJM. Correlations between nerve function and
tissue oxygenation in diabetic patients: further clues to the etiology of diabetic neuropa-
thy? Diabetologia 1992;35:1146-1150.

Akbari CM, Gibbons GW, Habershaw GM, LoGerfo FW, Veves A. The effect of arterial
reconstruction on the natural history of diabetic neuropathy. Arch Surg 1997;132:148-152.
Veves A, Donaghue VM, Sarnow MR, Giurini JM, Campbell DR, LoGerfo FW. The impact
of reversal of hypoxia by revascularization on the peripheral nerve function of diabetic
patients. Diabetologia 1996;39:344-348.

Arora S, Pomposelli F, LoGerfo FW, Veves A. Cutaneous microcirculation in the neuro-
pathic diabetic foot improves significantly but not completely after successful lower
extremity revascularization. J Vasc Surg 2002;35:501-505.



Pathogenesis of Human Diabetic Neuropathy 241

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Jarmuzewska EA, Mangoni AA. Pulse pressure is independently associated with sensori-
motor peripheral neuropathy in patients with type 2 diabetes. J Intern Med 2005;258:
38-44.

Tesfaye S, Chaturvedi N, Eaton SE, et al. EURODIAB Prospective Complications Study
Group. Vascular risk factors and diabetic neuropathy. N Engl J Med 2005;352:341-350.
Thrainsdottir S, Malik RA, Dahlin LB, et al. Endoneurial capillary abnormalities presage
deterioration of glucose tolerance and accompany peripheral neuropathy in man. Diabetes
2003;52:2615-2622.

Malik RA, Tesfaye S, Newrick PG, et al. Sural nerve pathology in diabetic patients with
minimal but progressive neuropathy. Diabetologia 2005;48:578-585.

Schofield I, Malik R, Izzard A, Austin C, Heagerty A. Vascular structural and functional
changes in type 2 diabetes mellitus: evidence for the roles of abnormal myogenic respon-
siveness and dyslipidemia. Circulation 2002;106:3037-3043.

Malik RA, Schofield 1J, Izzard A, Austin C, Bermann G, Heagerty AM. Effects of
angiotensin type-1 receptor antagonism on small artery function in patients with type 2 dia-
betes mellitus. Hypertension 2005;45:264-269.

Reja A, Tesfaye S, Harris N, Ward JD. Improvement in nerve conduction and quantitative
sensory tests after treatment with lisinopril. Diabetic Med 1995;12:307-309.

Malik RA, Williamson S, Abbott CA, et al. Effect of angiotensin-converting enzyme
(ACE) inhibitor trandalopril on human diabetic neuropathy: randomised double-blind con-
trolled trial. Lancet 1998;352:1978—1981.

Estaci RO, Jeffers BW, Gifford N, Schrier RW. Effect of blood pressure control on diabetic
microvascular complications in patients with hypertension and type 2 diabetes. Diabetes
Care 2000;23:B54-B64.

Eichberg J. Protein kinase C changes in diabetes: is the concept relevant to neuropathy? Int
Rev Neurobiol 2002;50:61-82.

Cameron NE, Cotter MA. Effects of protein kinase C beta inhibition on neurovascular dys-
function in diabetic rats: interaction with oxidative stress and essential fatty acid dysme-
tabolism. Diabetes Metab Res Rev 2002;18:315-323.

Vinik Al, Bril V, Kempler P, et al. the MBBQ Study Group. Treatment of symptomatic dia-
betic peripheral neuropathy with the protein kinase C beta-inhibitor ruboxistaurin mesylate
during a 1-year, randomized, placebo-controlled, double-blind clinical trial. Clin Ther
2005;27:1164-1180.

Economides PA, Caselli A, Tiani E, Khaodhiar L, Horton ES, Veves A. The effects of ator-
vastatin on endothelial function in diabetic patients and subjects at risk for type 2 diabetes.
J Clin Endocrinol Metab 2004;89:740-747.

Okamoto T, Yamagishi SI, Inagaki Y, et al. Angiogenesis induced by advanced glycation
end products and its prevention by cerivastatin. FASEB J 2002;16:1928-1930.

Fried LF, Forrest KY, Ellis D, Chang Y, Silvers N, Orchard TJ. Lipid modulation in insulin-
dependent diabetes mellitus: effect on microvascular outcomes. J Diabetes Complications
2001;15:113-119.

Schmidt RE, Dorsey DA, Beaudet LN, Peterson RG. Analysis of the Zucker Diabetic Fatty
(ZDF) type 2 diabetic rat model suggests a neurotrophic role for insulin/IGF-I in diabetic
autonomic neuropathy. Am J Pathol 2003;163:21-28.

Delaney CL, Russell JW, Cheng HL, Feldman EL. Insulin-like growth factor-I and over-
expression of Bcl-xL prevent glucose-mediated apoptosis in Schwann cells. J Neuropathol
Exp Neurol 2001;60:147-160.

Grandis M, Nobbio L, Abbruzzese M, et al. Insulin treatment enhances expression of IGF-I
in sural nerves of diabetic patients. Muscle Nerve 2001;24:622—629.

Wahren J, Shafqat J, Johansson J, Chibalin A, Ekberg K, Jornvall H. Molecular and cellular
effects of C-peptide—new perspectives on an old peptide. Exp Diabesity Res 2004;5: 15-23.



242

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Malik and Veves

Sima AA. C-peptide and diabetic neuropathy. Expert Opin Investig Drugs 2003;12: 1471-1488.
Cotter MA, Ekberg K, Wahren J, Cameron NE. Effects of proinsulin C-peptide in experi-
mental diabetic neuropathy: vascular actions and modulation by nitric oxide synthase inhi-
bition. Diabetes 2003;52:1812-1817.

Ekberg K, Brismar T, Johansson BL, Jonsson B, Lindstrom P, Wahren J. Amelioration of
sensory nerve dysfunction by C-Peptide in patients with type 1 diabetes. Diabetes
2003;52:536-541.

Ekberg K, Juntti-Berggren L, Norrby A, et al. C-peptide improves sensory nerve function
in type 1 diabetes and neuropathy. Diabetologia 2005;48:A81.

Malik RA, Li C, Aziz W, et al. Elevated plasma CD105 and vitreous VEGF levels in dia-
betic retinopathy. J Cell Mol Med 2005;9:692—-697.

Carmeliet P, Storkebaum E. Vascular and neuronal effects of VEGF in the nervous system:
implications for neurological disorders. Semin Cell Dev Biol 2002;13:39-53.

Veves A, King GL. Can VEGF reverse diabetic neuropathy in human subjects? J Clin
Invest 2001;107:1215-1218.

Chavez JC, Almhanna K, Berti-Mattera LN. Transient expression of hypoxia-inducible
factor-1 alpha and target genes in peripheral nerves from diabetic rats. Neurosci Lett
2005;374:179-182.

Samii A, Unger J, Lange W. Vascular endothelial growth factor expression in peripheral
nerves and dorsal root ganglia in diabetic neuropathy in rats. Neurosci Lett
1999;262:159-162.

Schratzberger P, Walter DH, Rittig K, et al. Reversal of experimental diabetic neuropathy
by VEGF gene transfer. J Clin Invest 2001;107:1083-1092.

Simovic D, Isner JM, Ropper AH, Pieczek A, Weinberg DH. Improvement in chronic
ischemic neuropathy after intramuscular phVEGF165 gene transfer in patients with criti-
cal limb ischemia. Arch Neurol 2001;8:761-768.

Isner JM, Ropper A, Hirst K. VEGF gene transfer for diabetic neuropathy. Hum Gene Ther
2001;12:1593-1594.

Apfel SC. Neurotrophic factors in peripheral neuropathies: therapeutic implications. Brain
Pathol 1999;9:393-413.

Anand P, Terenghi G, Warner G, Kopelman P, Williams-Chestnut RE, Sinicropi DV. The
role of endogenous nerve growth factor in human diabetic neuropathy. Nat Med
1996;2:703-707.

Diemel LT, Cai F, Anand P, et al. Increased nerve growth factor mRNA in lateral calf skin
biopsies from diabetic patients. Diabetic Med 1999;16:113—-118.

Kennedy AJ, Wellmer A, Facer P, et al. Neurotrophin-3 is increased in skin in human dia-
betic neuropathy. J Neurol Neurosurg Psychiatry 1998;65:393-395.

Lee DA, Gross L, Wittrock DA, Windebank AJ. Localization and expression of ciliary neu-
rotrophic factor (CNTF) in postmortem sciatic nerve from patients with motor neuron dis-
ease and diabetic neuropathy. J Neuropathol Exp Neurol 1996;55:915-923.

Terenghi G, Mann D, Kopelman PG, Anand P. trkA and trkC expression is increased in
human diabetic skin. Neurosci Lett 1997;228:33-36.

Apfel SC, Kessler JA, Adornato BT, Litchy WJ, Sanders C, Rask CA. Recombinant human
nerve growth factor in the treatment of diabetic polyneuropathy. NGF Study Group.
Neurology 1998;51:695-702.

Apfel SC, Schwartz S, Adornato BT, et al. Efficacy and safety of recombinant human nerve
growth factor in patients with diabetic polyneuropathy: a randomized controlled trial.
JAMA 2000;284:2215-2221.

Wellmer A, Misra VP, Sharief MK, Kopelman PG, Anand P. A double-blind placebo-
controlled clinical trial of recombinant human brain-derived neurotrophic factor (rthBDNF)
in diabetic polyneuropathy. J Peripher Nerv Syst 2001;6:204-210.



14
Clinical Features of Diabetic Polyneuropathy

Solomon Tesfaye MD, FRCP

SUMMARY

Neuropathy affects approximately 30-50% of all diabetic patients and is the commonest form
of neuropathy in the developed world. It encompasses several neuropathic syndromes including
focal and symmetrical neuropathies, by far the commonest of which is distal symmetrical neu-
ropathy. The two main clinical consequences, foot ulceration sometimes leading to amputation
and painful neuropathy, are associated with much patient morbidity and mortality. There is now
little doubt that glycaemic control and duration of diabetes are major determinants of distal sym-
metrical neuropathy. In addition potentially modifiable, traditional markers of macrovascular
disease such as hypertension, hyperlipidaemia and smoking are also independent risk factors.

There is now increasing evidence that the cause of distal symmetrical neuropathy may be
nerve ischaemia, though metabolic factors may be important early. Pain is the most distressing
symptom of neuropathy and the main factor that prompts the patient to seek medical advice. Pain
may also occur within the context of all neuropathic syndromes associated with diabetes, includ-
ing focal neuropathies. In acute painful neuropathies the pain indeed the neuropathy is self-limiting
and usually subsides within a year.

Abnormalities of autonomic function are very common in subjects with longstanding diabetes;
however, clinically significant autonomic dysfunction is uncommon. Several systems including the
cardiovascular, gastrointestinal and genitor-urinary systems may be affected. Focal (asymmetrical)
neuropathies including diabetic amyotrophy are well-recognised complications of diabetes. They
have a relatively rapid onset and cause major disability, but there may be complete recovery.

Key Words: Diabetes; diabetic polyneuropathy; diabetic peripheral neuropathy; focal neuropathies;
entrapment neuropathies; painful diabetic neuropathy.

INTRODUCTION

Diabetic polyneuropathy is one of the most common complications of the diabetes
and the most common form of neuropathy in the developed World. It encompasses several
neuropathic syndromes the most common of which is distal symmetrical neuropathy,
the main initiating factor for foot ulceration. The epidemiology of diabetic neuropathy
has been reviewed in reasonable detail (/). Several clinic- (2,3) and population-based
studies (4,5) show surprisingly similar prevalence rates for distal symmetrical neuropathy,
affecting about 30% of all diabetic people. The EURODIAB Prospective Complications
Study, which involved the examination of 3250 type I patients, from 16 European coun-
tries, found a prevalence rate of 28% for distal symmetrical neuropathy (2). After
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Table 1
Differential Diagnosis of Distal Symmetrical Neuropathy

Metabolic
Diabetes
Amyloidosis
Uremia
Myxedema
Porphyria
Vitamin deficiency (thiamin, B12, B6, pyridoxine)
Drugs and chemicals
Alcohol
Cytotoxic drugs e.g., Vincristine
Chlorambucil
Nitrofurantoin
Isoniazid
Neoplastic disorders
Bronchial or gastric carcinoma
Lymphoma
Infective or inflammatory
Leprosy
Guillain-Barre syndrome
Lyme borreliosis
Chronic inflammatory demyelinating polyneuropathy
Polyarteritis nodosa
Genetic
Charcot-Marie-Tooth disease
Hereditary sensory neuropathies

excluding those with neuropathy at baseline, the study showed that over a 7-year period,
about one quarter of type 1 diabetic patients developed distal symmetrical neuropathy;
age, duration of diabetes and poor glycamic control being major determinants (6). The
development of neuropathy was also associated with potentially modifiable cardiovas-
cular risk factors such as hyperlipidaemia, hypertension, body mass index, and cigarette
smoking (6). Furthermore, cardiovascular disease at baseline carried a twofold risk of
neuropathy, independent of cardiovascular risk factors (6). Based on recent epidemio-
logical studies, correlates of diabetic neuropathy include increasing age, increasing
duration of diabetes, poor glycemic control, retinopathy, albuminuria, and vascular risk
factors (1,2,4,6). The differing clinical presentation of the several neuropathic syndromes
in diabetes suggests varied etiological factors.

The clinical consequences of diabetic neuropathy are also varied. Some may have
minor complaints, such as tingling in one or two toes; others may be affected with the
devastating complications such as “the numb diabetic foot,” or severe painful neuropathy
that does not respond to drug therapy (7). Moreover, diabetic neuropathy is a major contri-
butor to male erectile dysfunction and other autonomic symptoms that are thankfully rare.

Diabetic peripheral neuropathy presents in a similar way to neuropathies of other causes,
and thus, the physician needs to carefully exclude other common causes before attributing
the neuropathy to diabetes (Table 1). Absence of other complications of diabetes, rapid
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Table 2
Classification of Diabetic Neuropathy Based on Natural History

1. Progressive neuropathies. These are associated with increasing duration of diabetes and
with other microvascular complications. Sensory disturbance predominates and autonomic
involvement is common. The onset is gradual and there is no recovery.

2. Reversible neuropathies. These have an acute onset, often occurring at the presentation of
diabetes itself, and are not related to the duration of diabetes or other microvascular com-
plications. There is spontaneous recovery of these acute neuropathies.

3. Pressure palsies. Although, these are not specific to diabetes only, they tend to occur more
frequently in patients with diabetes than the general population. There is no association
with duration of diabetes or other microvascular complications of diabetes.

Table 3
The Varied Presentations of the Neuropathic Syndromes Associated With Diabetes

Chronic insidious sensory neuropathy
Acute painful neuropathy

Proximal motor neuropathy

Diffuse symmetrical motor neuropathy
The neuropathic foot

Pressure neuropathy

Focal vascular neuropathy

Neuropathy present at diagnosis
Treatment induced neuropathy
Hypoglycemic neuropathy

Adapted from ref. 9.
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weight loss, excessive alcohol intake, and other atypical features in either the history or
clinical examination should alert the physician to search for other causes of neuropathy (8).

CLINICAL CLASSIFICATION OF DIABETIC POLYNEUROPATHY

Although clinical classification of the various syndromes of diabetic peripheral neuro-
pathy are often difficult because of the very considerable overlap in the mixture of clin-
ical features, attempts at classification stimulate thought as to the etiology of the various
syndromes and also assist in the planning of management strategy for the patient.
Watkins and Edmonds (9) have suggested a classification for diabetic polyneuropathy
based on the natural history of the various syndromes, which clearly separates them into
three distinct groups (Table 2).

Based on the various distinct clinical presentations to the physician, Ward recom-
mended a classification of diabetic polyneuropathy depicted in Table 3 (/0). This prac-
tical approach to the classification of diabetic neuropathies provides the clinician to
have workable, crude definitions for the various neuropathic syndromes, and also assists
in the management of the patient.

Another method of classifying diabetic polyneuropathy is by considering whether
the clinical involvement is symmetrical or assymetrical. However, the separation to
symmetrical and asymmetrical neuropathies, although useful in identifying distinct
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Table 4
Classification of Diabetic Neuropathy

Symmetrical neuropathies

Distal sensory and sensori-motor neuropathy

Large-fiber type of diabetic neuropathy

Small-fiber type of diabetic neuropathy

Distal small-fiber neuropathy

“Insulin neuropathy”

Chronic inflammatory demyelinating polyradiculoneuropathy
Asymmetrical neuropathies

Mononeuropathy

Mononeuropathy multiplex

Radiculopathies

Lumbar plexopathy or radiculoplexopathy

Chronic inflammatory demyelinating polyradiculoneuropathy

Adapted from ref. /3.

entities and perhaps providing clues to the varied aetiologies, is an oversimplification of
the truth as there is a great overlapping of the syndromes. This method was originally
suggested by Bruyn and Garland (//), and later modified by Thomas (/2). More
recently, Low and Suarez (/3) have further modified this classification (Table 4).

