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abnormalities in the peripheral nerves of the streptozotocin
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The streptozotocin (STZ)-diabetic rat, the most commonly employed model of experimental diabetic

neuropathy, is characterised by a reduction in nerve conduction velocity, pain threshold and blood flow.

Whether or not structural abnormalities underlie these functional abnormalities is unclear. 10 adult male

Sprague–Dawley STZ-diabetic rats (diabetes duration 27 d) and 10 age-matched (23 wk) control animals

were studied. Motor nerve conduction velocity (m s−") was significantly reduced in diabetic (41.31³0.8)

compared with control (46.15³1.5) animals (P! 0.001). The concentration of sciatic nerve glucose (P!
0.001), fructose (P! 0.001) and sorbitol (P! 0.001) was elevated, and myoinositol (P! 0.001) was reduced

in diabetic compared with control animals. Detailed morphometric studies demonstrated no significant

difference in fascicular area, myelinated fibre density, fibre and axon areas as well as unmyelinated fibre

density and diameter. Endoneurial capillary density, basement membrane area and endothelial cell profile

number did not differ between diabetic and control animals. However, luminal area (P! 0.03) was increased

and endothelial cell area (P! 0.08) was decreased in the diabetic rats. We conclude there is no detectable

structural basis for the reduction in nerve conduction velocity, pain threshold or blood flow, observed in the

streptozotocin diabetic rat.
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Human diabetic polyneuropathy is characterised

functionally by a reduction in nerve conduction

velocity and action potential amplitude, an increase in

sensory thresholds and reduced intraneural oxygen

tension with altered nerve blood flow (Boulton &

Malik, 1998). These changes are accompanied struc-

turally both by myelinated and unmyelinated nerve

fibre degeneration and regeneration (Britland et al.

1990; Llewelyn et al. 1990; Bradley et al. 1995; Malik,

1997) and by endoneurial microangiopathy (Malik et

al. 1989, 1992, 1993; Giannini & Dyck, 1995).

Experimental animals have been employed exten-

sively to model human diabetic neuropathy to
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reproduce nerve conduction velocity deficits, abnor-

malities of nerve blood flow and altered pain

perception thresholds (Kennedy et al. 1982; Sharma

et al. 1983; Sharma & Thomas, 1987; Calcutt et al.

1996). Most studies on STZ-diabetic rats, have not

demonstrated myelinated fibre loss in a number of

peripheral nerves including the sural (Sharma &

Thomas, 1974; Brown et al. 1980; Sugimura et al.

1980), tibial (Sharma & Thomas, 1974; Sharma et al.

1981), sciatic (Wright & Nukada, 1994a) and peroneal

(Jakobson, 1976) nerves. Conflicting reports have

arisen on the detailed morphometric changes in

myelinated fibre size with some authors finding no

abnormalities (Sharma et al. 1981; Wright & Nukada,

1994a) and others who report a decrease in fibre size



(Jakobson, 1976; Bestetti et al. 1981a, b ; Zemp et al.

1981; Thomas et al. 1990; Thomas, 1990). A selective

reduction in axonal size in comparison with controls

has also been demonstrated in some (Sharma et al.

1983; Sharma & Thomas, 1987; Sima et al. 1987) but

not all (Sharma et al. 1980, 1981; Wright & Nukada,

1994a ; Malone et al. 1996) animal models. Both

myelinated and unmyelinated fibre pathology may

play a role in altered pain thresholds, however studies

on structural abnormalities of the latter group of fibres

have again been limited (Sharma & Thomas, 1987).

With regard to nerve blood flow, although controversy

exists as to whether nerve blood flow is reduced

(Cameron et al. 1991) or increased (Williamson et al.

1993) the consensus appears to be for the former.

Structural changes in the endoneurial vasculature are

not clearly described and require detailed study.

Thus in order to determine the structural changes

which may underlie the reduction in nerve conduction

velocity, pain threshold and blood flow in the STZ-

diabetic rat, we have conducted detailed morpho-

metric studies to quantify nerve fibre and endoneurial

capillary pathology, respectively.

  

Animals

Ten male Sprague–Dawley rats fasted for 24 h

received a single intraperitoneal injection of strepto-

zotocin (Sigma, St Louis, MO) 30 mg}kg body weight

in 0.03  citrate buffer at pH 4.5. Ten control animals

received 0.03  citrate buffer alone. At the time of

injection both control and diabetic animals were

19 wk of age with a mean body weight of 450 g. Blood

glucose levels and body weights were measured twice

weekly and after 27 d motor nerve conduction velocity

was measured under isoflurane anaesthesia. The

sciatic nerve was then removed and frozen for tissue

sugar and polyol estimation and the tibial nerve was

harvested and prepared for light and electron mi-

croscopy.

