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Abstract

Aims/hypothesis. Sensory neuropathy in diabetic pa-
tients frequently presents itself as progressive loss of
thermal perception, while some patients describe con-
current spontaneous pain, allodynia or hyperalgesia.
Diabetic rats develop thermal hypoalgesia and tactile
allodynia by unknown mechanisms. We investigated
whether sensory disorders in rats were related to
glucose metabolism by aldose reductase. We also ex-
plored the therapeutic potential of exogenous neuro-
trophic factors.

Methods. Behavioural assessments of thermal and
tactile sensitivity were performed in normal rats and
in rats with streptozotocin-induced diabetes. Some of
the rats were treated with insulin, aldose reductase in-
hibitors, ciliary neurotrophic factor or brain-derived
neurotrophic factor.

Results. Thermal hypoalgesia was present after 8 weeks
of diabetes and was prevented by insulin treatment,
which maintained normoglycaemia, by the aldose
reductase inhibitor Statil or by ciliary neurotrophic
factor. Brain-derived neurotrophic factor did not have

an effect. When diabetic rats were tested after shorter
durations of diabetes, they showed transient thermal
hyperalgesia after 4 weeks which progressed to ther-
mal hypoalgesia after 8 weeks. The aldose reductase
inhibitor IDD 676 (Lidorestat), 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. Tactile allodynia was not
prevented by neurotrophic factor or aldose reductase
inhibitor treatment.

Conclusions/interpretation. Transient thermal hyperal-
gesia and subsequent progressive thermal hypoalgesia
occur in diabetic rats secondary to exaggerated flux
through the polyol pathway. A depletion of ciliary
neurotrophic factor mediated by the polyol pathway
may be involved in the aetiology of thermal hypoal-
gesia.
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Introduction

Progressive loss of thermal perception and thermal
pain perception thresholds in the extremities are
amongst the most frequently encountered manifesta-
tions of diabetic neuropathy. Loss of sensation in the
feet is particularly problematic, and when combined
with microvascular disease and impaired wound heal-
ing, is responsible for initiating a pathological devel-
opment that makes diabetes the leading cause of lower
limb amputation in western societies [1]. A proportion
of patients with sensory loss also describe a concomi-
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tant state of pain which can be spontaneous or touch-
evoked. While it is clear that maintaining good gly-
caemic control is a primary goal in efforts to restrict
the onset and progression of diabetic neuropathy,
understanding the aetiological mechanisms leading to
sensory loss and neuropathic pain may provide alter-
native targets for therapeutic intervention which could
complement efforts to maintain normoglycaemia.

Diabetic rodents develop a number of neurochemi-
cal, electrophysiological and behavioural disorders
that have prompted the use of these animals in mod-
elling the effects of short-term diabetes on the periph-
eral nervous system. These disorders include behav-
ioural indices of allodynia in response to light touch
and of hyperalgesia in response to noxious chemical
stimuli [2]. Behavioural responses to thermal stimuli
have also been studied in diabetic rodents, but no clear
picture has emerged. Using the tail-flick test of spinal-
ly mediated reflexes, diabetic mice have been de-
scribed with increased [3] or unchanged [4] response
times, while diabetic rats are reported to have in-
creased [5] or decreased [6, 7] response times. Heat-
ing the plantar surface of the paw to evoke withdrawal
responses has also provided conflicting results, with
both hypoalgesia and hyperalgesia reported [8, 9, 10,
11, 12, 13]. That no simple pattern of response has yet
emerged may reflect subtle differences in the nature of
the tests and the animal models studied.