SYMMETRICAL NEUROPATHIES
Chronic Distal Symmetrical Neuropathy

This is the most common neuropathic syndrome and what is meant in clinical practice
by the phrase “diabetic neuropathy.” Clinical manifestations (/4) and measurements
(15,16) of distal symmetrical neuropathy have recently been reviewed. There is a
“length-related” pattern of sensory loss, with sensory symptoms starting in the toes and
then extending to involve the feet and legs in a stocking distribution. In more severe
cases, there is often upper limb involvement, with a similar progression proximally start-
ing in the fingers. Although the nerve damage can extend over the entire body including
the head and face, this is exceptional. Subclinical neuropathy detectable by autonomic
function tests is usually present. However, clinical autonomic neuropathy is less com-
mon. Autonomic neuropathy is considered in more detail in Chapter 24. As the disease
advances, overt motor manifestations, such as wasting of the small muscles of the hands
and limb weakness become apparent. However, subclinical motor involvement detected
by magnetic resonance imaging appears to be common, and thus, motor disturbance is
clearly part of the functional impairment caused by distal symmetrical neuropathy (17).

Symptoms

The main clinical presentation of distal symmetrical neuropathy is sensory loss,
which the patient may not be aware of, or may be described as “numbness” or “dead
feeling.” However, some may experience a progressive buildup of unpleasant sensory
symptoms including tingling (paraesthesae); burning pain; shooting pains down the
legs; lancinating pains; contact pain often with day-time clothes and bedclothes
(allodynia); pain on walking often described as “walking barefoot on marbles,” or
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“walking barefoot on hot sand,” sensations of heat or cold in the feet; persistent achy
feeling in the feet; and cramp-like sensations in the legs. Occasionally, pain can extend
above the feet and may involve the whole of the legs, and when this is the case there is
usually upper limb involvement also. There is a large spectrum of severity of these
symptoms. Some may have minor complaints such as tingling in one or two toes; others
may be affected with the devastating complications, such as “the numb diabetic foot,”
or severe painful neuropathy that does not respond to drug therapy.

Diabetic neuropathic pain is characteristically more severe at night, and often pre-
vents sleep (18,19). Some patients may be in a constant state of tiredness because of
sleep deprivation (/8,19). Others are unable to maintain full employment (/8-21).
Severe painful neuropathy can occasionally cause marked reduction in exercise thresh-
old thus interfere with daily activities (20). This is particularly the case when there is an
associated disabling, severe postural hypotension because of autonomic involvement
(9). Not surprisingly therefore, depressive, symptoms are not uncommon (217 ). Although,
subclinical autonomic neuropathy is commonly found in patients with distal symmetrical
neuropathy (22), symptomatic autonomic neuropathy is uncommon.

It is important to appreciate that many subjects with distal symmetrical neuropathy may
not have any of the above symptoms, and their first presentation may be with a foot ulcer
(7). This underpins the need for carefully examining and screening the feet of all people
with diabetes, in order to identify those at risk of developing foot ulceration (7). The insen-
sate foot is at risk of developing mechanical and thermal injuries, and patients must there-
fore be warned about these and given appropriate advice regarding foot care (7,23). A
curious feature of the neuropathic foot is that both numbness and pain may occur, the so
called “painful, painless” leg (23). It is indeed a paradox that the patient with a large foot
ulcer may also have severe neuropathic pain. In those with advanced neuropathy, there
may be sensory ataxia. The unfortunate sufferer is affected by unsteadiness on walking,
and even falls particularly if there is associated visual impairment because of retinopathy.
Signs

Neuropathy is usually easily detected by simple clinical examination (15,16,23).
Shoes and socks should be removed and the feet examined at least annually and more
often if neuropathy is present. The most common presenting abnormality is a reduction
or absence of vibration sense in the toes. As the disease progresses there is sensory loss
in a “stocking” and sometimes in a “glove” distribution involving all modalities. When
there is severe sensory loss, proprioception may also be impaired, leading to a positive
Romberg’s sign. Ankle tendon reflexes are lost and with more advanced neuropathy,
knee reflexes are often reduced or absent.

Muscle strength is usually normal during the early course of the disease, although
mild weakness may be found in toe extensors. However, with progressive disease there
is significant generalized muscular wasting, particularly in the small muscles of the
hand and feet. The fine movements of fingers would then be affected, and there is dif-
ficulty in handling small objects. However, wasting of dorsal interossei is usually
because of entrapment of the ulnar nerve at the elbow. The clawing of the toes is
believed to be as a result of unopposed (because of wasting of the small muscles of the
foot) pulling of the long extensor and flexor tendons. This scenario results in elevated
plantar pressure points at the metatarsal heads that are prone to callus formation and
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foot ulceration (7). Deformities such as a bunion can form the focus of ulceration and
with more extreme deformities, such as those associated with Charcot arthropathy, the
risk is further increased (24). As one of the most common precipitants to foot ulceration
is inappropriate footwear, a thorough assessment should also include examination of
shoes for poor fit, abnormal wear, and internal pressure areas or foreign bodies (7).

Autonomic neuropathy affecting the feet can cause a reduction in sweating and
consequently dry the skin that is likely to crack easily, predisposing the patient to
the risk of infection (7). The “purely” neuropathic foot is also warm because of
artero/venous shunting first described by Ward (25). This results in the distension of
foot veins that fail to collapse even when the foot is elevated. It is not unusual to
observe a gangrenous toe in a foot that has bounding arterial pulses, as there is impair-
ment of the nutritive capillary circulation because of arterio-venous shunting. The
oxygen tension of the blood in these veins is typically raised (26). The increasing
blood flow brought about by autonomic neuropathy can sometimes result in neuro-
pathic oedema, which is resistant to treatment with diuretics, but may respond to treatment
with ephedrine (27).

Small-Fiber Neuropathy

Some authorities have advocated the existence of “small-fiber neuropathy” as a dis-
tinct entity (28,29), usually within the context of young type 1 patients. A prominent
feature of this syndrome is neuropathic pain, which may be very severe, with relative
sparing of large-fiber functions (vibration and proprioception). The pain is described as
burning, deep, and aching. The sensation of pins and needles (paraesthesae) is also often
experienced and contact hypersensitivity may be present. Rarely, patients with small-
fiber neuropathy might not have neuropathic pain, and some might occasionally have
foot ulceration. Autonomic involvement is common, and severely affected patients may
be disabled by postural hypotension and/or gastrointestinal symptoms. The syndrome
tends to develop within a few years of diabetes as a relatively early complication.

On clinical examination there is little evidence of objective signs of nerve damage,
apart from a reduction in pinprick and temperature sensation, which are reduced in a
“stocking” and “glove” distribution. There is relative sparing of vibration and position
sense (because of relative sparing of the large diameter AP fibers). Muscle strength is
usually normal and reflexes are also usually normal. However, autonomic function
tests are frequently abnormal and affected male patients usually have erectile dys-
function. Electrophysiological tests support small-fiber dysfunction. Sural sensory
conduction velocity may be normal, although the amplitude may be reduced. Motor
nerves appear to be less affected. Controversy still exists regarding whether small-
fiber neuropathy is a distinct entity or an earlier manifestation of chronic sensory
motor neuropathy (28,29). Said et al. (28) studied a small series of subjects with this
syndrome and showed that small-fiber degeneration predominated morphometrically.
Veves et al. (30) found a varying degree of early small-fiber involvement in all diabetic
polyneuropathies, which was confirmed by detailed sensory and autonomic function
tests. Therefore it is unclear, whether this syndrome is in fact distinct or merely repre-
sents the early stages of distal symmetrical neuropathy that has been detected by the
prominence of early symptoms.
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Natural History of Distal Symmetrical Neuropathy

The natural history of chronic distal symmetrical neuropathy remains poorly under-
stood. This is mainly because there is paucity of well conducted prospective studies that
have sought to examine this (6). In addition, the inadequate knowledge regarding the
pathogenesis of distal symmetrical neuropathy is also a contributory factor, although sev-
eral mechanisms have been suggested (3/—35), and the list of potential mechanisms is
constantly growing. Unlike in diabetic retinopathy and nephropathy, the scarcity of sim-
ple, accurate, and readily reproduciable methods of measuring neuropathy further com-
plicates the problem (15,16). One study (36) reported that neuropathic symptoms remain
or get worse over a 5-year period in patients with chronic distal symmetrical neuropathy.
A major drawback of this study was that it involved highly selected patients from a hos-
pital base. A more recent study reported improvements in painful symptoms with worse-
ning of quantitative measures of nerve function for a duration of 3.5 years (37).
Neuropathic pain was assessed using a visual analog scale, and small-fiber function by
thermal limen, heat pain threshold, and weighted pinprick threshold. At follow-up, 3.5
years later one third of the 50 patients at baseline had died or were lost to follow-up.
Clearly, this is a major drawback. There was symptomatic improvement in painful neu-
ropathy in the majority of the remaining patients. It should be noted that many of the sub-
jects were being treated with pain relieving drugs that may have influenced the findings.
However, despite this symptomatic improvement, small fiber function as measured by
the aforementioned tests deteriorated significantly. Thus, there was a dichotomy in the
evolution of neuropathic symptoms and neurophysiological measures.

Are Painful and Painless Neuropathies Distinct Entities?

One of the complexities of distal symmetrical neuropathy is the variety of presenta-
tion to the clinician. A relative minority present with pain as the predominant symptom
(38). There is controversy as to whether the clinical, neurophysiological, peripheral
nerve haemodynamic/morphometric findings are distinctly different in subjects with
painful and painless diabetic neuropathy. Young et al. (39) reported that patients with
painful neuropathy had a higher ratio of autonomic (small-fiber) abnormality to elec-
trophysiological (large-fiber) abnormality. In contrast, they found that electrophysio-
logical parameters were significantly worse in patients with foot ulceration compared
with those with painful neuropathy. They concluded that in distal symmetrical neu-
ropathy, the relationship between large-fiber and small-fibre damage is not uniform, and
that there may be different etiological influences on large- and small-fibre neuropathy
in diabetic subjects, with the predominant type of fibre damage determining the form of
the presenting clinical syndrome (39). This view is supported by the study of Tsigos
et al. (40) who also suggested that painful and painless neuropathies represent two dis-
tinct clinical entities with little overlap. However, a contrary view was expressed by
Veves et al. (41) who found that painful symptoms were frequent in diabetic neuropa-
thy, irrespective of the presence or absence of foot ulceration, and that these symptoms
may occur at any stage of the disease. They concluded that there is a spectrum of pre-
sentations from varying degrees of painful neuropathy to predominantly painless neu-
ropathy associated with foot ulceration, and that much overlap is present (4/). The
author’s clinical observations support this view, as painful symptoms are often similarly
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present in patients with and without foot ulceration, suggesting that painless and painful
neuropathy represent extreme forms of the same syndrome. Thus, an important clinical
point is that the neuropathic foot with painful symptoms is just as vulnerable to foot
ulceration as the foot with absence of painful neuropathic symptoms. The crucial deter-
mining factor is elevation of vibration perception threshold (42) and not the presence or
absence of painful symptoms. Indeed, the “painful-painless” foot with ulceration, is fre-
quently observed in the diabetic foot clinic, a phenomenon first described by Ward (23).

ACUTE PAINFUL NEUROPATHIES

These are transient neuropathic syndromes characterized by an acute onset of pain in
the lower limbs. Acute neuropathies present in a symmetrical fashion are relatively
uncommon. Pain is invariably present and is usually distressing to the patient, and can
sometimes be incapacitating. There are two distinct syndromes, the first of which occurs
within the context of poor glycemic control, and the second with rapid improvements in
metabolic control (43).

Acute Painful Neuropathy of Poor Glycemic Control

This may occur in the context of type 1 or type 2 diabetic subjects with poor glycemic
control. There is no relationship to the presence of other chronic diabetic complications.
There is often an associated severe weight loss (44). Ellenberg coined the description of
this condition as “neuropathic cachexia” (45). Patients typically develop persistent
burning pain associated with allodynia (contact pain). The pain is most marked in the
feet, but often affects the whole of the lower extremities. As in chronic distal symmet-
rical neuropathy, the pain is typically worse at night although persistent pain during day
time is also common. The pain is likened to “walking on burning sand” and there may
be a subjective feeling of the feet being “swollen.” Patients also describe intermittent
bouts of stabbing pain that shoot up the legs from the feet (peak pain), superimposed on
the background of burning pain (background pain). Not surprisingly therefore, these
disabling symptoms often lead to depression (21,43).

On examination, sensory loss is usually surprisingly mild or even absent. There are
usually no motor signs, although ankle jerks may be absent. Nerve conduction studies
are also usually normal or mildly abnormal. However, temperature discrimination
threshold (small-fibre function) is affected more commonly than vibration perception
threshold (large-fibre function) (46). There is usually complete resolution of symptoms
within 12 months, and weight gain is usual with continued improvement in glycemic
control with the use of insulin. The lack of objective signs should not raise the doubt
that these painful symptoms are not real. Many patients feel that people including health
care professionals do not fully appreciate their predicament.

Acute Painful Neuropathy of Rapid Glycemic Control (Insulin Neuritis)

The term “insulin neuritis” was coined by Caravati (47) who first described the syn-
drome of acute painful neuropathy of rapid glycemic control. The term is a misnomer
as the condition can follow rapid improvement in glycemic control with oral hypo-
glycemic agents, and “neuritis” implies a neural inflammatory process for which there



Clinical Features of Diabetic Polyneuropathy 251

is no evidence. The author has therefore recommended that the term “acute painful
neuropathy of rapid glycemic control” be used to describe this condition (48).

The natural history of acute painful neuropathies is an almost guaranteed improve-
ment (49) in contrast to chronic distal symmetrical neuropathy (36). The patient pres-
ents with burning pain, paraesthesiae, allodynia, often with a nocturnal exacerbation of
symptoms; and depression may be a feature. There is no associated weight loss, unlike
acute painful neuropathy of poor glycemic control. Sensory loss is often mild or absent,
and there are no motor signs. There is little or no abnormality on nerve conduction stud-
ies, but there is impaired exercise induced conduction velocity increment (48,50). There
is usually complete resolution of symptoms within 12 months.

On sural nerve biopsy, typical morphometric changes of chronic distal symmetrical
neuropathy but with active regeneration, were observed (49). In contrast, degeneration of
both myelinated and unmyelinated fibres was found in acute painful neuropathy of poor
glycemic control (44). A recent study looking into the epineurial vessels of sural nerves in
patients with acute painful neuropathy of rapid glycemic control demonstrated marked
arterio/venous abnormality including the presence of proliferating new vessels, similar to
those found in the retina (48). The study suggested that the presence of this fine network
of epineural vessels may lead to a “steal” effect rendering the endoneurium ischaemic, and
the authors also suggested that this process may be important in the genesis of neuropathic
pain (48). These findings were also supported by studies in experimental diabetes, which
demonstrated that insulin administration led to acute endoneurial hypoxia, by increas-
ing nerve arterio-venous flow, and reducing the nutritive flow of normal nerves (57).
Further work needs to address whether these observed sural nerve vessel changes
resolve with the resolution of painful symptoms.

ASYMMETRICAL NEUROPATHIES

The diabetic state can also affect single nerves (mononeuropathy), multiple nerves
(mononeuropathy multiplex), or groups of nerve roots. These asymmetrical or focal
neuropathies have a relatively rapid onset, and complete recovery is usual. This con-
trasts with chronic distal symmetrical neuropathy, where there is usually no improve-
ment in symptoms 5 years after onset (36). Unlike chronic distal symmetrical
neuropathy they are often unrelated to the presence of other diabetic complications
(9,15,16). Asymmetrical neuropathies are more common in men and tend to predomi-
nantly affect older patients (52). A careful history is therefore mandatory in order to
identify any associated symptoms that might point to another cause for the neuropathy.
A vascular etiology has been suggested by virtue of the rapid onset of symptoms and
the focal nature of the neuropathic syndromes (53).

Proximal Motor Neuropathy (Femoral Neuropathy, Amyotrophy,
and Plexopathy)

The syndrome of progressive asymmetrical proximal leg weakness and atrophy was
first described by Garland (54), who coined the term “diabetic amyotrophy.” This con-
dition has also been named as “proximal motor neuropathy,” “femoral neuropathy”
or “plexopathy.” The patient presents with severe pain, which is felt deep in the thigh,
but can sometimes be of burning quality and extend lower than the knee. The pain is
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usually continuous and often causes insomnia and depression (55). Both type 1 and
type 2 patients more than the age of 50 are affected (54-57). There is an associated
weight loss, which can sometimes be very severe, and can raise the possibility of an
occult malignancy.

On examination there is profound wasting of the quadriceps with marked weakness
in these muscle groups, although hip flexors and hip abductors can also be affected (58).
Thigh adductors, glutei, and hamstring muscles may also be involved. The knee jerk is
usually reduced or absent. The profound weakness can lead to difficulty from getting
out of a low chair or climbing stairs. Sensory loss is unusual, and if present indicates a
coexistent distal sensory neuropathy.

It is important to carefully exclude other causes of quadriceps wasting, such as nerve
root and cauda equina lesions, and the possibility of occult malignancy causing proxi-
mal myopathy syndromes such as polymyocytis. Magnetic resonance imaging (MRI) of
the lumbo-sacral spine is now mandatory in order to exclude focal nerve root intrapment
and other pathologies. An erythrocyte sedimentation rate, an X-ray of the lumbar/sacral
spine, a chest X-ray, and ultrasound of the abdomen may also be required. CSF protein
is often elevated. Electrophysiological studies may demonstrate increased femoral
nerve latency and active denervation of affected muscles.

The cause of diabetic proximal motor neuropathy is not known. It tends to occur within
the background of diabetic distal symmetrical neuropathy (59). It has been suggested that
the combination of focal features superimposed on diffuse peripheral neuropathy may
suggest vascular damage to the femoral nerve roots, as a cause of this condition (60).