Electrophysiology

Motor nerve conduction velocity was measured

in the sciatic}tibial-interosseous system employing

previously defined methodology (Sharma & Thomas,

1974). The rats were anaesthetised with 4% isoflurane

in oxygen (1 l}min) for induction and subsequently

2.5% (control) and 2% (diabetic) (0.5 l}min) for

maintenance. Near-nerve temperature was recorded

and maintained at 37°C using a wire thermister and

thermometer (YSI Tele-thermometer, Model 4000A,

Yellow Springs Instrument Co., OH), heat therapy

system (Baxter K-MOD 100 pump and DUO Therm

pad, Baxter Healthcare, Deerfield, IL) and a source of

radiant heat. The left sciatic}tibial nerve was stimu-

lated at the sciatic notch and the Achilles tendon and

action potentials were recorded from the interosseous

muscle using needle electrodes (Sapphire II, 4ME

electrophysiological system, Teca Corp, Pleasantville,

NY). The nerve was stimulated by square wave pulses

(duration 0.1 ms, intensity 20 V) and the average of 10

action potential traces were measured and the nerve

length was measured after dissection. This was

repeated 3 times (after removal and replacement of

the electrodes) to obtain values for the coefficient of

variation.

Biochemistry

Rats were euthanised and cardiac puncture was

undertaken to obtain blood for later determination of

plasma glucose (hexokinase enzymatic method, Sigma

Diagnostica, St Louis, MO) and glycosylated hae-

moglobin (Glyc-Affin Ghb Kit, Isolab, Akron, OH).

Both sciatic nerves were weighed and frozen for

polyol estimation by capillary gas chromatography.

Frozen tissueswere homogenised in cold 5%trichloro-

acetic acid with Duall tissue grinder, and the de-

proteinised extracts were analysed as their aldonitrile

derivatives.

Nerve biopsy and histology

The distal portion of the tibial nerve was biopsied at

a constant site and immediately fixed by immersion in

2.5% glutaraldahyde in 0.2  sodium cacodylate

buffer (pH 7.3). After washing in the same buffer, the

nerve was postfixed in 1% cacodylate-buffered os-

mium tetroxide and following a second wash was

dehydrated through ascending concentrations of etha-

nol before embedding in TAAB Spurr’s resin using

propylene oxide as an intermediary.

Sections were cut on a Reichert-Jung Ultracut

ultramicrotome (Reichert-Jung, Eindhoven, The

Netherlands). Semithin (0.75 µm) transverse sections

prepared for light microscopy were stained with

thionin followed by acridine orange and examined

under a Leitz Laborlux SE light microscope (Leitz

Wetzler, Germany) with a Leica WILD MPS32

camera attachment (Leica, Heerbrugg, Switzerland).

For electron microscopy, ultrathin (80 nm) trans-

verse sections were transferred to 200-mesh formvar-
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Table 1. Body weight, blood glucose, HbA1c, motor nerve

conduction velocity (MNCV) and sciatic nerve polyol levels in

control (n¯ 10) and diabetic (n¯ 10) animals (mean³S.E.M.)

Parameter Control Diabetic P value

Body weight (g) 479³5.0 391³8.0 ! 0.001

Blood glucose

(mmol}l)

4.1³0.2 20.4³1.0 ! 0.001

HbA1c (%) 5.1³0.1 13.8³0.4 ! 0.001

MNCV (ms−") 46.15³1.5 41.31³0.8 ! 0.001

Reproducibility 2.7³1.6 3.2³1.5 ns

MNCV (CV-%)

Glucose (nmol}mg) 2.37³0.14 7.43³0.37 ! 0.001

Fructose (nmol}mg) 0.87³0.04 6.17³0.41 ! 0.001

Sorbitol (nmol}mg) 0.18³0.02 1.32³0.19 ! 0.001

Myo-inositol

(nmol}mg)

2.49³0.09 1.62³0.06 ! 0.001

coated copper grids and contrasted with 2% uranyl

acetate in 70% ethanol followed by 0.3% sodium

citrate in 0.1  sodium hydroxide, before viewing in a

Philips EM400T transmission electron microscope

(Philips, Eindhoven, The Netherlands).