In our previous studies using adult female strepto-
zotocin-diabetic rats, we have routinely found that
thermal hypoalgesia develops in the hind paw after
approximately 8 weeks [14, 15, 16, 17] when using a
system that selectively activates C fibres by increasing
contact surface temperature from 30 to 50°C over a
20-second period [18]. Thermal hypoalgesia was pre-
vented by treating rats with a neuroactive peptide that
did not alter the general physiological condition of the
animals [15, 16], indicating that thermal hypoalgesia
is unlikely to be a consequence of cachexia or altered
thermal transduction properties of the skin. The mech-
anism by which this peptide exerts its physiological
effects is not yet known, so these findings do not help
explain the cause of the underlying thermal hypoalge-
sia. In the present series of experiments, we sought to
define the primary cause of thermal hypoalgesia and
tactile allodynia by treating diabetic rats with insulin
to maintain normoglycaemia, or with aldose reductase
inhibitors to prevent glucose metabolism through the
first step of the polyol pathway. We also investigated
the therapeutic potential of members of two distinct
classes of neurotrophic factors, because loss of neuro-
trophic support has been implicated in the develop-
ment of diabetic neuropathy and may be a down-
stream consequence of exaggerated sugar metabolism
by aldose reductase [19].

Materials and methods

Animals, drugs and treatments. All studies were performed
under a protocol approved by the local Animal Subjects Com-
mittee and in accordance with the National Institutes for
Health ‘Principles of Laboratory Animal Care, 1985 revised
version’. Type 1 diabetes was induced by delivering a single
intraperitoneal injection of streptozotocin (Sigma, St. Louis,
Mich., USA) dissolved in 0.9% sterile saline at a dose of
50 mg/kg body weight to fasted adult female Sprague-Dawley
rats (Harlan Industries, San Diego, Calif., USA). After 4 days,
glucose levels were measured in aliquots of blood obtained by
tail prick using a strip-operated reflectance meter. Only strep-
tozotocin-injected animals with a blood sugar level of above
15 mmol/l were included in the study as being diabetic. All
diabetic rats were monitored daily and animals showing be-
havioural discomfort, such as depression of motor activity or
cachexia, were removed from the study. At the end of each
study, blood was obtained by cardiac puncture and plasma
glucose levels were measured using a spectrophotometric
assay kit (Trinder Assay Kit, Sigma).

Insulin treatment of diabetic rats was carried out using
slow-dissolving pellets that deliver approximately 2 to 4 U
insulin per day (Linshin, Scarborough, Ont, Canada). Pellets
were implanted under the skin at the onset of hyperglycaemia
and blood glucose was checked weekly in samples obtained
by tail prick. When blood sugar levels increased to above
15 mmol/l, implants were replaced. The aldose reductase in-
hibitors Statil (Astra-Zeneca, Macclesfield, UK) and IDD 676
(Institute for Diabetes Discovery, Branford, Conn., USA) were
delivered by daily oral gavage at doses of 50 and 10 mg/kg
body weight respectively. These doses were selected because
of their ability to inhibit polyol accumulation, restore nerve
levels of neurotrophic factors and protect the nerve function of
diabetic rats in previously published observations [19, 20] and
preliminary studies (N.A. Calcutt, unpublished observations).
Efficacy of treatment was confirmed by measuring sciatic
nerve sorbitol content at the end of the study by gas chroma-
tography [2]. Control animals received an equivalent volume
of vehicle (phosphate-buffered saline with 1 drop of Tween 80
per ml buffer). Human recombinant ciliary neurotrophic factor
(CNTF, 1 mg/kg) and brain-derived neurotrophic factor
(BDNF, 15 mg/kg) were delivered three times weekly by sub-
cutaneous injection beginning at the onset of hyperglycaemia.
The two neurotrophic factors were provided by Regeneron
(Tarrytown, N.Y., USA) and the doses were selected on the
evidence of previously published findings [21] and preliminary
studies (A.P. Mizisin, unpublished observations) showing the
ability of these factors to protect nerve function in hyper-
glycaemic rats. Behavioural studies were performed 24 to
30 hours after the last drug treatment to prevent distortion of
results through transient effects of the treatment [16].