As in distal symmetrical neuropathy there is scarcity of prospective studies that have
looked at the natural history of proximal motor neuropathy. Coppack and Watkins (55)
have reported that pain usually starts to settle after about 3 months, and usually settles
by 1 year, while the knee jerk is restored in 50% of the patients after 2 years. Recurrence
on the other side is a rare event. Management is largely symptomatic and supportive.
Patients should be encouraged and reassured that this condition is likely to resolve.
There is still controversy as to whether the use of insulin therapy influences the natural
history of this syndrome as there are no controlled trials. Some patients benefit from
physiotherapy that involves extension exercises aimed at strengthening the quadriceps.
The management of pain in proximal motor neuropathy is similar to that of chronic or
acute distal symmetrical neuropathies (see Chapter 21).

Chronic Inflammatory Demyelinating Polyradiculopathy

Chronic inflammatory demyelinating polyradiculopathy (CIDP) occurs more com-
monly among patients with diabetes, creating diagnostic and management challenges
(61). Patients with diabetes may develop clinical and electrodiagnostic features similar
to that of CIDP (62). Clearly, it is vital to recognize these patients as unlike diabetic
polyneuropathy, CIDP is treatable (63). One should particularly be alerted when an
unusually severe, rapid, and progressive polyneuropathy develops in a diabetic patient.

Nerve conduction studies show features of demyelination. The presence of 3 of the
following criteria for demyelination is required: partial motor nerve conduction block,
reduced motor nerve conduction velocity, prolonged distal motor latencies, and prolonged
F-wave latencies (64). Although, electrophysiological parameters are important, these
alone cannot be entirely relied on to differentiate CIDP from diabetic polyneuropathy (65).
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Most experts recommend CSF analysis in order to demonstrate the typical findings
in this condition: increased protein and a normal or only slightly elevated cell count
(63). However, spinal taps are not mandatory (63).

The diagnostic value of nerve biopsy, usually of the sural nerve has been debated
recently. Some authorities assert that nerve biopsy is of no value (66), whereas others
consider it essential for the diagnosis and management of upto 60% patients with CIDP
(67). The diagnostic yield of sural nerve biopsies may be limited as the most prominent
abnormalities may lie in the proximal segments of the nerve roots or in the motor
nerves, which are areas not accessible to biopsy. Typical appearances include segmen-
tal demyelination and remyelination, anion bulbs, and inflammatory infiltrates, but
these may also be found in diabetic polyneuropathy (68). A defining feature of CIDP
not found in diabetic polyneuropathy is the presence of macrophages in biopsy speci-
mens in association with demyelination (68).

Treatments for CIDP include intravenous immunoglobulin, plasma exchange, and corti-
costeroids (63). Therapy should be started early in order to prevent continuing demyelina-
tion and also as it results in rapid and significant reversal of neurological disability (69,70).

Mononeuropathies

The most common cranial mononeuropathy is the third cranial nerve palsy. The
patient presents with pain in the orbit, or sometimes with a frontal headache (53,71).
There is typically ptosis and ophthalmoplegia, although the pupil is usually spared
(72,73). Recovery occurs usually over three months. The clinical onset and time-scale
for recovery, and the focal nature of the lesions on the third cranial nerve, on post-
mortem studies suggested an ischaemic etiology (53,74). It is important to exclude any
other cause of third cranial nerve palsy (aneurysm or tumour) by computed tomography
or MRI scanning, where the diagnosis is in doubt. Fourth, sixth, and seventh cranial
nerve palsies have also been described in diabetic subjects, but the association with
diabetes is not as strong as that with third cranial nerve palsy.

Truncal Radiculopathy

Truncal radiculopathy is well recognized to occur in diabetes. It is characterized by
an acute onset pain in a dermatomal distribution over the thorax or the abdomen (75).
The pain is usually asymmetrical, and can cause local bulging of the muscle (76). There
may be patchy sensory loss detected by pin prick and light touch examination. It is
important to exclude other causes of nerve root compression and occasionally, MRI of
the spine may be required. Some patients presenting with abdominal pain have under-
gone unnecessary investigations, such as barium enema, colonoscopy, and even laparo-
tomy, when the diagnosis could easily have been made by careful clinical history and
examination. Recovery is usually the rule within several months, although symptoms
can sometimes persist for a few years.

Pressure Neuropathies
Carpal Tunnel Syndrome

A number of nerves are vulnerable to pressure damage in diabetes. In the Rochester
Diabetic Neuropathy Study, which was a population-based epidemiological study, Dyck
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et al. (77), found electrophysiological evidence of median nerve lesions at the wrist in
about 30% of diabetic subjects, although the typical symptoms of carpel tunnel syn-
drome occurred in less than 10%. The patient typically has pain and paraesthesia in the
hands, which sometimes radiate to the forearm and are particularly marked at night.
In severe cases clinical examination may reveal a reduction in sensation in the median
territory in the hands, and wasting of the muscle bulk in the thenar eminence. The clin-
ical diagnosis is easily confirmed by median nerve conduction studies and treatment
involves surgical decompression at the carpel tunnel in the wrist. There is generally
good response to surgery, although painful symptoms appear to relapse more commonly
than in the nondiabetic population (78).

Ulnar Nerve and Other Isolated Nerve Entrapments

The ulnar nerve is also vulnerable to pressure damage at the elbow in the ulnar
groove. This results in wasting of the dorsal interossei, particularly the first dorsal
interossius. This is easily confirmed by ulnar electrophysiological studies which local-
ize the lesion to the elbow. Rarely, the patients may present with wrist drop because of
radial nerve palsy after prolonged sitting (with pressure on the radial nerve in the back
of the arms) while unconscious during hypoglycaemia or asleep after an alcohol binge.

In the lower limbs the common peroneal (lateral popliteal) is the most commonly
affected nerve. The compression is at the level of the head of the fibula and causes foot
drop. Unfortunately, complete recovery is not usual. The lateral cutaneous nerve of the
thigh is occasionally also affected with entrapment neuropathy in diabetes. Phrenic
nerve involvement in association with diabetes has also been described, although the
possibility of a pressure lesion could not be excluded (79).
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Micro- and Macrovascular Disease
in Diabetic Neuropathy

Aristidis Veves, MD and Antonella Caselli, MD, PhD

SUMMARY

Diabetes is often defined a “vascular disease” because of the early and extensive involve-
ment of the vascular-tree observed in patients with diabetes and even in those at risk of devel-
oping diabetes. Both the micro- and macrocirculation are affected. Changes in the micro- and
macrocirculation, both anatomical and functional, contribute to the development of diabetic
neuropathy. On the other hand, the development of diabetic neuropathy also affects the
vasodilatory capacity of the microcirculation. Thus, the interaction between changes in the vas-
culature and peripheral nerves is bidirectional and results in changes in both blood flow and
neuronal function. The possible links between diabetic micro- and macrovascular alterations
and nerve damage will be the focus of this chapter.

Key Words: Blood flow; endothelial dysfunction; micro- and macrocirculation; neuronal func-
tion; vascular smooth muscle cell; iontophoresis.

INTRODUCTION

Diabetes is often defined a “vascular disease” because of the early and extensive
involvement of the vascular tree observed in patients with diabetes and even in those at
risk of developing diabetes. Both the micro- and macrocirculation are affected, though
the pathophysiology, histology, clinical history, and clinical sequelae at the two vascular
levels appear to be quite different. It is recently believed that a common pathway causes
precocious vascular damage at both vascular districts in diabetes leading to the develop-
ment of diabetic chronic complications, if not of diabetes itself. Chronic diabetic com-
plications are mostly ascribed to small vessel disease. Diabetic microangiopathy has
been considered the main anatomic alteration leading to the development of retinopathy,
nephropathy, and neuropathy. Nevertheless, macroangiopathy, i.e., atherosclerosis of
peripheral arteries, is also a peculiar feature of long-lasting diabetes and is characterized
for being precocious, involving predominantly distal arteries and having inadequate
collateral development. The possible links between diabetic micro- and macrovascular
alterations and nerve damage will be the focus of this chapter.

MICROVASCULAR DISEASE: OVERVIEW AND ANATOMIC CHANGES

Lesions specific for diabetes have been observed in the arterioles and capillaries of
the foot and other organs that are the typical targets of diabetic chronic complications.
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A contemporary historical histological study demonstrated the presence of PAS-positive
material in the arterioles of amputated limb specimens from patients with diabetes (/).
Although it was believed for several years that the anatomic changes described were
occlusive in nature, in 1984, Logerfo and Coffmann (2) recognized that in patients with
diabetes, there is no evidence of an occlusive microvascular disease. Subsequent
prospective anatomic staining and arterial casting studies have demonstrated the
absence of an arteriolar occlusive lesion thus dispelling the hopeless notion of diabetic
“occlusive small vessel disease” (3,4).

Although there is no occlusive lesion in the diabetic microcirculation, other structural
changes do exist. The thickening of the capillary basement membrane is the dominant
structural change in both diabetic retinopathy and neuropathy and is because of an
increase in the extracellular matrix. It might represent a response to the metabolic
changes related to diabetes and hyperglycemia. However, this alteration does not lead
to occlusion of the capillary lumen, and arteriolar blood flow might be normal or even
increased despite these changes (5). On the contrary, it might act as a barrier to the
exchange of nutrients and/or increase the rigidity of the vessels further limiting their
ability to dilate in response to different stimuli (6).

In the kidney, nonenzymatic glycosylation reduces the charge on the basement mem-
brane, which might account for transudation of albumin, an expanded mesangium, and
albuminuria (7). Similar increases in vascular permeability occur in the eye and probably
contribute to macular exudate formation and retinopathy (8). In simplest terms, micro-
vascular structural alterations in diabetes result in an increased vascular permeability
and impaired autoregulation of blood flow and vascular tone.

Many studies have identified a correlation between the development of diabetic
chronic complication and metabolic control with perhaps the strongest evidence
coming from the Diabetes Control and Complications Trial (DCCT), which enrolled
patients with type 1 diabetes, and the United Kingdom Prospective Diabetes Study
(UKPDS), which enrolled patients with type 2 diabetes (9,7/0). The results from both
clinical trials clearly showed a delay in the development and progression of retinopathy,
nephropathy, and neuropathy with intensive glycemic control, thus supporting the direct
causal relationship between hyperglycemia and microcirculation impairment. This was
less evident for macrovascular disease, assessed only in the UKPDS.

Although the structural alterations observed in the microcirculation do not affect the
basal blood flow, some functional abnormalities of the microvascular circulation that
might eventually result in a relative ischemia have been extensively documented. This
aspect will be deeply discussed in the “Pathophysiology of microvascular disease and
endothelial dysfunction in diabetes” section.

PATHOPHYSIOLOGY OF MICROVASCULAR DISEASE
AND ENDOTHELIAL DYSFUNCTION IN DIABETES

Although microvascular diabetic complications have been well-characterized there is
still uncertainty regarding the mechanisms that lead to their development. In the past
two main pathogenic hypotheses have been proposed: the metabolic hypothesis and the
hypoxic hypothesis (/1,12). According to the metabolic hypothesis, hyperglycemia is
directly responsible of end-organ damage and development of complications through
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the activation of the polyol pathway. On the other hand, according to the hypoxic
hypothesis, the structural alterations detected in kidney, eye, and nerve microvascu-
lature, including basement membrane thickening and endothelial cell proliferation,
were considered as the main factor contributing to reduced blood flow and tissue
ischemia (73). It is now apparent that both the metabolic and vascular pathways are
linked. More specifically, endothelial dysfunction has been suggested as the common
denominator between the metabolic and vascular abnormalities detected in diabetes (/4).
The impaired synthesis and/or degradation of nitric oxide, the main vasodilator released
by the endothelium, is believed to determine microvascular insufficiency, tissue
hypoxia, and degeneration (15).

Functional Changes

Diabetes mellitus, even in the absence of complications, impairs the vascular reac-
tivity that is the endothelium-dependent and -independent vasodilation in the skin
microcirculation (/6). Many glucose-related metabolic pathways can determine
endothelium dysfunction: increased aldose reductase activity leading to the imbalance
in nicotinamide adenine dinucleotide phosphate (NADP)/nicotinamide adenine dinu-
cleotide phosphate reduced form (NADPH); auto-oxidation of glucose leading to the
formation of reactive oxygen species; “advanced glycation end products” produced
by nonenzymatic glycation of proteins; abnormal n6-fatty acid metabolism and inap-
propriate activation of protein kinase-C. All these different pathways lead to an
increase of oxidative stress which is responsible for a reduced availability of nitric
oxide and in turn, for a functional tissue hypoxia and the development of diabetic
chronic complications (/7) (Fig. 1).

Microvascular Dysfunction and Diabetic Neuropathy

Microvascular reactivity is further reduced at the foot level in presence of peripheral
diabetic neuropathy. Endothelial nitric oxide synthase (eNOS) is a key regulator of vas-
cular nitric oxide production. Immunostaining of foot skin biopsies in our unit, with
antiserum to human eNOS glucose transporter I, which is a functional marker of the
endothelium and von Willebrand factor, an anatomical marker, showed no difference
among patients with diabetes with or without peripheral neuropathy in the staining of
glucose transporter I and von Willebrand factor, whereas the staining for the eNOS was
reduced in neuropathic patients (Fig. 2) (18). Another study documented increased levels
of iNOS and reduced eNOS levels in skin from the foot of patients with diabetes with
severe neuropathy and foot ulceration (/9).

It has also been suggested that polymorphism of the eNOS gene is implicated in car-
diovascular and renal diseases, thus indicating its potential role as a genetic marker of
susceptibility to both type 2 diabetes and its renal complications (20,21). However, a
relationship between eNOS gene polymorphism and diabetic neuropathy has not been
clearly demonstrated (22). Nonetheless, all these findings suggest that the reduced
eNOS expression/activity might be related to the development of diabetic peripheral
neuropathy.

Differences in the microcirculation between the foot and forearm levels have also been
investigated, the main hypothesis being that increased hydrostatic pressure in distal
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Fig. 2. Expression of eNOS in patients with diabetic neuropathy (black columns), patients
with both diabetic neuropathy and peripheral vascular disease (hatched columns) and healthy
subjects (white columns). The expression of eNOS was reduced in both the diabetic groups com-
pared with the healthy subjects (data from ref. /8).
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microcirculatory beds, related to the orthostatic posture, affects the foot microcirculation
more than at the forearm level. The endothelium dependent and independent vasodilation
is in fact lower at the foot level when compared with the forearm in healthy subjects and
both nonneuropathic and neuropathic patients with diabetes (23). This forearm-foot gra-
dient exists despite a similar baseline blood flow at the foot and forearm level. Therefore,
it is reasonable to believe that erect posture might be a contributing factor for the early
development of the nerve damage at the foot, in comparison with the forearm.

Role of Autonomic Neuropathy

Autonomic neuropathy can compromise the diabetic microcirculation because of the
development of arterio—venous shunting because of sympathetic denervation. The open-
ing of these shunts might lead to a maldistribution of blood between the nutritional
capillaries and subpapillary vessels, and consequent aggravation of microvascular ischemia.
Studies using sural nerve photography and fluorescein angiography as well as other
elegant techniques seem to support this concept (24,25).

A loss of sympathetic tone is also responsible for an increased capillary permeability
in patients with diabetes with neuropathy (26). This might cause endoneurial edema, as
demonstrated by using magnetic resonance spectroscopy, which can in turn represent
another mechanism leading to a reduction of endoneurial perfusion and a worsening of
the nerve damage (27). The increased lower extremity capillary pressure upon assum-
ing the erect posture, because of early loss of postural vasoconstriction (mediated by the
sympathetic fibers), might amplify this edematous effect.

Role of Somatic Neuropathy: The Neurovascular Response

Diabetic somatic neuropathy can further affect the skin microcirculation by the
impairment of the axon reflex related-vasodilatation (Lewis’ flare) (28). Under normal
conditions, the stimulus of the c-nociceptive nerve fibers not only travels in the normal
direction, centrally toward the spinal cord, but also peripherally (antidromic conduction)
to local cutaneous blood vessels, causing a vasodilatation by the release of vasoactive
substances, such as calcitonin gene-related peptide (CGRP), Neuropeptide Y, substance P,
and bradykine by the c-fibers and initiates neurogenic inflammation (Fig. 3). This short
circuit, or nerve axon reflex, is responsible for the Lewis’ triple flare response to injury
and plays an important role in increasing local blood flow when it is mostly needed, i.e.,
in condition of stress.

This neurovascular (N-V) response is significantly reduced at the foot level in
patients with diabetes with peripheral somatic neuropathy, autonomic neuropathy, and
peripheral artery disease in comparison with patients with diabetes without complica-
tions and healthy control subjects (Fig. 4) (23,29). Moreover, local anaesthesia signifi-
cantly reduces the nerve axon reflex-related vasodilation at the foot of patients without
peripheral neuropathy, whereas it has no effect on the amount of the preanesthesia N-V
vasodilation—which is already very low—at the foot of neuropathic patients (30). This
suggests that the main determinant of the presence of the neurovascular vasodilation is
c-fiber function and that its measurement could be used as a surrogate measure of the
function of these fibers.
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Fig. 3. The nerve axon reflex-related vasodilation or neurovascular response: stimulation of the
c-nociceptive nerve fibers by acetylcholine or other noxious stimuli leads to antidromic stimulation
of the adjacent c-fibers, which secrete CGRP that causes vasodilation and increased local blood flow.
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Fig. 4. The neurovascular response (expressed as percentage of blood flow increase over the
baseline blood flow) is significantly reduced at the foot level of patients with diabetes with
peripheral somatic neuropathy (DN), autonomic neuropathy (DA) and peripheral artery disease
(DV) compared with patients with diabetes without complications (DC) and healthy controls (C)
*p < 0.001 (data from ref. 29).