Morphometric procedures

One section}biopsy was chosen from each animal on

the basis of optimal preservation and technical quality

of staining. Light microscope photomontages of

whole nerve fascicles were produced from semithin

sections and direct counts were made of the number of

myelinated fibres, regenerative clusters (here defined

as 2 or more closely apposed small or medium sized

myelinated fibres) and endoneurial capillaries. The

fascicular area was measured and the density per mm#

was calculated.

A systematic random sampling technique was

employed to obtain electronmicroscope images of the

Fig. 1. Light photomicrographs of semithin transverse sections of the tibial nerve from control (a) and diabetic (b) rats. Bar, 30 µm.

nerve fibres for quantification (Mayhew & Sharma,

1984). The lattice-mesh of the copper support grid

provides an ideal basis for sampling. 24 images per

sample were taken of myelinated fibres (magnification

¬1700) and unmyelinated fibres (magnification

¬4600). Myelinated fibres sectioned in the paranodal

or perinuclear regions or at Schmidt-Lanterman

incisures were excluded and at least 200 fibres per

animal were assessed to determine the fibre and axon

areas. The density of unmyelinated fibres and

Schwann cell profiles was calculated by direct counts

from electronmicrographs and the axon diameter was

measured employing 2-point digitisation. In addition,

12 images of endoneurial capillaries were taken for

each animal at a magnification of ¬4600. The

luminal, endothelial cell and basement membrane

areas were measured and endothelial cell profile

number was counted directly. All measurements were

made using a hand-held digitiser linked to a micro-

computer system (Synoptics, Cambridge).

Statistical analysis

The results are presented as the mean³...

Functional and clinical data were assessed for stat-

istical difference using the 2-way ANOVA. All

morphometric data were assessed by the Mann–

Whitney U test (n ¯ 10 unless otherwise stated).



Clinical observations and electrophysiology

The values for body weight, blood glucose and

glycated haemoglobin levels (HbA1c) are shown in

Table 1. Prior to biopsy both blood glucose and

HbA1c levels were significantly (P! 0.001) elevated
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Table 2. Mean fascicular area (FA), myelinated fibre density

(MFd), regenerative cluster density (RCd), fibre and axon

area and g ratio plus unmyelinated axon density (UAd), axon

diameter and unassociated Schwann cell profile density

(USCPd) for the tibial nerve of control and diabetic animals

(mean³S.E.M.)

Parameter Control Diabetic P value

FA (mm#) 0.19³0.02 0.20³0.03 ns

MFd (no. mm−#) 10059³1190 10312³1235 ns

RCd (no. mm−#) 71.4³8.7 81.6³11.6 ns

Fibre area (µm#) 38.6³2.1 38.9³2.4 ns

Axon area (µm#) 17.9³3.1 17.8³1.5 ns

g ratio 0.46³0.02 0.46³0.03 ns

UAd (no. mm−#) 68800³4000 70500³10700 ns

Axon diameter (µm) 0.66³0.01 0.65³0.01 ns

USCPd (%) 10.3³2.1 11.3³2.5 ns

and body weights reduced (P! 0.001) in the diabetic

compared with control animals. Concentrations of

sciatic nerve glucose, fructose and sorbitol were

increased (P! 0.001) and myo-inositol decreased

(P! 0.001) in diabetic compared with control animals

(Table 1). Motor nerve conduction velocity (MNCV)

Fig. 2. Myelinated fibre area distribution in control (solid bars) compared with diabetic (hatched bars) rats.

was significantly reduced (P! 0.001) in the diabetic

animals compared with control animals (Table 1).

Morphometry

Myelinated fibres. Qualitative (Fig. 1) and quanti-

tative (Table 2) data on myelinated fibres in control

and diabetic animals are presented. There was no

significant difference in the mean fascicular area and

myelinated fibre and regenerative cluster density

between diabetic and control animals. Measures of

fibre and axon area as well as g ratio were almost

identical between the 2 groups. Both myelinated fibre

(Fig. 2) and axon (Fig. 3) size distributions were very

similar between control and diabetic animals.

Unmyelinated fibres. Qualitative (Fig. 4) and quan-

titative (Table 2) findings of the unmyelinated axons

in the control and diabetic rats are demonstrated.

Unmyelinated axon density and the density of

Schwann cell profiles show no significant difference

between control and diabetic animals. Unassociated

Schwann cell profile density and percentage exhibited

no difference between the 2 groups. When the number
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Fig. 3. Myelinated axon area distribution in control (solid bars) compared with diabetic (hatched bars) rats.