Paw thermal response latency. Because preliminary studies
suggested that frequent repeated testing of rats over a number
of weeks leads to habituation (N.A. Calcutt, unpublished ob-
servations), all rats underwent testing at only one time point
within a study. For testing, rats were placed in a plexiglass
enclosure on the glass floor of a thermal testing apparatus
(UARD, San Diego, Calif., USA). The glass floor was main-
tained at 30°C and rats were allowed to acclimatise for 15 min.
The right hind paw was then exposed to a heat source directed
from below the glass floor and focused on the centre of the
paw. The latency from the initiation of heating to when the
paw was deliberately withdrawn from the glass surface was
recorded using the automated timer of the thermal testing ap-
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Table 1. Body weight, plasma glucose and tactile responses in all rats

Group n Body weight (g) Plasma glucose (mmol/l) 50% response threshold (g)
Control 6 300+6 5.2+1.9 13.5 (8.0-15.0)
Control + CNTF 6 205+8 4.2+1.4 8.3 (1.9-15.0)
Control + BDNF 5 300+6 4.0+£0.8 8.0 (2.1-15)
Diabetic (8 weeks) 6 212+11% 46.5+1.6* 2.2 (1.6-2.8)*
Diabetic + CNTF 6 208+7%* 43.6+0.9%* 3.2 (1.6-4.3)*
Diabetic + BDNF 5 206+£9* 46.4+3.1% 2.8 (2.2-3.3)*
Diabetic + Insulin 5 285+11 7.2+2.4 13.5 (12.0-15.0)
Control 9 271£2 3.4+0.2 NM

Diabetic (8 weeks) 10 189+6* 24.6x1.0%* NM

Diabetic + Statil 6 186+9* 26.1+1.0%* NM

Control 6 250+4 6.2+1.0 7.5 (5.6-15.0)
Diabetic (4 weeks) 8 205+4* 36.3£1.9% 2.6 (1.6-4.5)*
Diabetic + IDD 676 6 201£7* 32.2+2.1% 2.3 (1.64.0)*
Control 6 267+4 8.4+1.0 10.0 (6.6-15.0)
Diabetic (8 weeks) 7 179+12%* 34.3+2.4% 2.4 (2.0-3.3)*
Diabetic + IDD 676 8 184+8%* 35.7£2.6% 2.5 (1.6-3.7)*

Data are means + SEM or median (range) as appropriate.
Statistical comparisons between controls and all other groups
were carried out using one-way ANOVA followed by Dun-
nett’s test for parametric data, or the Kruskal-Wallis test
followed by Dunn’s test for non-parametric data.

paratus. The right hind paw of each rat was tested three times
at 5S-minute intervals following an initial acclimatisation test,
and the median of the three tests was used for statistical analy-
sis. On each day that tests were done, the change in tempera-
ture of the glass floor over a 20-second period was also
recorded to confirm that it increased at the rate of 1°C per
second.

Paw tactile response threshold. Because repeated testing of
diabetic rats can distort behavioural responses to therapeutics
[16], animals were only tested at the end of the treatment pro-
tocol. Rats were transferred to a testing cage with a wire mesh
bottom and allowed to acclimatise for 10 to 15 min. Von Frey
filaments (Stoelting, Wood Dale, I1l., USA) were used to deter-
mine the 50% mechanical threshold for foot withdrawal. A se-
ries of filaments, starting with one that had a buckling weight
of 2.0 g, were applied in sequence to the plantar surface of the
right hind paw with a pressure that caused the filament to
buckle. Lifting of the paw was recorded as a positive response
and a lighter filament was chosen for the next measurement. If
there was no response after 5 seconds, the next heaviest fila-
ment was used afterwards. This method was continued until
four measurements had been made after an initial change in the
behaviour or until five consecutive negative (15 g) or four con-
secutive positive (0.25 g) responses had occurred. The result-
ing sequence of positive and negative scores was used to inter-
polate the 50% response threshold exactly as described else-
where [22].