As a matter of fact, it has been shown that the N-V response significantly correlates
with different measures of peripheral nerve function (30,37). Studies in our units have
shown that a N-V response lower than 50% is highly sensitive (90%) and adequately
specific (74%) in identifying patients with diabetes with peripheral neuropathy (31).
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Fig. 5. The nerve axon reflex-related vasodilation at the foot level in a population with dia-
betes stratified on the basis of the degree of peripheral somatic neuropathy in patients without
neuropathy (D), with mild neuropathy (DN mild), with moderate neuropathy (DN moderate) and
with severe neuropathy (DN severe) compared with healthy controls (C). Median (25-75 per-
centile). The nerve axon reflex-related vasodilation is already significantly reduced in the early
stages of neuropathy (subclinical neuropathy), supporting the belief that small fiber dysfunction
might precede large fiber impairment in the natural history of diabetic nerve damage.

Besides, the finding that this response is significantly reduced even in the early stages
of peripheral neuropathy supports the hypothesis that small fiber damage is a precocious
event in the clinical history of diabetic neuropathy—even preceding large fibers’ impair-
ment (Fig. 5). This leads to impaired vasodilation under conditions of stress, such as
injury or inflammation. Therefore, it is possible to speculate that small fiber neuropathy
might further contribute to nerve hypoxic damage by the impairment of this hyperemic
response, determining a vicious cycle of injury.

The previous conclusions are supported by recent studies in experimental diabetes
which have demonstrated that epineurial arterioles of the sciatic nerve are innervated by
sensory nerves that contain CGRP and mediate a hyperemic response at this level (32).
Furthermore, it has been shown that in long-term diabetic rats the amount of CGRP
present in epineurial arterioles is diminished, which could be because of a denervation
process (33). Exogenous CGRP-mediated vasodilation of these arterioles is also
impaired in experimental diabetes, indicating a reduced CGRP bioactivity (33). All
these findings furthermore support a role of small sensory nerve fibers’ impairment in
the development and progression of diabetic neuropathy.

The impairment of the nerve axon reflex-related vasodilation is not affected by
successful bypass surgery in patients with peripheral arterial disease. In addition, the
endothelium-dependent and -independent vasodilation that are not related to the nerve
axon reflex, remain impaired after successful revascularization. Therefore, despite cor-
rection in obstructive lesions and restoration of normal blood flow in the large vessels,
the changes in microcirculation continue to be present and cause tissue hypoxia under
conditions of stress (34).
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Anatomical Changes

Although the structural alterations detected in diabetic capillaries do not cause vessel
occlusion, their role in causing a reduction of nerve blood flow supply can not be com-
pletely ruled out. According to Pouiselle’s law, in fact, the blood flow is proportional to
the fourth power of the radius of a vessel. Therefore, the capillary blood flow can be
significantly reduced by even slight narrowing of the capillary lumen. Many studies
have now confirmed the presence of endoneurial microangiopathy, characterized by
basement membrane thickening, endothelial cell hyperplasia and hypertrophy, and peri-
cyte cell degeneration in patients with diabetes with peripheral neuropathy, the degree
of which correlates with the severity of the clinical disease (35,36).

In summary, both the functional and structural changes observed in diabetic micro-
circulation contribute to the shift of blood flow away from the nutritive capillaries to
low resistance arterio—venous shunts leading to functional ischemia of tissues including
peripheral nerves and, consequently, to the development of diabetic peripheral neuro-
pathy and other diabetic chronic complications.

TECHNIQUES TO ASSESS MICROVASCULAR DYSFUNCTION
AND THEIR LIMITATIONS

Endothelial dysfunction, assessed at the macrocirculation, has been proven as an
early marker of vascular complications in several diseases, including diabetes, dyslipi-
demia, and hypertension. The development of techniques capable to measure the skin
blood flow has also enabled the study of the vascular reactivity at the microcirculation
level. More specifically, the noninvasive measurement of cutaneous blood perfusion can
be performed by the laser Doppler.

Currently, laser Doppler flowmetry is the most widely accepted technique for evalu-
ating blood flow in the skin microcirculation. Basically, it measures the capillary flux,
which is a combination of the velocity and the number of moving blood cells. This is
achieved by using red laser light, which is transmitted to the skin through a fiberoptic
cable. The frequency shift of light back-scattered from the moving blood cells beneath
the probe tip is computed to give a measure of the superficial microvascular perfusion.

There are mainly two different types of instruments available: the laser Doppler per-
fusion imager (LDPI) and the laser Doppler blood flow monitor (LDM). The LDPI, or
laser scanner, enables the quantification of superficial skin blood perfusion in a multi-
ple number of adjacent sites on the skin and calculates the mean blood perfusion in a
particular region (Fig. 6). The LDM, which is characterized for having two single-point
laser probes is capable to measure the blood flow changes only in a small skin area
(about 2-3 mm diameter)—that corresponds to the area where the probes are placed—
and records the blood flow changes in response to the vasodilatory stimulus in a con-
tinuous way (Fig. 7).

The LDPI is best-suited for studying the relative changes in flow induced by a vari-
ety of physiological manoeuvres or pharmaceutical intervention procedures. The single-
point laser probe is used mainly for evaluating the hyperemic response to heat stimulus
or for evaluating the nerve-axon related hyperemic response. Both these two laser
Doppler instruments have been extensively used to evaluate the skin microcirculatory
flow of patients with diabetes in response to the delivery of two vasodilatory substances
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Laser source

Fig. 6. The LDPI or laser scanner: a helium-neon laser beam is emitted from the laser source
to sequentially scan the circular hyperemic area of the skin (surrounding the laser beam) where
the hyperemic response is produced by the iontophorized vasoactive substance.

by iontophoresis: a 1% acetylcholine chloride solution (endothelium-dependent vasodi-
lation) and a 1% sodium nitroprusside solution (endothelium-independent vasodilation).

To use these methods for longitudinal analysis, a certain degree of confidence is
needed to ensure that the results are not skewed for instrumental inaccuracies or other
experimental factors. The main limitation of both techniques is, in fact, the variability,
which is higher for the single-point laser Doppler than for the LDPI. The single-point
technique has been validated against direct measurements of the capillary blood flow
velocity (37). The day-to-day reproducibility of the technique was evaluated in healthy
subjects who were repeatedly tested at their foot and arm for 10 consecutive days in
our lab. The coefficient of variation for the maximal response to heat was 27.9%,
whereas for the maximal hyperemic response after Ach and/or SNP-iontophoresis was
35.2% (18). The variability of this technique is mostly a spatial one, i.e., it is mainly
because of the high heterogeneity of the skin microcirculation and not to the technique
itself. In fact, the technique reproducibility can be significantly enhanced if one pays
attention to place the laser probe approximately at the same skin area for repeated
measurements (38).

The laser scanner has a significantly better reproducibility (which is mainly because
of the minor spatial variation of blood flow assessment) with the coefficient of variation
at the foot and forearms level being between 14 and 19%, and can therefore be used for
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Fig. 7. The LDM or single-point laser doppler: it enables to quantify both the direct and indirect
vasodilatory responses to a vasoactive substance. One probe (no. 1) is placed in direct contact to the
iontophoresis solution chamber (colored ring) and sequentially measures the blood flow changes in
response to the iontophorised solution (direct response). The center probe (no. 2) measures the indi-
rect vasodilatory response which derives from the activation of the nerve axon reflex. Both responses
are expressed as percentage of mean blood flow increase over the baseline blood flow.

blood flow assessment in prospective studies (39,40). Nevertheless, some factors, other
than the accuracy of the device itself, might also potentially affect the LDPI readings,
namely the scanner head height and inclination, tissue heating, prevalence of arm hair,
and arm movement.

MACROVASCULAR DISEASE AND DIABETES: AN OVERVIEW

Both type 1 and type 2 diabetes are powerful and independent risk factors for coro-
nary artery disease (CAD), stroke, and peripheral artery disease. More specifically, the
Framingham study showed that type 2 diabetes is associated with approximately a
twofold increase in CAD in men and a fourfold increase in women (41 ). It is also known
that patients with diabetes have the same risk of acute myocardial infarction than
patients without diabetes with a history of previous myocardial infarction, thus all
patients with diabetes have to be considered in secondary prevention for CAD (42).
Mortality from CAD in individuals with diabetes is also higher than in subjects without
diabetes (43).
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As opposed to the clear influence of hyperglycemia in the development of microvas-
cular complications in diabetes, hyperglycemia plays a less strong role in the develop-
ment of macrovascular disease, in particular CAD, as shown by the UKPDS (/0). Thus,
the risk for macrovascular disease in diabetes seems to rely to a considerable degree on
other associated abnormalities, such as hypertension, dyslipidemia, altered fibrinolysis,
and obesity, all components of the insulin resistance syndrome (44). Endothelial dys-
function/activation, detected in most of the clinical abnormalities associated to the
insulin resistance syndrome, is now considered a precocious event in the clinical history
of both micro- and macrovascular complications, contributing to the initiation and pro-
gression of the vascular damage in diabetes.

LOWER EXTREMITY ARTERIAL DISEASE AND DIABETES

The concomitant occurrence of atherosclerotic peripheral vascular disease and
peripheral neuropathy in patients with diabetes is the main factor in the development
of diabetic foot pathology. Although neuropathy has proven the main risk factor for
foot ulceration, peripheral arterial disease of the lower extremities is considered the
major risk factor for lower-extremity amputation and it is also accompanied by a high
likelihood for cardiovascular and cerebrovascular diseases (45). The rate of lower
extremity amputation in the population with diabetes is 15 times that seen in the popu-
lation without diabetes and within 4 years of the first amputation about 50% of con-
tralateral limbs are lost (46,47). Life expectancy is also consistently reduced, as a
result (48).

Although the underlying pathogenesis of atherosclerotic disease in diabetics is simi-
lar to that noted in nondiabetics, there are significant differences. As previously men-
tioned, diabetics have a fourfold higher prevalence of atherosclerosis, which progresses
at a more rapid rate to occlusion. Patients with diabetes present with the sequelae of ath-
erosclerotic disease at a significantly younger age than their counterparts without dia-
betes. Occlusive disease in patients with diabetes has a unique distribution, having the
propensity to occur in the infrageniculate arteries in the calf. The typically affected
arteries are the anterior tibial, posterior tibial, and peroneal. Equally important is the
observation that the arteries of the foot, specifically the dorsalis pedis, are often spared
of occlusive disease. This provides an excellent option for a distal revascularization
target (49).

The clinical presentation of PVD in diabetes is also different because of the coexist-
ence of peripheral neuropathy. In fact, while in patients without diabetes intermittent
claudication—defined as pain, cramping or aching in the calves, thighs or buttocks that
appears with walking exercise and is relieved by rest—is the initial presenting symp-
tom, followed by rest pain, patients with diabetes might not complain of any ischemic
symptom because of the loss of sensitivity or their symptoms can be confused with neu-
ropathic pain. As a consequence, the development of tissue loss (foot ulceration or gan-
grene) might represent the first sign of lower limb ischemia and because of its
limb-threatening potential, it is termed as critical limb ischemia. Therefore, patients
with diabetes with a foot ulcer should always be evaluated for ischemia, irrespective of
their symptoms, particularly for the increased risk of limb-threatening infection and
faulty healing related to PVD (50).
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The observations that pedal vessels are often spared from arterial occlusive disease
had a crucial impact on the manner in which peripheral vascular disease is approached
in the population with diabetes. In the past, based upon the false presumption of small
vessel disease, diabetics were not treated as aggressively with revascularization as is
now standard. A more aggressive attempt to correct the vascular deficit in diabetic
ischemic limbs in addition to more aggressive measures to control local infection has
radically altered the prognosis of peripheral vascular disease in the diabetic extremity.

PRINCIPLES OF ARTERIAL RECONSTRUCTION

Patients with diabetes at risk of lower limb amputation because of the presence of a
peripheral vascular disease are a growing population because of the higher prevalence
of diabetes and to the longer life expectancy of the general population. There is increa-
sing evidence that distal arterial revascularization is effective in preventing major ampu-
tations in the population with diabetes (5/). The indications for limb revascularization
are disabling claudication (not common in patients with diabetes, as previously men-
tioned) and critical limb ischemia (rest pain or tissue loss), refractive to conservative
therapy (52).

Bypass to the tibial or pedal vessels with autogenous veins is the longest experienced
technique. In a series of more than 1000 dorsalis pedis bypasses, 5-year secondary
potency and limb salvage rates were 62.7 and 78.2%, respectively (53). The increased
use of this revascularization option showed to correlate with a decline in the incidence
of all levels of amputations. Dorsalis pedis artery bypass can therefore be performed
with a high rate of success and low morbidity and mortality, certainly equivalent to that
achieved with other lower extremity grafts.

In addition to the traditional approach based on distal bypass surgery, it is gaining
importance in terms of feasibility and effectiveness the less invasive approach by percu-
taneous trasnsluminal angioplasty. This technique allows to dilate also very distal arte-
rial stenosis/obstructions, it can be repeated in case of failure and it allows to spare
peripheral veins which might be used in other vascular districts (i.e., the coronary vas-
cular bed) (54,55). In a recently published series of 933 patients with diabetes (mean
follow-up 26 £ 15 months) in which this revascularization procedure has been used as a
first choice, the 5 years primary patency was 88% (56). Therefore, percutaneous translu-
minal angioplasty as the first choice revascularisation procedure is feasible, safe, and
effective for limb salvage in a high percentage of patients with diabetes.

MACROVASCULAR DISEASE AND DIABETIC NEUROPATHY

Conventional risk factors for macrovascular disease, such as hypertension, raised
triglyceride levels, body mass index, and smoking have been shown to be independent
predictors of the development of diabetic neuropathy (57). The link between these clas-
sical cardiovascular risk factors and diabetic microvascular complications, including
neuropathy is not clear, but the development of atherosclerosis of the lower extremities
might be one possible explanation. Several of the risk factors associated with neuropathy
are also markers of insulin resistance, which is in turn associated with endothelial dys-
function. The latter, as previously discussed, causes tissue functional ischemia and is
believed to be a pivotal factor in the development of diabetic neuropathy.
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It is clear that impaired blood flow and endoneurial hypoxia are the major pathogenic
factors in the development of diabetic peripheral neuropathy. Thus, arterial obstructive
lesions, even occurring at the large vessels of the lower extremities might theoretically
be responsible for nerve tissue damage by limiting adequate endoneurial oxygenation.
This hypothesis was firstly tested by Price more than 100 years ago who detected patchy
areas of nerve degeneration in the posterior tibial nerve trunks as a consequence of
proximal large vessels atherosclerosis (58). More recent studies in patients without dia-
betes with peripheral vascular disease confirm the occurrence of significant demyelina-
tion and axonal degeneration together with an endoneurial microangiopathy (59,60).
Such studies provide support for the role of acute/chronic ischaemic injury resulting in
neuronal death.

The most direct evidence of a strict relationship between lower extremity atherosclero-
sis and diabetic neuropathy is derived from large vessel revascularization studies, which
have shown an improvement in nerve conduction velocity in one but not another study
(61,62). A longer-term follow-up of the latter study did however show that reversal of
hypoxia slows the progression of peroneal nerve conduction velocity deterioration (63).
The efficacy of a number of pharmacological treatments that can achieve a similar effect,
in improving peripheral nerve function has also been tested. In a double-blind placebo-
controlled clinical trial with a vasodilator, Trandalopril, for more than 12 months, peroneal
motor nerve conduction velocity, M-wave amplitude F-wave latency, and sural nerve
amplitude improved significantly (64). Recently, the appropriate blood pressure control in
diabetes trial, aimed to assess the effects of intensive against moderate blood pressure con-
trol with either Nisoldipine or enalapril, failed to show any benefit on the progression of
diabetic nephropathy, retinopathy, and neuropathy (65).

In summary, despite some evidence that tissue hypoxia related to obstructive athero-
sclerotic disease can contribute to the development of peripheral neuropathy, the exact
mechanisms are not known. Furthermore studies will be required to delineate these
mechanisms and the potential of new therapeutic interventions.

CONCLUSION

Changes in the micro- and macrocirculation, both anatomical and functional, con-
tribute to the development of diabetic neuropathy. On the other hand, the development
of diabetic neuropathy also affects the vasodilatory capacity of the microcirculation and
can interfere with the clinical presentation of peripheral obstructive arterial disease.
Thus, the interaction between changes in the vasculature and peripheral nerves is bidi-
rectional and results in changes in both blood flow and neuronal function.
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Clinical Diagnosis of Diabetic Neuropathy

Vladimir Skljarevski and Rayaz A. Malik

SUMMARY

Diabetic neuropathies are among most common long-term complications of diabetes. Clinical
assessment of diabetic neuropathies typically involves evaluation of subjective symptoms and
neurological deficits since an alteration in the former does not necessarily reflect an improvement
in nerve function. A number of clinical symptom and/or deficit scales have been developed for
either mass screening or focused research purposes. The assessment may additionally be quanti-
fied using more or less sophisticated tools. The Semmes-Weinstein monofilaments and graduated
tuning fork can detect patients with advanced neuropathy, while quantitative sensory testing and
nerve conduction studies are much more sensitive to subtle changes in nerve function. Sophisticated
techniques like axon reflex, magnetic resonance imaging and corneal confocal microscopy are
rarely used outside research environment. Recent years have brought a significant progress in
symptomatic treatment of painful diabetic neuropathies. However, an effective treatment of the
underlying pathology is still lacking.