Fig. 4. Electron micrographs of unmyelinated fibres in a control (a) and diabetic (b) rat, illustrating the qualitative similarity between the

2 groups. X, axon. Bar, 1 µm.

of axons per Schwann cell subunit is plotted against

the percentage of Schwann cells (Fig. 5) the resulting

distribution histogram is no different in control

compared with diabetic animals. No difference is seen

in the diameter of the axons in the small fibres

between the 2 groups and a similar unimodal size

distribution is observed (Fig. 6).

Endoneurial capillaries. Representative electron

micrographs of endoneurial capillaries from a control

and diabetic rat are shown in Figure 7. The morpho-

metric data for the endoneurial capillaries are shown

in Table 3. There was no significant difference in

capillary density or endothelial cell profile number

between control and diabetic animals. There was no

evidence of basement membrane thickening in the

diabetic rats. Interestingly, there was a significant

increase (P! 0.03) in capillary luminal area with a

concomitant decrease (P! 0.08) in the endothelial
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Fig. 5. Percentage distribution of the number of unmyelinated axons per Schwann cell profile in control (solid bars) compared with diabetic

(hatched bars) rats.

Fig. 6. Unmyelinated axon-size distribution (based on axon diameter) in control (solid bars) compared with diabetic (hatched bars) rats.
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Fig. 7. Electron micrographs of endoneurial capillaries taken from a control (a) and diabetic (b) rat. Bar, 1.5 µm

Table 3. Endoneurial capillary density (Cd), luminal area

(LA), endothelial cell area (ECA), basement membrane area

(BMA) and endothelial cell profile number (ECP no.) in the

tibial nerve of control and diabetic animals (mean³S.E.M.)

Parameter Control Diabetic P value

Cd (no. mm−#) 39.1³3.7 41.7³3.0 ns

LA (µm# ) 25.0³2.6 35.4³1.7 ! 0.03

ECA (µm#) 24.8³2.6 21.7³2.6 ! 0.08

BMA (µm#) 16.8³1.1 16.7³2.4 ns

ECP no. 5.3³0.7 5.1³0.3 ns

cell area when comparing diabetic with control

animals.

 

The present study has employed detailed light and

electron microscopic morphometric techniques to

assess the ultrastructure of the tibial nerve in a group

of adult STZ-diabetic rats compared with control

animals. The diabetic animals demonstrate a signifi-

cant reduction in motor nerve conduction velocity

and also abnormalities of the polyol pathway in

keeping with many previous studies in the STZ-

diabetic rat (Sharma & Thomas, 1987).

Although experimental animals have been

employed extensively to model human diabetic neur-

opathy, nerve fibre loss and extensive demyelination

sufficient to explain the reduction in nerve conduction

velocity have not been demonstrated in most animal

models (Sharma & Thomas, 1987). This study

demonstrates no significant reduction in myelinated

fibre density confirming previous studies conducted in

the STZ-diabetic rat (Sharma & Thomas, 1987), STZ-

diabetic monkey (Chopra et al. 1977), db}db mouse

(Sharma et al. 1983), Chinese hamster (Kennedy et al.

1982) and STZ}alloxan-diabetic dog (Walker et al.

1997). Only the BB Wistar rat (Sima et al. 1987) and

the spontaneously diabetic dog (Sharma et al. 1995)

have demonstrated a distal reduction in myelinated

fibre density. Axon diameter has been found to be

smaller in diabetic animals than in controls, the

difference being greater than for myelin thickness,

both in the STZ-diabetic rat (Sharma & Thomas,

1987), and the db}db mouse (Sharma et al. 1983), and

axonal atrophy has been claimed in the BB Wistar rat

(Sima et al. 1987). The present study did not

demonstrate axonal atrophy, in keeping with obser-

vations in the Chinese hamster (Kennedy et al. 1982)

and the spontaneous (Sharma et al. 1995) and

STZ}alloxan-diabetic dog (Walker et al. 1997).

Attenuated nerve fibre maturation may explain the

reduced axonal size in diabetic rats as nerve fibre

diameter continues to increase up until 9–12 months

of age. The majority of previously reported studies of

the effects of hyperglycaemia on nerve structure have

been conducted during this time and some have

claimed axonal atrophy. Two recent studies in the

STZ-diabetic rat, which have taken nerve maturation

into account, have failed to show a reduction in

axonal size (Wright & Nukada, 1994a ; Malone et al.

1996).