Statistical analysis. Parametric data are presented as the group
means + SEM, with statistical comparisons between groups
made using one-way ANOVA and subsequent identification of
groups significantly different from controls carried out using
Dunnett’s test. Non-parametric data are presented as the group
median and range, with statistical comparisons between groups
made using the Kruskal-Wallis test, and groups significantly
different from controls being subsequently identified by Dunn’s
test. A p value of <0.05 was considered statistically significant.
The number of animals per group () is given in Table 1.

BDNF, brain-derived neurotrophic factor; CNTF, ciliary neuro-
trophic factor; NM, not measured. *p<0.05 vs control
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Fig. 1. Hind paw thermal response latency after 8 weeks of
treatment with vehicle, ciliary neurotrophic factor (CNTF),
brain-derived neurotrophic factor (BDNF) or insulin (INS)
in control (C) and diabetic (D) rats. Data are means = SEM.
Statistical analysis was carried out using one-way ANOVA
with Dunnett’s test. *p<0.05 vs control

Results
Paw thermal sensitivity

Insulin or neurotrophic factor treatment. Leaving
streptozotocin-induced diabetes untreated for 8 weeks
resulted in weight loss, hyperglycaemia and thermal
hypoalgesia [all p<0.05 compared with untreated
controls (Table 1, Fig. 1)]. Insulin treatment of strep-
tozotocin-injected rats, beginning after confirmation
of hyperglycaemia and lasting for 8 weeks, nor-
malised blood sugar levels and body weight at the end
of this period when compared to control rats (Table 1).
Insulin treatment of diabetic rats also maintained ther-
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mal response latencies at values that were not differ-
ent from those of untreated controls (Fig. 1).

Treating control rats with CNTF or BDNF for
the duration of the study did not affect body weight,
plasma glucose levels or thermal response latency
(Table 1 and Fig. 1). Hyperglycaemia and body weight
of diabetic rats were also unaffected by BDNF or
CNTF treatment (Table 1). Diabetic rats treated with
CNTF had thermal response latencies that were not
significantly different from untreated controls. In
contrast, rats treated with BDNF had similar thermal
response latencies to untreated diabetic rats and were
significantly hypoalgesic (p<0.05) compared to un-
treated controls (Fig. 1).

Aldose reductase inhibition. Efficacy of aldose reduc-
tase inhibition was indicated by the reduction of sorbi-
tol accumulation in the sciatic nerve of Statil-treated
diabetic rats (0.2+0.2 nmol/mg dry weight) when com-
pared to vehicle-treated diabetic rats (1.5+0.4 nmol/mg
dry weight). Treatment with Statil for 8 weeks of dia-
betes did not affect the body weight or hyperglycaemia
of diabetic rats (Table 1). Thermal response latencies
were significantly increased (p<0.01) in vehicle-treat-
ed diabetic rats when compared with controls and were
significantly lower than the untreated diabetic rats
(Fig. 2), whereas those of Statil-treated diabetic rats
were not different from controls.

To determine whether aldose reductase inhibition
was also effective in shorter prevention and reversal
treatments, we performed two further studies using the
aldose reductase inhibitor IDD 676. In the first study,
thermal response latency was measured after a 4-week
period in control rats, untreated diabetic rats and dia-
betic rats treated daily with IDD 676 for the duration
of diabetes. At this time point, diabetic rats had sig-
nificant (p<0.05 vs control) hyperalgesia, but it was
completely prevented by IDD 676 (Fig. 3). In the sec-
ond study, diabetic rats were either left untreated for
8 weeks or received IDD 676 for the last 4 weeks only.
After 8 weeks of untreated diabetes, rats had signifi-
cant thermal hypoalgesia (p<0.05 vs control). In con-
trast, the diabetic rats treated with IDD 676 had ther-
mal response latencies that were not different from
controls (Fig. 3). Treatment with IDD 676 did not
affect hyperglycaemia or body weight in diabetic rats
in either of these studies (Table 1), and no sorbitol was
detected in the sciatic nerve of these animals (limit of
detection was 1.8 nmol per tissue sample), indicating
that aldose reductase inhibition was effective.