Key Words: Clinical assessment; diabetic neuropathies; clinical trials; symptoms; deficits;
screening tools.

INTRODUCTION

The neuropathies are among the most common of the long-term complications of dia-
betes, affecting up to 50-60% of patients. Progressive loss of nerve fibres might affect
both somatic and autonomic divisions, producing a wide range of symptoms and signs,
which can be assessed using an array of measures, that differ when used for screening
as opposed to detailed quantification for research or when assessing the benefits of ther-
apeutic intervention. For the latter, two major types of end point are utilized: (1) those
which assess symptoms for defining efficacy in painful diabetic neuropathy and (2)
those which assess neurological deficits. An alteration in symptoms does not necessar-
ily reflect an improvement in nerve function. Furthermore, tests which might accurately
detect structural repair on repeat nerve or skin biopsy might not necessarily translate to
improved neuronal function and vice versa. Thus, although there is considerable enthu-
siasm to develop new therapies for both symptoms and deficits, the criteria used to
determine therapeutic efficacy are varied and lacking consensus.
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Edited by: A. Veves and R. Malik © Humana Press Inc., Totowa, NJ
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CLINICAL SYMPTOMS

Symptomatic diabetic neuropathy might affect 30—40% of diabetic patients with neu-
ropathy. The most commonly reported symptom is pain in the distal extremities, in the
legs more than in the arms with nocturnal exacerbation. Patients report deep aching
pain, a burning feeling, sharp “shock-like” pain, or a more constant squeezing sensation
(pressure myalgia). These symptoms are called positive sensory symptoms because of
apparent “hyperactivity” of nerves and perceived as a presence of something that is nor-
mally absent. Negative sensory symptoms include ‘“numbness,” “wooden, rubber, or
dead feet” feeling and commonly used descriptors are “a wrapped feeling,” “retained
sock feeling,” “cotton wool under soles,” and so on. Hyperalgesia and allodynia are also
prominent elements of the neuropathic sensory symptom complex and are defined as
hypersensitivity to a normally mild painful stimulus and painful sensation evoked by a
normally nonpainful stimulus, respectively. In the vast majority of patients both positive
and negative sensory symptoms coexist but they are typically picked up only by systematic
questioning, as spontaneous reporting tends to favor the positive symptoms.

Because current treatments of painful diabetic neuropathy display limited efficacy
and a troublesome side effect profile it forms a major target for clinical trials of patients
with diabetic neuropathy (/). However, many patients have difficulty in describing their
symptoms accurately and consistently, and many of the symptom questionnaires do not
necessarily capture all of the many attributes of symptomatic diabetic neuropathy. Thus,
a range of symptom questionnaires are available to record symptom quality and sever-
ity, many of which have been imported from pain states in general, and are therefore not
specific to diabetic neuropathy. Although the most common outcome measure of pain
response is the 11-point Likert scale, many other measures are used and there is no gold
standard (Table 1) (2—14).

Moreover, there is no accepted cutoff for a level of pain response, which might be
deemed clinically significant, with most studies accepting responses ranging from 30 to
50%, knowing that there is about 20-30% placebo response. To assess and compare ther-
apeutic response between different drugs, responder rates should be considered across a
range of responses from 30 to 90%. Limited head-to-head studies make comparison of rel-
ative efficacy between different therapies impossible. This compels us to develop a uni-
form, validated, and internationally accepted tool to quantify painful diabetic neuropathy.

Many of the drugs for painful diabetic neuropathy can result in significant side
effects, particularly at higher doses. Therefore, in any clinical trial, adverse effects,
maximal tolerated doses, mood, and quality of life should be evaluated as secondary
outcome measures. This is particularly important in a “real world” scenario as opposed
to a clinical trial in which treatment is often stopped by the patient or switched by the
physician as a result of adverse effects.

To try and standardize and compare treatment efficacy with safety, the number-
needed-to-treat (NNT) (reciprocal of the absolute risk reduction) for one patient to
achieve at least 50% pain relief should be calculated in addition to the relative risk (RR)
and number-needed-to-harm for adverse effects and drug-related study withdrawal.
Eventhough the proposed approach is more systematic it is not without its problems par-
ticularly when combining different studies. Variable durations and numbers of patients
in different clinical trials limit the usefulness of a summated analysis and extrapolation
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Table 1
Variety of Outcome Measures Used in Epidemiological and Interventional Studies
of Painful Diabetic Neuropathy

Outcome measure Study
Neuropathy symptom score 2,3
Simple visual analog or verbal descriptive scales 4,5
Brief pain inventory 6
Mean daily pain intensity 7
Short-form McGill Pain Questionnaire

Weekly mean pain scores 8
Sleep interference scores

Visual analog pain intensity 9
Visual analog pain relief

Clinical global impression-severity of illness 9

Clinical global impression-improvement
Patient global rating of pain relief

NeuroQoL 10
0-100 mm visual analog scale and a 0—10 Likert scale 11
50% reduction in the 24-h average pain score 12
Mean pain score, sleep interference, past week and 13

present pain intensity, sensory and affective pain
scores, and bodily pain
Total symptom score 14

to an “average” duration or population size. There are also basic mathematical con-
straints, i.e., it is not appropriate to calculate confidence intervals in crossover studies,
and the mean NNT for several studies is actually the reciprocal of the arithmetic mean
of the individual weighted absolute risk reductions and not the average of all weighted
NNT’s. If the end points move in the same direction for both placebo and drug, NNT’s
might be overestimated. Finally, the validity of meta-analyses should be questioned if
the reduction in RR exceeds 20% between studies.

Use of the aforementioned methods with an awareness of their caveats might ensure
that treatment on a robust evidence base is advocated as opposed to the current situa-
tion, where a number of national and international guidelines still recommend tricyclic
antidepressants as first line treatment for painful diabetic neuropathy. This is despite the
fact that studies assessing the efficacy of amitriptyline are limited to five small clinical
trials with heterogeneous patient groups, end points and analyses, which have never
enabled it to secure an indication for diabetic neuropathy (7).

CLINICAL DEFICITS

A number of scoring systems have been proposed to quantify clinically neurological
deficits and hence, define the presence and severity of neuropathy. This approach was
originally pioneered by Dyck et al. (15) in the Mayo Clinic who described the neuropathy
disability score (Mayo NDS). A comprehensive evaluation of muscular strength in the
face, torso and extremities, reflexes of the upper and lower extremities and sensation to
pain, vibration, and joint position at the index finger and great toe scored on a scale of
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Table 2
Modified Neuropathy Disability Score

Neuropathy disability score Right Left

Vibration perception threshold
128-Hz tuning fork; apex of big toe: Normal = 0
normal = can distinguish vibrating/not Abnormal = 1
vibrating
Temperature perception on dorsum of the foot
Use tuning fork with beaker of ice/warm water
Pin-prick
Apply pin proximal to big toe nail just
enough to deform the skin;
trial pair = sharp, blunt;
normal = can distinguish sharp/not sharp
Achilles reflex Present = 0
Present with
reinforcement = 1
Absent =2
NDS Total out of 10

0—4 produces an accurate and reproducible measure of the severity of diabetic neuropa-
thy (16). However, because it should be performed by well-trained neurologist who can
accurately evaluate muscle strength and grade the severity of sensory deficits, it renders
it a useful research tool but limits its role in daily clinical practice. A modified NDS first
described by Young et al. (/7) can be performed by a nonspecialist and provides a sum
of the sensory and reflex deficits totalling 28. The sensory score is derived from an eval-
uation of pain (pin prick), touch (cotton wool), cold (tuning fork immersed in icy water),
and vibration (128 Hz tuning fork), graded according to the anatomical level at which
sensation is impaired (no abnormality [0], base of toes [1], midfoot [2], ankle [3], mid-
leg [4], knee [5]). The average of both feet for each modality is calculated and the sum
of all four deficits represents the sensory score. The reflex score is derived from the knee
and ankle reflexes (normal O, elicited with reinforcement 1 and absent 2). A score from
1 to 5 represents mild, 6-16 moderate, and 17-28 severe neuropathy. A furthermore
simplification of the NDS is provided by a tool which takes only a minute or so to
complete and ranges from zero (normal) to 10 (maximum deficit score) indicating a com-
plete loss of sensation to all sensory modalities and absent reflexes (/8) (Table 2). Of
direct clinical relevance a NDS score of more than 6/10 predicts the risk of foot ulcera-
tion better than the monofilament and was found to be second only to past or present his-
tory of ulceration (/9). Alternative methods to diagnose and stage diabetic neuropathy on
an out-patient basis include the Michigan Neuropathy Screening Instrument, which con-
sists of 15 “yes or no” questions for symptoms related to sensation, general asthenia, and
peripheral vascular disease in addition to inspection of the foot, assessment of vibration
sensation, and ankle reflexes (20). Those with an abnormal Michigan Neuropathy
Screening Instrument score undergo a more detailed evaluation, the Michigan Diabetic
Neuropathy Score, which involves assessment of vibration perception thresholds, pain,
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Table 3

Toronto Clinical Neuropathy Scoring System

Symptom scores Reflex scores Sensory test scores
Foot Knee reflexes Pinprick

Pain Ankle reflexes Temperature
Numbness Light touch
Tingling Vibration
Weakness Position
Ataxia

Upper-limb symptoms

Symptom scores: present, 1; absent, 0.

Reflex scores: absent, 2; reduced, 1, normal, O.
Sensory test score: abnormal, 1; normal, 0.

Total scores range from normal 0 to Maximum of 19.

light touch, 10 g monofilament, and nerve electrophysiology that are scored and graded
into normal, mild, moderate, or severe neuropathy. More recently the Toronto clinical
scoring system (Table 3) has been validated against neurophysiological and pathological
deficits obtained on sural nerve biopsy (21). It is weighted to emphasize sensory symp-
toms and deficits as opposed to motor deficits, which is a criticism of the original NDS
(15). Thus, patients are questioned as to the presence or absence and characteristics
(burning, stabbing, or shock-like) of neuropathic pain, numbness, tingling, and weakness
in the feet; the presence or absence of similar upper-limb symptoms; and the presence or
absence of unsteadiness on ambulation. Sensory testing is performed on the first toe and
rated as normal or abnormal while knee and ankle reflexes are graded as normal, reduced,
or absent.

Clinical Screening Devices

The Semmes—Weinstein monofilament, graduated Rydel-Seiffer tuning fork, tactile cir-
cumferential discriminator, and Neuropen (Fig. 1) can detect those at risk of ulceration (18).
However, their ability to detect mild neuropathy and minimal change is limited and there-
fore, they should not be used in clinical trials to determine treatment efficacy.

Quantitative Sensory Testing

Formal quantitative sensory testing (QST), where the intensity and characteristics of the
stimuli are well-controlled, and where the detection threshold is determined in parametric
units that can be compared with established “normal” values is essential for accurate
quantification of neuropathy. It allows:

1. Serial standardized evaluations at multiple body sites;

2. Accurate control of stimulus characteristics in a wide dynamic range;

3. Assessment of multiple sensory modalities; and

4. Comparison of individual test results with normative databases, and is noninvasive.

The main disadvantages are: (1) lack of objectivity and (2) the examinee’s
response, which depends on their cooperation and concentration as well as expecta-
tions (/8). QST measures of vibration using the Biothesiometer or Neurothesiometer
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Fig. 1. Using the Neuropen to establish risk of foot ulceration.

(Fig. 2), thermal and pain thresholds, have proven valuable to identify diabetic
patients with subclinical neuropathy (/8), track progression (22), and predict those
“at risk” for foot ulceration (23). Thus, a consensus subcommittee of the American
Academy of Neurology have stated that “QST testing for vibratory and cooling
thresholds receives a Class Il rating as a diagnostic test. Further, QST is designated as
safe, effective, and established, with a type B strength of recommendation. Thus, QST
is accepted and has been used as a primary end point in several recent clinical trials
of diabetic neuropathy (25,26); however, QST is unacceptable as the sole criteria to
define diabetic neuropathy” (24).

Electrophysiology

Attributes of nerve conduction are reliable, reproducible, and form objective pri-
mary outcome measures in trials evaluating pharmaceutical treatment of diabetic
peripheral neuropathy. However, they must be performed in triplicate samples and by
trained individuals, as a recent study has demonstrated a sixfold difference in the
ability to detect polyneuropathy (11.9% by neurologists to 2.4% by podiatrists) (27).
Furthermore, maximal nerve conduction velocity (NCV) only reflects a limited aspect
of neural activity of a small subset of large diameter and heavily myelinated axons and
is insensitive to early functional alterations such as a reduction in Na*/K* ATPase
activity (28). Despite these obvious limitations multiple consensus panels have recom-
mended the inclusion of whole nerve electrophysiology (e.g., NCV, F-waves, sensory,
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Fig. 2. Using the Neurothesiometer to establish the vibration perception threshold in a
diabetic patient with established neuropathy.

and/or motor amplitudes) as surrogate measures in multicentre clinical trials of human
diabetic neuropathy (29).

NCcvV

The principal factors deemed to influence NCV are: the integrity and degree of
myelination of the largest diameter fibres; the mean axonal cross-sectional diameter; the
representative internodal distance, and the distribution of nodal ion channels. Although
demyelination can produce a profound deficit in NCV, it has been proposed to play only
a minor role in slowing of NCV in diabetic peripheral neuropathy (DPN) (30). It has
been suggested that the initial structural deficit responsible for NCV slowing is likely a
diminished “length constant” of large diameter axons because of axonal atrophy.
However, in a recent study of 57 patients with diabetes an amplitude-independent slow-
ing of NCV supported the occurrence of demyelination (3/7). Furthermore, our recent
study in patients with diabetes with early neuropathy demonstrated significant paran-
odal demyelination and remyelination with no evidence of axonal atrophy (32).

To establish a perspective on the expected rate of decline in NCV and the factors
which might influence it, it is important to analyze in detail the results from several
published studies. In the Diabetic Control and Complications Trial (type 1 diabetes)
the sural and peroneal nerve velocities in the conventionally treated group diminished
by 0.56 and 0.54 m per second per year, respectively, for 5 years (33). In a prospective
8 year study of 45 type 1 diabetic patients a 1% rise in HbAlc was associated with a
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1.3 m per second decrease in maximal nerve conduction velocity (34). In patients with
type 2 diabetes a lower rate of decline was observed in a 10-year natural history study
of 133 patients with newly diagnosed type 2 diabetes in which NCV deteriorated by
0.39 m per second per year in the sural and 0.3 m per second per year in the peroneal
nerves (35). Recently, some composite scores of nerve conduction and selected indi-
vidual attributes of nerve conduction have been shown to be superior to symptoms or
quantitative sensation when assessing a worsening of early neuropathy (36). A part of
the alteration in NCV might well depend on nodal ion channel function as opposed to
frank structural alterations such as demyelination and axonal atrophy. Recently, the rel-
atively new technique of threshold tracking which measures nodal ion channel func-
tion has shown that reduced nodal/paranodal potassium currents are related to
glycemic control (37). This technique might well be used in the future together with
standard NCV assessment to define therapeutic responses.

Amplitude

Peak amplitude of either the sensory response sensory nerve action potential (SNAP)
or the compound muscle action potential (CMAP) reflects the number of responding
fibres and the synchrony of their activity. A strong correlation (r = 0.74; p < 0.001)
between myelinated fibre density and whole nerve sural amplitude in DPN (38) has been
previously demonstrated. Others have shown that a change of 1 LV in sural nerve SNAP
is associated with a decrease of approximately 150 fibers/mm? and a loss of 200
fibres/mm? is associated with an approximate 1 mV reduction in the mean amplitude of
the ulnar, peroneal, and tibial nerves CMAP (39). In a longitudinal study of patients with
type 2 diabetes an approximate 5% per year loss of SNAP has been demonstrated (35).

F-Waves

F-Waves detect any abnormality in the antidromic conduction of the compound
neural volley to the ventral spinal cord, the activation of a subpopulation of spinal
motor neurons, the orthodromic conduction of the newly established volley, and the
postsynaptic activation of muscle fibres in the innervated muscle. The “long-loop”
nature, of this measure increases the sensitivity to detect factors that alter the speed
of conduction, which might be widely distributed along a nerve. Thus, a subtle change
affecting each node might not be detected in measures focused on an isolated distal
segment, but might accumulate and become evident in the long latency F-wave
response. F-wave latency has been shown to be the most reproducible measure in
nerve conduction studies of diabetic polyneuropathy (40). Although minimal latency
is the most frequent measures of F-wave activity, the addition of chronodispersion,
duration, persistence, and amplitude might add sensitivity to detect an abnormality in
slower conducting axons (41/).