Regeneration is a vitally important process necess-

ary to repair damaged nerve. In this study, myelinated

fibre regenerative cluster density was no different in

diabetic animals compared to controls. Previous

studies have demonstrated impaired regeneration in

the STZ-diabetic rat, shown by a delay in myelination

(Sharma & Thomas, 1975) and axonal regeneration

(Longo et al. 1986; Vinik et al. 1995). Limitations of

assessing regenerative cluster density employing light

microscopy include the inability to detect myelinated

fibres that have a very thin myelin sheath. Despite this

difficulty, a recent study has employed light mi-
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croscopy in sural nerve biopsies from diabetic patients

(Bradley et al. 1995) and the results are comparable to

previous studies employing electron microscopy

(Britland et al. 1990).

Pain is a major clinical problem in diabetic patients

and several morphometric studies have demonstrated

abnormalities of the unmyelinated fibres in painful

neuropathy (Britland et al. 1990; Llewelyn et al. 1990;

Malik, 1997). Tactile allodynia and formalin hyper-

algesia have been used as indicators of painful

neuropathy in the diabetic rat (Calcutt et al. 1996).

Few studies have performed a detailed assessment of

unmyelinated fibres in experimental diabetes. Of those

that have, no morphological abnormalities have been

reported in the spontaneously (Sharma et al. 1995)

and STZ}alloxan (Walker et al. 1997) diabetic dog,

spontaneously diabetic mutant mice (Sharma et al.

1983) or the diabetic rat (Sharma & Thomas, 1974). In

this study we demonstrated no major abnormality

either in the Schwann cells or axons of unmyelinated

fibres in diabetic animals.

Endoneurial capillaries from diabetic patients with

neuropathy demonstrate basement membrane thick-

ening, endothelial cell hypertrophy and hyperplasia

with pericyte degeneration which relates to neuro-

pathic severity (Malik et al. 1989, 1992, 1993; Giannini

& Dyck, 1995). However, patients without evidence of

neuropathy display basement membrane thickening

and pericyte degeneration only (Giannini & Dyck,

1995). A 50% reduction in sciatic nerve perfusion in

the STZ-diabetic rat has been reported from studies

using invasive and noninvasive methods including

hydrogen clearance microelectrode polarography and

laser-Doppler flowmetry, with deficits becoming ap-

parent within 1 wk of diabetes induction (Cameron et

al. 1991; Wright & Nukada, 1994b). Few previous

studies have examined capillary morphology in animal

models. In this study, capillary basement membrane

area was not significantly increased in diabetic

animals. This contrasts with findings in diabetic

patients without (Giannini & Dyck, 1995) and with

mild (Malik et al. 1992) neuropathy. The STZ-diabetic

rat has been reported actually to show a thinner

basement membrane than in control animals

(Yagihashi et al. 1996). We did not observe endothelial

cell hyperplasia. Moreover we demonstrated a signifi-

cant increase in luminal area and a reduction in

endothelial cell size. An increase in luminal size has

been demonstrated previously in the STZ-diabetic rat

(Yagihashi et al. 1996) and diabetic patients with mild

(Malik et al. 1992) and established (Malik et al. 1989)

neuropathy. Such an increase in luminal size may

suggest an increase in blood flow. Alternatively, it

may represent a dilated endoneurial vascular bed due

either to an overall reduction in blood flow or

increased arteriovenous shunting (Kihara et al. 1994;

Tesfaye et al. 1996) which may in turn result in raised

back pressure in the endoneurial capillary bed, due to

increased flow in the postcapillary epineurial venules.

These detailed morphometric studies demonstrate

there is no structural basis for 3 commonly observed

functional abnormalities in the STZ-diabetic rat,

namely reduced nerve conduction velocity, nerve

blood flow and an altered pain threshold. Possible

reasons for the lack of pathology in this study may

include either the proximal site of biopsy (i.e. the tibial

nerve as opposed to the more distal sural) or

inadequate duration of diabetes. However, previous

studies in the sural nerve (Sharma & Thomas, 1974;

Brown et al. 1980; Sugimura et al. 1980) and after

prolonged diabetes duration (Sharma & Thomas,

1974; Wright & Nukada, 1994a) in the STZ-diabetic

rat also report limited morphological abnormalities.

Therefore, it seems likely that abnormalities of nerve

function in the early stages of diabetes occur due to

intrinsic, physiological abnormalities in axonal mem-

brane function (Quasthoff, 1998). Abnormalities of

nerve blood flow at this early stage are also likely to

be due to functional alterations derived from an

alteration in the neurohumoral control of blood flow

more proximally (Boulton & Malik, 1998).
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