Distribution of Velocities

The fusion of a collision technique with an analysis of the distribution of conduction
velocities has proven to be valuable in exploring the effects of DPN on slower fibres
(42). Using a computer-assisted collision procedure with an assessment of velocities in
slower conducting fibres, subclinical neuropathy was detected in 58% of subjects com-
pared with only 11% of subjects using standard electrophysiology (42).
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Table 4
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Frequency of Detection and Sensitivity and Specificity for Detection
of Diabetic Polyneuropathy

Frequency of diabetic

polyneuropathy

Specificity

NIS (LL) + seven tests
NIS (LL)
Abnormal ankle reflex
Abnormal vibration
sensation (tuning fork)
VPT
More than two
abnormal tests
More than two abnormal
tests and NC abnormal
More than two nerves
with NC abnormal
More than one nerve
with NC abnormal
NIS (LL) + VDT

58/195 =29.5%
58/195 =29.5%
48/195 = 24.6%
15/195 =7.7%

15/195 =7.7%
73/195 = 37.4%

112/195 = 57.4%

59/195 =30.3%

112/195 = 57.4%

28/195 = 14.4%

Sensitivity
58/58 = 100%
40/58 = 69%

35/58 = 60.3%
10/58 = 17.2%

15/54 = 27.8%
51/58 = 87.9%

54/58 =93.1%

47/58 = 81%

54/58 =93.1%

27/54 = 50%

137/137 = 100%
119/137 = 86.9%
124/137 = 90.5%
132/137 = 96.4%

141/141 = 100%
115/137 = 83.9%

79/137 = 57.7%

125/137 =91.2%

79/137 = 57.7%

140/141 = 99.3%

(abnormal at 99th
percentile)

COMPOSITE SCORES

The reproducibility of the different measures of neuropathy and interobserver agree-
ment varies markedly between tests. This leads to the situation where the analysis for a
clinical trial produces some results which are found to be significant whereas others are
not, yet they might be assessing the same modality. To overcome this, Dyck and cowork-
ers (43) pioneered composite scores such as the NDS and later the neuropathy impair-
ment score (NIS). This allows an assessment of an alteration in function of several
classes of nerve fibres, all of which are likely to be affected by diabetes. In the Rochester
longitudinal study the NIS [LL] + 7 (vibration perception threshold [VPT] great toe, R—R
variation to deep breathing, peroneal motor nerve conduction velocity, CMAP, and motor
nerve distal latency, tibial motor nerve distal latency, and sural SNAP) have been shown
to be 100% sensitive and specific in comparison with an abnormal VPT, which had a
sensitivity of 27.8% (Table 4). Based on the findings of the Rochester study (43), a
treatment effect of two points in NIS is deemed clinically meaningful. Therefore, to
achieve a power of 0.90, about 140 patients need to be randomized to active and placebo
arms for at least 2 years to detect a statistically significant difference at p = 0.05.
However, if the primary end point is prevention of progression then the duration of the
trial needs to be extended to about 4 years. A significant shortcoming of such compos-
ite scores arises when assessing the therapeutic benefits of agents which target a sub-
class of nerve fibres, e.g., NGF and C-fibres, where ideally one should focus on a small
fibre abnormality (44).
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OTHER METHODS OF ASSESSMENT
Axon Reflex

Capillary dilatation because of an injury response (caused by histamine and other
mediators of vasodilatation released from damaged tissues) can be captured as a red
flare as a result of arteriolar dilatation through a local axon reflex. The axon reflex
might be elicited by stimulation of pain nerve fibers (45) or through iontophoresis of
acetylcholine, which mediates the release of nitric oxide through the axon reflex (46).
A recent study has used heating the skin to 44°C to evoke the flare (LDIflare) and
assessed it using a laser Doppler imager to show that it demonstrates C-fibre dysfunc-
tion before it can be detected by CASE IV (47).

Nerve Biopsy

Nerve biopsy, typically of the sural nerve has been used for many years in the study
of peripheral neuropathy, particularly when the etiology is unclear or in patients with dia-
betes with atypical neuropathies (48). However, this is an invasive procedure with rec-
ognized sequelae, which might include postoperative pain at the site of biopsy, sensory
deficits in the nerve distribution and allodynia, particularly in diabetic patients (49). A
number of morphological parameters including myelinated fibre density, regenerative
cluster density, axonal atrophy, and axo-glial dysjunction have been used as morpholog-
ical end points to determine treatment efficacy (50,51). However, the need to repeat
contra-lateral nerve biopsy and questions on the utility and reliability of the methods
used to evaluate axo-glial dysjunction and axonal atrophy has posed serious questions
regarding its use as an end point in any future trials of human diabetic neuropathy.

Skin Biopsy

An alternative less invasive technique of a 3-mm skin biopsy enables a direct study of
small nerve fibres and has been proposed for use in clinical trials (52). Although a number
of neuronal markers including neurone-specific enolase and somatostatin have been used
to immunostain skin nerves, protein gene product-9.5 has proven to be the best cytoplas-
mic axonal marker. To define alterations in the most distal nerves and hence those likely to
sustain the earliest damage, 50 wm formalin-fixed frozen sections have been used to visu-
alize and quantify intraepidermal nerve fibres (IENF) density, as number/length of epider-
mis in idiopathic sensory neuropathy and in patients with impaired glucose tolerance
(53,54). A recent study used a new morphometric modification to assess nerves per epi-
dermal area, which correlated highly (r = 0.945) with the accepted gold standard assess-
ment of nerves per epidermal length (55). This method appears reproducible, diagnostically
sensitive, less time-consuming than IENF-counting, and might be adopted in any labora-
tory familiar with basic immunohistochemical methodology for protein gene product-9.5
staining (55). It has been proposed that the rate of epidermal nerve fibre regeneration before
and after intervention could be utilized as an end point in clinical trials (56).

Magnetic Resonance Imaging

Magnetic resonance imaging has been used to demonstrate that patients with DPN
have a lower cross-sectional spinal cord area than healthy controls in the cervical and
thoracic regions (57). However, progression or regression of this abnormality has not
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been evaluated in prospective studies, and therefore, the potential for its use as an end
point in clinical trials of human diabetic neuropathy remains to be established.

Corneal Confocal Microscopy

The cornea is the most densely innervated part of the human body containing Ad and
unmyelinated C-fibres and derives its innervation from the ophthalmic division of the
trigeminal nerve. Corneal confocal microscopy (CCM) permits sequential observations
of the corneal subbasal nerve plexus comparable or even superior to that obtained with
histopathological examination (58). CCM detects significant alterations in corneal
nerve fibre density, branching, and tortuosity in patients with mild diabetic neuropathy
and these alterations relate to the severity of somatic neuropathy (59,60) (Fig. 1).
Furthermore, in a recent prospective study corneal nerve fibre density has been shown to
improve with improved glycemic control (67). Therefore, the ability of CCM to define
the extent of nerve damage and repair cross-sectionally but also longitudinally in patients
with diabetes appears significant. In particular the noninvasive and hence, reiterative
facility of CCM provides a means of expediting drug development programmes of ther-
apies deemed to be beneficial in the treatment of diabetic peripheral neuropathy (Fig. 3).

Assessing Risk of Ulceration

At present there is no effective treatment for neuropathy therefore, the focus of
defining those with neuropathy should be on those who have a significant risk of foot
ulceration. The methods used for this purpose must be rapid, simple, and predict ulcer-
ation. In a recent study of 2022 diabetic subjects and 175 nondiabetic control subjects,
“peripheral polyneuropathy” was diagnosed by assessing VPT at the tip of both great
toes using a Rydel-Seiffer 128-Hz tuning fork and a neurothesiometer, abnormal 10-g
monofilament test, and the presence of neuropathic symptoms. 5.2% of patients with
diabetes had an abnormal vibration test, of whom 66.7% had an abnormal monofila-
ment response and 68.6% had a missing Achilles’ tendon reflex. But those with an
abnormal tuning fork test had a significantly higher vibration perception threshold
(32 +/- 9.8 vs 12.5 +/- 6.4 V), which would be consistent with defining those at risk
of ulceration. Thus, it would appear that the simple tuning fork was a useful screening
test for those at risk of ulceration rather than diabetic neuropathy as concluded by the
authors (62). The predictive value of defining vibration perception threshold was estab-
lished more than 10 years ago in a large prospective study, which showed that a VPT >25
effectively predicted the risk of foot ulceration in diabetes (63). In a multicenter
prospective follow-up study to determine which risk factors in foot screening have a
high association with the development of foot ulceration, 248 patients underwent an
assessment of the neuropathy symptom score, NDS, VPT, Semmes—Weinstein
monofilaments, joint mobility, peak plantar foot pressures, and vascular status at base-
line and every 6 months for a mean period of 30 months (range 6—40) (64). Foot ulcers
developed in a high proportion (29%) of patients suggesting they were all extremely at
high risk. They were more frequently men, had a longer duration of diabetes, nonpal-
pable pedal pulses, reduced joint mobility, higher NDS, higher VPT, and an inability
to feel a 5.07 monofilament. The NDS alone had the best sensitivity, whereas the
combination of the NDS and the inability to feel a 5.07 monofilament reached a sen-
sitivity of 99% (64).
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Fig. 3. Corneal confocal images showing loss of corneal never fibres in diabetic neuropathy.
(A) Confocal image of a control subject with many corneal nerves (—). (B) Diabetic patient with
neuropathy and only one corneal nerve fibre (—).

To determine the incidence of, and clinically relevant risk factors for new foot ulcer-
ation in a large cohort of patients with diabetes in the community healthcare setting,
9710 patients with diabetes underwent an assessment of the neuropathy symptom score,
NDS, sensitivity to the 10 g monofilament, foot deformities, and peripheral pulses at
baseline for 2 years in six districts of North-West England (/9). The annual incidence
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of new foot ulcers was 2.2% and the following factors independently predicted new foot
ulcer risk: ulcer present at baseline (RR [95% confidence interval]) 5.32 (3.71-7.64),
past history of ulcer 3.05 (2.16—4.31), abnormal NDS (=6/10) 2.32 (1.61-3.35), any pre-
vious podiatry attendance 2.19 (1.50-3.20), insensitivity to the 10 g monofilament 1.80
(1.36-2.39), reduced pulses 1.80 (1.40-2.32), foot deformities 1.57 (1.22-2.02), abnor-
mal ankle reflexes 1.55 (1.01-2.36), and age 0.99 (0.98-1). Thus, the study recom-
mended that the NDS, 10 g monofilament and palpation of foot pulses be used as
screening tools in general practice (19).

Best Methods for Clinical Trials

Methodological issues of paramount importance for success of any DPN trial are: (1)
population selection, (2) end points, (3) study duration, and (4) confounding factors.

Population Selection

Because DPN is a complex disease of multifactorial etiology, a randomly chosen
population of patients with this condition are likely to be heterogenous not only with
respect to the form and severity of neuropathy but also with respect to the type of dia-
betes and other risk factors for neuropathy (22). Therefore, to detect a significant drug
effect in such a population large numbers of patients and/or impractically long study
durations are required. Additionally, DPN evolves from a stage of subclinical alteration
with early neurophysiological dysfunction (36) to eventual significant clinical and
pathological deficits (43). It is reasonable to assume that any therapeutic intervention is
likely to be more beneficial earlier in the course of the disease. For the purpose of a clin-
ical trial, patients with clinical stage 1 or 2a should be targeted. Those with more
advanced disease—stage 2b and, especially, stage 3, are less likely to respond to any
given therapeutic intervention. Furthermore to limit variability in the assessment of neu-
ropathy because of the involvement of multiple examiners participating in a multicen-
ter trial, it is desirable to establish entry criteria, such as nerve conduction attributes or
quantitative sensory tests to optimize homogeneity. To eliminate the possible effects of
glycemic control over the duration of the trial it is important to have a run-in period
reserved for optimizing glycemic control and eliminating those who are unable to
achieve acceptable levels of HbA1C (i.e., 9%). Because patients with type 1 and type 2
diabetes differ considerably in demographic characteristics, comorbidities, concomitant
medication, and incidence of neuropathy, proper stratification techniques, and/or study
analysis methods are necessary. Regarding neuropathy itself, patients not experiencing
steady levels of symptoms and signs for at least 6-12 months should be excluded and
the adjustment should be done for the duration of both diabetes and neuropathy. This
approach is desirable but might limit recruitment. An effective compound will only suc-
ceed if a fair balance is established for study entry criteria that reflect the population
with diabetic neuropathy in general.

End Points

Ideally, the end points should be clinically relevant, such as the development of clin-
ically manifest neuropathy or progression of existing neuropathy to the point of an
insensate foot or foot ulceration. However, because of the natural history of the disease,
use of such endpoints makes studies prohibitively long, expensive, and potentially obsolete.
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Thus, one has to rely on surrogate end points, which by definition exhibit a causal rela-
tionship with the clinical outcome and are laboratory measurements or physical signs
which can be measured rapidly with good sensitivity and specificity.

Study Duration

The duration of the trial needed to demonstrate a difference in outcomes between active
and placebo groups is directly dependent on the desired statistical power of the study and
relative success rates observed in both groups. This success rate will depend on the sever-
ity and evolution of change in the chosen end point and the duration of treatment. In
patients with mild neuropathy, using outcome measures such as nerve conduction studies
(NCS) and QST, it might take 3-5 years to demonstrate a clinically meaningful difference.
If clinical signs of neuropathy or composite scores consisting of signs, NCS and QST are
being used, it has been postulated that the trial should recruit at least 68 patients per treat-
ment arm and should last 3.7 years (43). If however, one chooses a hard end point like the
annual incidence of foot ulceration then approximately 3000 patients are required in 5
years (65).

Confounding Factors

First, the phenomenon of “regression to the mean” is particularly relevant to trials of
symptomatic human diabetic neuropathy. Thus, patients who enroll in a trial might do
so when their symptoms are at their peak. Because the natural history of painful diabetic
neuropathy is one of spontaneous improvement then the next assessment after being
randomized, irrespective of treatment benefit is biased toward an improvement. Second,
the placebo effect might play a significant role, especially as this might be higher than
the conventionally quoted 20-30% particularly in painful diabetic neuropathy.

CONCLUSION

Progress has been made in the development of more effective treatments for painful
diabetic neuropathy in the last 5 years. The improved clinical trial design, use of clinically
relevant end points with drugs that have plausible pharmacological mechanisms and
hence greater efficacy with lesser side effects, has led the FDA to approve pregabalin and
duloxetine for painful diabetic neuropathy in 2005. Positive data have also been pub-
lished for acetyl-L-carnitine (5/), o-lipoic acid (/4), and C-peptide (66) for symptoms
and some deficits in patients with diabetic neuropathy. Long-term data for the benefits of
a-lipoic acid in relation to nerve function should be available by 2006/2007. Although
two recent phase-3 clinical trials with the protein kinase-C B-inhibitor, ruboxistaurin,
have failed to improve neuropathic symptoms the Phase-3 trial to define the effects on
nerve function continues and is because of report in 2008. A number of phase-2 and -3
studies are planned or are underway with new agents both for symptomatic neuropathy
(NMDA receptor antagonists) and to improve deficits (aldose reductase inhibitor’s).
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Punch Skin Biopsy in Diabetic Neuropathy

Michael Polydefkis, MD

SUMMARY

Measurement of unmyelinated C and A delta nociceptors through punch skin biopsy has been
an important development in diabetic peripheral neuropathy over the past decade. The technique
provides an objective pathological window into a population of fibers that is invisible to standard
electrophysiological techniques and as a result has been difficult to investigate. Clinically, the
punch biopsy technique is most often used to define a length-dependent peripheral neuropathy,
but can also be used to follow patients longitudinally over time. Epidermal nerve fibers are often
lost early in diabetes or impaired glucose tolerance and can be the only objective measure of neu-
ropathy in these patients. The accessibility of cutaneous nerve fibers has also given rise to several
nerve injury paradigms from which regeneration can be efficiently measured. The chapter will
review the skin biopsy technique and recent findings with respect to diabetes.

Key Words: Epidermal nerve fiber; nociceptor; skin biopsy; regeneration.

INTRODUCTION

This chapter describes the skin biopsy and skin blister technique and their role in the
evaluation of unmyelinated nerve fibers in skin biopsies from patients with diabetes and
impaired glucose tolerance. These techniques are a reliable and reproducible means of
assessing C-fiber nociceptors. Historically, pathological examination of these fibers has
been limited to nerve biopsies, primarily of the sural nerve. The invasive nature of these
biopsies, the insensitivity to detect small degrees of unmyelinated nerve fiber loss, and
the wide range of normal values all limited assessment of this population of fibers.
Further complicating interpretation of nerve biopsies is the difficulty to discern differ-
ences between somatic and autonomic small caliber unmyelinated nerve fibers.
Clinically, these fibers are “invisible” because nerve conduction testing assesses only
myelinated large sensory and motor fibers. These limitations and the observations that
individuals with sensory neuropathies have spontaneous acral neuropathic pain with
allodynia led investigators to seek alternative means to assess this population of nerve
fibers, and skin biopsy/blister has emerged as a result.

Early studies of epidermal innervation focused on the density and distribution of
Meissner’s corpuscles (1,2). The availability of antibody to protein gene product (PGP)
9.5, a neuronal ubiquitin hydrolase, rapidly led to sensitive immunohistochemical tech-
niques to visualize nerve fibers in the skin (3). Epidermal innervation has received the
most attention although myelinated fibers and autonomic fibers innervating sweat
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glands or arrector pili muscles in the deep dermis can also be assessed (4-6). Epidermal
fibers represent nociceptors and include both C and AJ fibers. Robust normative data
have been developed (7,8) and a distal predominant pattern of nerve fiber loss has been
demonstrated in several conditions including diabetes, HIV, and idiopathic small fiber
neuropathies (9). Less marked reductions in epidermal nerve fiber density as well as
morphological changes such as prominent nerve fiber swelling are often present at more
proximal and even asymptomatic sites (9).

The association between neuropathic pain and epidermal nerve fiber loss is coun-
terintuitive as nerve fiber loss is generally associated with the absence of sensation.
Neuropathic pain has been correlated with epidermal nerve fiber loss in small fiber
sensory neuropathy, post herpetic neuralgia (PHN), HIV-SN, and diabetes (9-12).
There are several explanations for this apparent paradox. The distal ends of nerve
fibers that have withdrawn from the epidermis may act as sensitized nociceptors with
reduced thresholds to noxious stimuli (hyperalgesia). Alternatively, spontaneous pain
may result from ectopic discharges in peripheral nociceptors. Finally, central changes
such as sprouting of injured Ad fibers from deep dorsal horn lamina into superficial
lamina or changes in descending modulatory pathways may result in innocuous periph-
eral stimulation being misinterpreted as painful.

Nerves innervating the skin arise within the dorsal root and sympathetic ganglia. As
they project toward the skin surface, myelinated fibers branch off to innervate sweat
glands, Meisner’s corpuscles, and Merkel complexes. Similarly, autonomic fibers enve-
lope sweat glands in a dense matrix of fibers, whereas arrector pili are innervated in a
characteristic striated pattern (Fig. 1). Hair follicles are innervated by both myelinated and
unmyelinated fibers with specialized nerve endings at the base of the hair shaft.
Unmyelinated sensory fibers consist the majority of dermal fibers and project vertically to
the subepidermal dermis where they form a horizontally oriented nerve fiber plexus. From
this plexus, branches project toward the skin surface penetrating the dermal-epidermal
junction. The fibers lose their Schwann cell ensheathment as they enter the epidermis and
extend between keratinocytes and Langerhans cells and project toward the stratum
corneum as free nerve endings. During embryogenesis, nerve growth factor (NGF)
expression within the epidermis is responsible for neuronal survival and targeted growth
into the skin (/3). Later in development, roughly half of these fibers lose their respon-
seiveness to NGF, becoming dependent on glial derived neurotrophic factor (GDNF).
NGF-dependent cutaneous nerve fibers respond to noxious stimuli and express neuropep-
tides including calcitonin gene related product (CGRP) and SP, whereas GDNF depend-
ent fibers bind the Griffonia lectin IB4 and express thimidine monophosphate and P2X3
but generally not CGRP or SP. Axons from NGF responsive neurons express the high-
affinity NGF receptor TrkA as well as the low-affinity receptor p75. GDNF responsive
neurons express c-Ret as well as other markers. Abnormalities in both NGF and GDNF
have been implicated in the pathogenesis of diabetic neuropathy.

SELECTION OF BIOPSY SITE AND PROCESSING TECHNIQUE

Generally, skin biopsies are very well tolerated and result in negligible scarring in
individuals without a predilection to keloid formation. Discoloration at the biopsy site
tends to be more prominent among darker pigmented individuals. The rate of infection
even among neuropathic populations is small, approximately 1:500. Biopsy sites
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Fig. 1. Example of innervation of dermal appendages. Examples of dermal appendages
stained with PGP 9.5. (A) Sweat gland from a normal control that is robustly innervated. (B)
Denervated sweat gland, as evidenced by the relative paucity of PGP 9.5 staining. (C) Example
of a normally innervated arrector pili muscle. (D) Example of a denervated arrector pili muscle
from a distal leg biopsy in a patient with small fiber neuropathy. From ref. 43.

generally heal through a process of granulation without a need for cautery of suturing.
Selection of the biopsy site depends on the clinician’s intent. If the intent is to diagnose
small fiber neuropathy, the availability of normative data is important. These data are
available for several locations in the lower extremity by different processing techniques
and to a lesser extent in the arm (7,8). Areas of trauma or where scar formation is pres-
ent should be avoided as these can artificially lower epidermal nerve fiber densities. In
general, a distal location where there are abnormalities on examination, particularly
decreased sensibility to pin prick or thermal sensation, or where the patient has symp-
toms is best. Biopsies from the dorsum of the foot, distal, or proximal calf often have
reduced nerve fiber densities or are denervated altogether in patients with neuropathy.
In our experience, sites within the foot are prone to trauma and this can limit interpre-
tation of the biopsy. In addition, sites within the foot are more prone to infection and for
these reasons the distal leg for a caudal biopsy site is prefered. Additional biopsies from
more proximal locations can provide additional information allowing the severity of the
nerve fiber loss to be assessed as well as providing an internal control. If the intent of
the biopsy is to follow a patient longitudinally for neuropathy progression or to moni-
tor a treatment effect, the site chosen should have proximity to the symptomatic area,
but should retain enough innervation to provide a substrate for nerve regeneration or
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Fig. 2. Example of crush. Panel C shows an entire skin section at low magnification. The
crushed region appears pale and has reduced PGP 9.5 staining. Panels A and B show region
without (A) and with (B) crush artifact. Arrows indicate epidermal nerve fibers.

allow documentation of further degeneration. Future biopsies should be performed adja-
cent to the original biopsy at a distance of 5—10 mm. One distinct advantage of the tech-
nique is that nearly any site can be assessed in contrast to electrophysiology where
testing is limited to specific nerves at specified sites. In patients being evaluated for
asymmetric, focal symptoms in sites where normative data are not available, biopsies
can be performed bilaterally using the asymptomatic site as an internal control.

Two biopsy techniques have been described: punch skin biopsy and skin blister for-
mation (/4). Punch biopsy is the most widely used and is performed with a 3-mm diam-
eter circular biopsy instrument. Generally biopsies are performed to a depth of 2—-3 mm.
This facilitates the removal of the tissue plug and allows innervation of dermal
appendages to be assessed. If one is interested only in epidermal innervation it is possi-
ble to perform a shallower biopsy. It is crucial to avoid crushing or pinching the biopsy
tissue, which can produce artifact resembling denervation (Fig. 2). An alternative biopsy
procedure is achieved by application of 300 mmHg negative pressure to a 3 mm blister
capsule. This approach has the advantage of being less invasive though blister forma-
tion is dependent on maintenance of a tight seal for 20-40 minutes. Application of a
heating pad can reduce the time needed and is necessary to achieve blister formation in
younger subjects. Blisters are removed with microscissors or superficial skin punches
and processed as whole mounts. Both forms of biopsy tissue are immediately placed
into refrigerated fixative solution for 12—18 hours at 4°C. Zamboni (2% paraformalde-
hyde, picric acid), Lana (4% formaldehyde, picric acid), and PLP (paraformaldehyde,
lysine, periodate) fixatives all preserve antigenic integrity and are routinely used. If
these fixatives are not available, an acceptable alternative is 10% formalin; however this
produces a more fragmented appearance of the epidermal nerves and is suboptimal.
Glutaraldehyde destroys the antigens and should not be used. Following fixation, the
biopsy tissue is transferred to 20% sucrose in phosphate buffered saline cryoprotectant
where it can remain for up to 1 month at 4°C or frozen for longer periods. In multicen-
ter trials, or in instances where biopsies need to be sent to a processing center, they
should be shipped after fixation and in cryoprotectant overnight on wet ice.

Two similar protocols for processing and imaging fixed biopsy tissue have emerged
(15,16). Frozen 50-100 uM skin sections are cut perpendicular to the skin surface.
Sections are immunohistochemically stained as free floating sections in reagents contain-
ing the detergent Triton-X-100. The free floating technique and use of a detergent are crit-
ical to achieve antibody penetration into the thick sections. After blocking, sections are
incubated with a primary anti-PGP 9.5 antibody overnight. After washing, sections are
incubated with a secondary antibody directed against the Fc region of the primary
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Fig. 3. Normal human epidermal and dermal innervation visualized with confocal microscopy.
Nerves are localized with antibody to PGP 9.5 and basement membrane is demarcated with anti-
body to type IV collagen. Vasculature is labeled with Ulex europaeus agglutinin type I. Epidermal
nerve fibers appear aqua and lie within the blue epidermis. The subepidermal neural plexus
appears green or yellow. The dermal epidermal junction appears as a red ribbon. Capillaries
appear magenta. Nerve fibers (green and aqua) course in bundles through the dermis and branch
in the papillary dermis to form the subepidermal neural plexus. Fibers arise from this plexus and
penetrate the epidermal basement membrane to enter the epidermis. Some non-neuronal fibrob-
lasts appear green as a result of nonspecific PGP9.5 binding. Figure courtesy of William Kennedy
and Gwen Wendelschafer-Crabb.

antibody species (e.g., goat antirabbit secondary with rabbit anti-PGP 9.5 primary anti-
body). If the sections are imaged using confocal microscopy, the secondary antibody must
be labeled with a stable fluorescent marker, whereas imaging by light microscopy uses a
peroxidase labeled secondary. Multiple individual sections from each biopsy should be
stained in order to address concerns of sampling error. Confocal imaging has the advan-
tage that multiple targets can be visualized simultaneously provided secondary antibodies
with different fluorochromes are used. Different imaging planes or stacks can be com-
pressed allowing innervation occurring within three dimensions to be viewed in two
dimensions. These images are particularly convenient for publication and can facilitate
quantification of epidermal nerves though it is possible that overlapping nerve fibers at
different depths will be mistakenly viewed as a single fiber once the perspective of the tis-
sue depth is removed (see Fig. 3). The time and expense required to produce such images
make such an approach less practical in the setting of clinical trials or longitudinal
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studies, where large numbers of samples need to be processed quickly. Light microscopy-
based techniques are better suited toward such applications where the focus is on deter-
mining epidermal nerve fiber densities for which only a signal antigenic determinant is
stained (Fig. 4). Recently developed software programs such as Helicon Focus allow mul-
tiple light microscopy focal planes to be compressed into a single image—in effect pro-
ducing a “poor man’s” compressed confocal z series.

Most attention has been directed toward staining nerve fibers with antibody directed
against PGP 9.5 though other markers have been identified that stain all epidermal nerve
fibers such as TuJ1 (17), Ga0 (18), and TRPV1 (19). Specialized stains have also demon-
strated IgM deposits in dermal nerve fibers from glabrous skin biopsies in patients with
anti-myelin associated glycoprotein (MAG) neuropathy. This suggests that skin biopsies
may also be used to assess demyelinating conditions. Interestingly, the deposits of IgM
were greatest in the most distal skin biopsies correlating with the electrophysiological
hallmark of prolongation of distal motor latencies in anti-MAG neuropathy. Analysis of
skin biopsy samples from patients with inherited demyelinating conditions also repro-
duced the observations from sural nerve biopsies suggesting that skin biopsies will be
helpful in the study of these patients as well. Myelinated nerve fibers from skin biopsies
have not yet been studied systematically in patients with diabetes.

CORRELATION BETWEEN EPIDERMAL NERVE AND SURAL NERVE

Twenty six patients with neuropathic complaints had sural nerve morphometry and
determination of epidermal nerve fiber density at the distal part of the leg (20). The
intraepidermal nerve fiber (IENF) density correlated with the densities of total myelinated
fibers within the sural nerve (r =0.57, p = 0.0011), small myelinated (» =0.53, p = 0.029),
and large myelinated fibers (r = 0.49, p = 0.0054). There was a trend toward an associa-
tion between intraepidermal nerve fiber density and sural nerve unmyelinated nerve fiber
densities (r =0.32, p = 0.054). Sensory nerve action potential amplitudes and large myeli-
nated nerve fiber densities were highly correlated (» = 0.87, p < 0.0001). Intraepidermal
nerve fiber density and sural nerve small fiber measures were concordant in 73% of
patients. In 23% of cases, reduced intraepidermal nerve fiber density was the only indica-
tor of small fiber depletion. An editorial in Neurology suggested that determination of dis-
tal leg intraepidermal nerve fiber density may be more sensitive than sural nerve biopsy
in identifying small fiber sensory neuropathies (21).

Measurement of cutaneous innervation has proven to be particularly useful in the study
of diabetic neuropathy. Abnormalities in epidermal innervation have been demonstrated to
be more sensitive for the diagnosis of diabetic neuropathy than clinical or electrophysio-
logical methods. Several investigators have demonstrated that dermal PGP immunoreac-
tivity was reduced in subjects with diabetes testing normal on clinical examination,
electrophysiology, and quantitative sensory testing (QST) when compared with healthy
control subjects (22). This likely reflects the observation that small unmyelinated nerve
fibers are vulnerable early in diabetes (23). Evaluation of epidermal nerve fibers (ENFs)
appear to be even more sensitive, perhaps because of their further distance from the cell
body, absence of a Schwann cell or collagen covering sheath, and the avascular nature of
the epidermis that increase their susceptibility to disease. Kennedy demonstrated that
subjects with diabetes had reduced innervation densities and nerve fiber lengths with many
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Fig. 4. Example of neuropathy diagnosis by skin biopsy. Representative skin biopsy sections
from a diabetic individual with small fiber sensory neuropathy (panels A—C) and comparable
biopsy sections from a normal control subject (panels D-F). Panels A and D are skin sections
from the proximal thigh; B and E from the distal thigh; C and F from the distal leg. The epider-
mal nerve fiber densities from both proximal thigh sites are within a normal range, although the
section from the diabetic patient (panel A) contains several small swellings. At the distal thigh
site (panels B and E), the ENF densities are again within a normal range, though the morpho-
logical abnormalities such as nerve fiber swellings are more prominent in the panel B. In panel
C, the epidermis is completely denervated, while the skin section form the normal control sub-
ject (panel F) has a normal ENF density. The bottom of panel C contains an arrector pili mus-
cle fragment that is well innervated which may suggest a relative sparing of large fiber function.
From ref. 43.
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subjects being completely denervated (/2). Changes in fiber morphology such as increased
branching patterns or the presence of swellings are also noted to be present in subjects with
diabetes and may represent degenerative changes (24,25). Increased numbers of large
axonal swellings predict the degeneration of epidermal nerve fibers and progression of neu-
ropathy in diabetes as well as other forms of neuropathy (26). Nerve fiber swellings stained
positively for PGP and tubulin and less prominently for neurofilament markers, suggesting
that tubules are the main component of epidermal nerve fiber (ENF) cytoskeleton and that
they accumulate with ubiquitin-associated proteins within swellings (26). IENF density has
been shown to be inversely related to diabetes duration in people with type 2 diabetes, but
not to HbAIC levels (27). The latter might represent an effect of historical glycemic con-
trol or “metabolic memory” as has been demonstrated for other diabetes end organ com-
plications (28).

Many patients with idiopathic small fiber predominant neuropathy symptoms have been
found to have either occult diabetes or impaired glucose tolerance after rigorous assessment
with an oral glucose tolerance test (29,30). The diagnosis of diabetes was missed in these
patients because of the inappropriate use of glycated hemoglobin as a screening test for dia-
betes. Using fasting 75 g oral glucose tolerance testing (OGTT), nearly 60% of patients
were found to have diabetes or impaired glucose tolerance (IGT) (31). It is possible, but
unlikely that the association between neuropathy and abnormalities on OGTT represents a
spurious overlap of two common conditions, as the prevalence of IGT in the neuropathy
populations was two- to threefold more than what would have been predicted by the
National Health and Nutrition Examination Study (NHANES) study. Furthermore, there
was a dose response relationship between the pathological and electrophysiological sever-
ity of neuropathy and the degree of hyperglycemia (31). In this study, the IENF density was
the most sensitive measure of neuropathy and was abnormally low compared with control
subjects in both subjects with diabetes and IGT. This observation is consistent with the
clinical impression that patients with idiopathic small fiber neuropathy are indistinguish-
able to those with early diabetic neuropathy. Longitudinal follow-up of subjects with IGT-
associated or de-novo diabetes associated neuropathy suggest that the rate of neuropathy
progression is slower in those with IGT-associated neuropathy compared with de novo
diabetes (Mammen, Polydefkis, unpublished).

A subsequent study that investigated factors associated with neuropathy among 50
idiopathic neuropathy patients and controls concluded that triglyceride levels and not
hyperglycemia was the strongest predictor of neuropathy irrespective of pain (32).
Together, these results suggest that it may be a combination of diabetic risk factors,
perhaps even the metabolic syndrome that are responsible for neuropathy in these
patients (33). Impaired glucose tolerance is a potentially reversible entity with diet
and exercise having been demonstrated to slow or prevent progression to diabetes
(34). Based on these studies, patients with IGT-associated neuropathy are routinely
advised to adopt a diet and exercise regimen. Many patients who have succeeded in
doing so have also reported improvements in their neuropathic pain. Weight loss and
exercise can have dramatic effects on an individual’s sense of well-being and pain
perception. It remains unclear whether these patients’ reductions in neuropathic pain
are related to improvements in nerve function or the constitutional effects of exercise
and weight loss.
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EPIDERMAL INNERVATION IN CLINICAL TRIALS

Skin biopsy with determination of epidermal nerve fiber density lends itself to appli-
cation as an outcome measure in regenerative and longitudinal studies. The technique
offers the advantage over NCVs that it focuses on a larger subset of nerve fibers than
nerve conduction testing and unmyelinated nerve fibers appear to be a more sensitive
measure of neuropathy than large myelinated nerve fibers. Several small studies have
used serial skin biopsies as an outcome measure. In a trial of recombinant human nerve
growth factor (NFG) in HIV-sensory neuropathy, 62 of 270 patients who participated in
the trial were included in a substudy examining the density of intraepidermal nerve
fibers. Fiber density was inversely correlated with neuropathic pain as measured both
by patient and physician global pain assessments (/0). The intrasubject reproducibility
of the technique, as assessed from correlation between baseline and the week 18 densi-
ties was 81% in the distal part of the leg, and 77% in the upper thigh. Although
decreased intraepidermal nerve fiber density at the distal leg was associated with lower
CD4 counts and higher plasma HIV RNA levels, there was no treatment effect in the
relatively short period of 18 weeks (35). The reproducibility of the technique was good
in this study and suggests that it could be incorporated in future trials of regenerative
agents for sensory neuropathies. An open-label pilot study of acetyl-L-carnitine in
patients with antiretroviral toxic neuropathy associated with HIV treatment demon-
strated a significant increase in immunoreactivity for PGP9.5 as well as other specific
fiber type neurotransmitters. This provocative study used unconventional measures of
epidermal innervation and a larger controlled study is currently underway (36). In a
small, 18 week open label trial of topiramate in people with moderate diabetic neuropathy,
Vinik et al. reported that treatment was associated with improvements in epidermal nerve
fiber density and length (37). Enhanced nerve fiber length was observed at all tested sites
including the forearm although increases in ENF density were seen only at the proximal
leg site. Although further analyses need to be performed, this finding suggests that nerve
fiber length may be a useful adjunct measure. There is relatively little longitudinal data
using skin biopsy in people with diabetes. Several small series suggest that at the distal
thigh, the ENF density declines at a rate of about 1 fiber/mm per year. This combined with
the observation that ENF density is correlated with heat pain threshold after adjusting for
diabetes duration, age, and gender (27) suggest that a change of 2-3 fibers/mm may repre-
sent a clinically meaningful change.

Epidermal nerve fibers offer an additional advantage that they can be easily and
repeatedly sampled over time. Their superficial nature also allows them to be injured in
a standardized fashion and recovery from such nerve injuries have been used as a meas-
ure of nerve fiber regeneration. Several models based on such an approach have been
developed to measure collateral (38) and regenerative (/8) sprouting in human subjects.
Reinnervation of the epidermis following removal of a 3 mm diameter cylindrical tissue
plug allows collateral sprouting to be efficiently measured. Following removal of a con-
ventional 3 mm skin biopsy, the site heals by a process of granulation and eventually
becomes re-epithelialized. The collagen plug within the dermis of the healing biopsy
site acts as a barrier to the distal ends of the transected nerves. Therefore, reinnervation
of the epidermis within the original 3 mm biopsy site can only occur through sprouting
of uninjured fibers peripheral to the incision line (Figs. 5 and 6). The degree of collateral
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Fig. 5. (A) Method to measure collateral sprouting of human epidermal nerve fibers.
Following removal of a standard 3 mm biopsy tissue plug (left frame), the site heals by a
process of granulation (right frame). Nerve fibers within the dermis are not able to penetrate
the collagen scar that forms in the healed biopsy site. The only mechanism for the re-epithe-
lialized epidermis to become reinnervated is for fibers to sprout from the epidermis peripheral
to the healed 3 mm incision line into denervated central zone. This collateral sprouting can be
assessed by taking a larger concentric biopsy centered on the healed, original 3 mm biopsy site
(dotted line, right panel). (B) Example of collateral sprouting. The yellow arrow indicated the
location of the original 3 mm biopsy incision. Epidermal nerve fibers peripheral to the incision
line grow into the central denervated epidermis by a process of collateral sprouting. These
sprouts frequently grow along the epidermal side of the dermal-epidermal junction adjacent to
the basal keratinocytes which are known to be a source of neurotrophin production. Adapted
from ref. 38.

sprouting can be measured by a concentric 4 or 5 mm biopsy centered on the healed 3
mm biopsy site (Fig. 5). Although detailed time course experiments have not been pub-
lished in people with diabetes, preliminary evidence suggests that collateral sprouting
is reduced in neuropathic states such as diabetes and HIV infection (39).

Regenerative sprouting has been systematically measured following a “chemical axo-
tomy” produced by topical capsaicin (/8). Application of capsaicin either topically as a
cream or injected into the epidermis has been shown to produce a superficial denerva-
tion of the skin (40,41). When applied topically in an occlusive bandage, capsaicin pro-
duces a standardized injury that is reproducible and well-tolerated (Fig. 6) (18). Studies
in healthy control subjects and people with diabetes have demonstrated that functional
abnormalities in regenerative sprouting are present among subjects with diabetes with
no signs or symptoms of neuropathy (Fig. 7). This observation suggests that nerve is
affected early in the course of diabetes and that regenerative abnormalities may be the
earliest sign of nerve dysfunction. It could be speculated that an abnormality in nerve
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Day 2

Fig. 6. Representative skin biopsy sections demonstrating that topical capsaicin application
produces a superficial denervation. The epidermis becomes reinnervated over several months.
The day -2 biopsy depicts normal epidermal innervation at baseline. Following capsaicin treat-
ment (day 0), there is complete denervation of the epidermis and subepidermal dermis. Biopsies
at 28 and 56 days demonstrate reinnervation of the epidermis. Recovery of ENF density has been
correlated with heat pain. From ref. 44.

regeneration is followed by development of swellings that are in turn followed by devel-
opment of neuropathy. Correction of subclinical abnormalities in regeneration as an out-
come measure has several attractive features. First, it would allow recruitment of a
non-neuropathic population of people with diabetes. This will simplify trial designs and
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Fig. 7. For each subject, a regression line from postcapsaicin time-points is generated and the
slope of this line is used as the rate of regeneration. The mean line for each group is shown as a
thick solid line. The rate of regeneration following denervation is 0.177 = 0.075 fibers per
mm/day for control subjects (red), 0.10 = 0.07 fibers per mm/day (p = 0.03) for subjects with
diabetes but no neuropathy (green), and 0.04 £ 0.03 fibers per mm/day (p = 0.03) for subjects
with diabetes and neuropathy (blue).

facilitate the recruitment of homogeneous study subject populations. Second, correction
or partial correction of abnormalities in regeneration is a concrete target with a clear
clinical interpretation. Furthermore, an improvement in the regeneration rate will pre-
cede an improvement in nerve fiber density and is likely to be a more sensitive meas-
ure. Finally, such a study designed to detect a 50% normalization of regeneration with
80% power in nonneuropathic subjects with diabetes would require about 65 subjects
per treatment arm. A recent trial of Timcodar dimesylate in healthy control subjects
used such measures of collateral and regenerative sprouting as outcome measures.
Although the compound did not accelerate regeneration by either measure, the trial did
demonstrate that such an approach was feasible and the measures were reproducible and
robust (42).

In conclusion, skin biopsy with determination of epidermal nerve fiber density is a
powerful tool that provides investigators insight into a population of nerve fibers that is
prominently affected in diabetes and yet has been relatively under investigated. The super-
ficial nature of epidermal nerve fibers allows repeated sampling of these nerves in a
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relatively non invasive fashion, and in sites that cannot be assessed through conventional
electrodiagnostical techniques. These features have allowed investigators to diagnose
neuropathy earlier and to define an association between neuropathy and impaired glucose
tolerance. Finally, the ability to injure these fibers in a standardized fashion has led to
novel measures of human axonal regeneration that may provide a more sensitive scale
by which to assess promising regenerative compounds.
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Aldose Reductase Inhibitors for the Treatment
of Diabetic Neuropathy

Aristidis Veves, MD, DSc

SUMMARY

It has been more than 30 years since the first aldose reductase inhibitor (ARI) was tested
in diabetic and galactosemic rats and found to control the polyol accumulation. Since then, a
considerable number of ARIs have been tested in experimental and human diabetes. Despite
the initial encouraging results from tests that were conducted for the past 20 years, ARIs have
not been established for the treatment of diabetic neuropathy yet. The main reasons for this are
inconsistent results and the unacceptable high rate of side-effects associated with the initially
tested compounds. The lack of well-defined end points and the inability to produce an inhibitor
that achieves satisfactory tissue penetration and enzyme inhibition are other major contributing
factors for this failure. This chapter focuses on the clinical trials that have examined the effect of
all tested ARIs on human diabetic neuropathy.

Key Words: Aldose reductase inhibitors; clinical trials; human diabetic neuropathy; efficacy;
side effects; clinical use.

INTRODUCTION

It has been more than 30 years since the first aldose reductase inhibitor (ARI) was
tested in diabetic and galactosemic rats and found to control the polyol accumulation
(1). Since then, a considerable number of ARIs have been tested in experimental and
human diabetes. However, very few new information have become available since the
last edition of this book, probably an indication that either interest in these compounds
is waning down in the scientific community or that despite all the intensive efforts, the
ideal compound that will offer satisfactory enzyme inhibition with minimal side-effect
has not been discovered as yet. A thorough review of work on experimental diabetes
would be out of the spirit of this chapter; however, more information is provided in
chapters of this edition. The following chapter will focus on the results from clinical
trials in diabetic neuropathy (2).

END POINTS FOR CLINICAL TRIALS IN DIABETIC NEUROPATHY

Painful symptoms and foot ulceration are the two most important clinical problems
related to peripheral somatic diabetic neuropathy. The conduction of clinical trials,
which test the efficacy of new therapies for painful neuropathy is straight forward:
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patients with this condition are provided trial medication and the primary end point is
the reduction of the symptoms, which is expected to occur during a reasonable period
after the treatment has been initiated. In contrast, foot ulcers develop long after the
initiation of events which lead to nerve damage and, by this time, the possibility of
restoring the nerve lesions, or halting their progression, is close to nonexisting.
Therefore, if a study was to be conducted having as primary end point the prevention
of foot ulceration it should involve patients who have diabetic neuropathy in the early
stages and follow them until they reach the very late stages of the disease. This would
mean that a large number of patients should be followed for prolonged periods of
time, even decades, before any conclusion would be reached.

It is obvious from the aforementioned that more practical end points should be used
in order to conduct clinical therapeutic trials, which will be financially supported by the
pharmaceutical industry where efficient development of new medications are of para-
mount importance. In addition, these end points should give an accurate and more
detailed picture about the effects of the treatment on the progression of the disease,
mainly to what extent it can restore the already established lesions.

Sural nerve biopsies were initially considered to be the best method for evaluating
new medications. However, the interpretation of the biopsy results was found to be more
difficult than was originally believed and as a result, nerve biopsies fall out of favor.
Most recent studies have used surrogate measurements, mainly nerve electrophysiolog-
ical measurements and quantitative sensory testing. Regarding the electrophysiological
measurements, Dyck and O’Brian, based on epidemiological data, initially suggested
that a mean change of 2.9 m per second in the combined conduction velocities of the
ulnar, median, and peroneal nerves, or a change of 2.2 m per second in the peroneal
nerve alone should be achieved in order that the results can have a meaningful clinical
significance (4). However, it should be emphasized that the selection of end points is not
the only issue with the design of new clinical trials. Thus, the current prevailing opin-
ion is that future studies will have to include large number of patients and be of long
enough duration (probably around 18-24 months), pay particular attention to the vari-
ability of the end point measurements, and have rigorous quality control in order to allow
the drawing of definite conclusions regarding the efficacy of ARIs in treating diabetic
neuropathy.

CLINICAL TRIALS WITH ARIS

Alrestatin

Alrestatin was the first ARI to be tried in human diabetic neuropathy. In the first,
uncontrolled study conducted in 1981, 10 patients with symptomatic neuropathy were
treated with intravenous infusions of alrestatin for 5 days (5). Although, symptomatic
improvement was noticed in seven patients, objective measurements failed to improve.
Therefore, as the trial was not controlled, a placebo effect accounting for the sympto-
matic improvement cannot be excluded. No adverse effects of alrestatin were noticed in
this trial (Table 1).

The next trial included nine patients with diabetes with severe symptomatic neuro-
pathy, which had necessitated at least one hospital admission before the study (6). The
trial was a single-blind, nonrandomized, placebo-crossover, which lasted for 4 months.
Each patient received the maximum tolerated oral dose for 2 months and was on
placebo for the other two. Subjective improvement was noted by most of the patients
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Table 1
ARTIs Trials in Human Neuropathy

Duration of

Authors Design active treatment Results

Alrestatin

Culebras (1981) Uncentr 5 days Symptomatic improvement

Handelsman (1981) sb, nonrmd, co 4 months Symptomatic improvement

Fagious (1981) db, rmd 12 weeks Improvement of symptoms,
VPT and ulnar mev

Sorbinil

Judzewitsch (1983) db, rmd 9 weeks Improvement of peroneal mcv
and median mcv and scv

Jaspan (1983) sb 3-5 weeks Symptomatic improvement

Young (1983) db, rmd, co 4 weeks Improvement of symptoms
and sural sap

Lewin (1984) db, rmd, co 4 weeks No improvement

Fagious (1985) db, rmd 6 months Improvement of posterior
tibial mcv and ulnar nevre
F wl and dsl

O’Hare (1988) db, rmd 12 months No benefit

Guy (1988) db, rmd 12 months No benefit

Sima (1988) db, rmd 12 months Improvement of symptoms,
sural sap and mfd

Ponalrestat

Ziegler (1991) db, rmd 12 months No benefit

Krentz (1992) db, rmd 12 months No benefit

Tolrestat

Ryder (1986) db, rmd 8 weeks Improvement of median mcv

Boulton (1990) db, rmd 12 months Improvement of paraesthetic
symptoms and peroneal mcv

Macleod (1992) db, rmd 6 months Improvement of VPT, median
and ulnar mev

Boulton (1992) db, rmd, 12 months Improvement of symptoms,

withdrawal median and peroneal mcv

Giugliano (1993) db, rmd 12 months Improvement of autonomic
measurements and VPT

Giugliano (1995) db, rmd 12 months Improvement of autonomic
measurements and VPT

Didangelos (1999) db, rmd 24 months Improvement of autonomic
measurements

Greene (1999) db, rmd 12 months Increase in small diameter
myelinated fibers

Hotta (2001) db, rmd 12 months Improvement of symptoms,

median fcv and median
F-wave latency

Johnson (2004) db, rmd 12 months Exercise LVEF and cardiac
stroke volume

sb, single blind; db, double-blind; Uncntr, uncontrolled; nonrmd, nonrandomized; rmd, randomized;
co, crossover; mcv, motor nerve conduction velocity; scv, sensory nerve conduction velocity; sap, sensory
action potential; wl, wave latency; dsl, distal sensory latency; VPT, vibration perception threshold; mfd,
myelinated fibre density.
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(eight out of nine), but electrophysiological measurements remained virtually unchanged.
The most notable side-effects were nausea, and photosensitivity, which was severe in
two cases.

Around the same time, the most comprehensive trial of alrestatin was conducted.
Thirty patients with long-standing diabetes and mild to moderate neuropathy were stud-
ied in a double-blind, randomized, placebo-controlled trial, which lasted 12 weeks (7).
Symptomatic improvement, reduction of the sensory impairment score, and improve-
ment of vibration perception threshold and ulnar nerve conduction velocity were
noticed, but the rest of the electrophysiological measurements in the median, peroneal,
and sural nerves did not show any significant difference.

The earlier-mentioned studies indicated that treatment with ARIs might be helpful in
treating diabetic neuropathy and also highlighted the need for well-conducted long-term
trials in order to fully explore the potential of this new therapeutic approach. On the
down side, the high incidence of side-effects of alrestatin prohibited its further devel-
opment. This led the way for using some newly discovered compounds such as sorbinil
and tolrestat.

Sorbinil

Sorbinil was the second ARI to be tested in human diabetic neuropathy and a con-
siderable number of studies were conducted during the last decade using this drug.
An early study using sorbinil for the treatment of neuropathy was published in 1983
and included 39 patients with stable diabetes and no clinical symptoms of neuropa-
thy (8). The design of the study was randomized, double-blind, crossover and each
patient received active treatment for 9 weeks. The results showed a small but statis-
tically significant increase of the conduction velocity of the peroneal motor nerve
(0.70 m per second), the median motor nerve (0.66 m per second), and the median
sensory nerve (1.16 m per second) during the treatment with the active drug. Another
important finding was that the increase declined rapidly after cessation of the treat-
ment so that the nerve conduction velocity was similar to pretreatment levels 3 weeks
later. Five patients were withdrawn from the study because of fever and rash, which
were attributed to sorbinil.

In contrast with the previous trial, the ones which followed included mainly patients
with diabetes with symptomatic neuropathy. The first one studied 11 patients with
severely painful neuropathy who failed to respond to conventional treatment with anal-
gesics or tricyclic antidepressants (/0). In a single blind design the patients were treated
with sorbinil for 3-5 weeks and the pain relief was measured using a graphic scale.
Marked to moderate pain relief was noted in eight patients usually 3—4 days after being
on treatment, whereas the pain returned to pretreatment levels in seven of the respon-
ders when they stopped taking the drug. The motor and sensory conduction velocities
of the median nerve improved in four patients, whereas the peroneal motor conduction
velocity improved in two patients. It is of interest however, that in four patients who
responded to the treatment the pain was related to proximal motor neuropathy, a condi-
tion, which is thought to be caused by mechanisms not related to polyol accumulation.
No significant side-effects were noted in the 11 patients who finished the study whereas
12th patient who started the study was withdrawn because of rash.
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The next study had a double-blind, randomized, placebo-controlled crossover design,
and included 15 patients with painful symptoms, which were present for more than
1 year (10). The patients were observed for 16 weeks but they were on active treatment
for only 4 weeks, either from week 5 to 8 or from 9 to 12. Painful symptoms were
assessed using a standardized symptom score, whereas other measurements included
neurological findings on clinical examination, vibration perception threshold, motor and
sensory nerve conduction velocities, and autonomic system function tests. A significant
number of patients reported improvement of painful symptoms while on the active treat-
ment, but when the pain score was calculated using their diaries no difference was found
between sorbinil and placebo treatment. Significant improvement was also noticed in
the sural sensory potential action, whereas the rest of the electrophysiological measure-
ments remained unchanged. The number of patients who withdrew because of side-
effects (mainly rash and fever) had increased in comparison with the previous study;
four patients in total had an idiosyncratic reaction which resolved rapidly after the dis-
continuation of the drug.

The next trial used the same layout, i.e., double-blind, placebo-controlled crossover,
a