Paw tactile responses

Diabetic rats showed tactile allodynia (p<0.05 vs con-
trols), which was prevented by insulin but not by
treatment with CNTF, BDNF or the aldose reductase
inhibitor IDD 676 (Table 1).

18
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Fig. 2. Hind paw thermal response latency after 8 weeks in con-
trol (C), diabetic (D) and Statil-treated diabetic (D+Statil) rats
(Statil treatment, 50 mg-kg~!-day~!). Data are means + SEM.
Statistical analysis was carried out using one-way ANOVA with
Dunnett’s test. **p<0.01 vs control
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Fig. 3. Hind paw thermal response latency after 4 and 8 weeks
in control (white bars), diabetic (hatched bars) and IDD
676-treated diabetic (black bars) rats (IDD 676 treatment,
10 mg-kg-!-day~!). Treatment was from week O to week 4,
or from week 4 to week 8. Data are means + SEM. Statistical
analysis was carried out using one-way ANOVA with Dun-
nett’s test. *p<0.05 vs control

Discussion

Abnormal perception of heat and heat-induced pain
occurs in diabetic patients and can range from thermal
hyperalgesia in early stages of neuropathy to the pro-
gressive thermal hypoalgesia associated with degener-
ative neuropathy, which includes the loss of the epi-
dermal C fibre terminals involved in thermal nocicep-
tion [23, 24, 25]. The thermal response latency repre-
sents a similar test in diabetic rodents, but it is not yet
clear whether loss of epidermal C fibres occurs in dia-
betic rats with thermal hypoalgesia. Indeed, the only
morphological study reported to date showed no loss
of epidermal immunostaining for the pan-axonal
marker, Protein Gene Product 9.5, or the neuropep-
tide, calcitonin gene-related peptide, after 8 weeks of
diabetes [26], although the thermal responsiveness of
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these rats was not recorded. Diabetic mice did show
loss of epidermal fibres [27], but no correlation to
thermal nociception has yet been observed. Another
possibility is that thermal hypoalgesia is related to the
diabetes-induced disruption of sensory nerve pheno-
type. This is illustrated by the impaired synthesis,
axonal transport and evoked release of neuropeptides
[17, 28, 29, 30, 31], and occurs as a response to
diminished neurotrophic support [32, 33]. Interestingly,
agents preventing thermal hypoalgesia in diabetic rats
have been reported to also protect nerve neuropeptide
levels in diabetic rats [16, 28, 29] and to enhance neu-
ropeptide levels in sensory ganglia of adult rats [34].

In the present and previous studies, we have found
there to be thermal hypoalgesia in rats after 8 weeks
of diabetes [14, 15, 16, 17]. Hypoalgesia is not likely
to be caused by direct streptozotocin-induced neuro-
toxicity, as it was prevented by the insulin therapy that
maintained normoglycaemia. That two different al-
dose reductase inhibitors were effective suggests that
glucose metabolism by aldose reductase is involved in
the aetiology of thermal hypoalgesia, as it is found in
a host of peripheral nerve disorders induced by dia-
betes [35]. The progression from increased glucose
metabolism in cells that express aldose reductase to
the dysfunction of thermal nociception mediated by
C fibres remains to be clarified. One plausible inter-
mediate in this progression could be CNTF deficiency.
The bioactivity of this Schwann-cell-derived neurotro-
phic factor, as well as the amount of protein are
reduced in the peripheral nerve of diabetic rats, and
aldose reductase inhibition can increase CNTF in the
nerve of hyperglycaemic rats [19, 36]. In the present
study, CNTF treatment prevented thermal hypoalgesia
in diabetic rats without affecting responses in control
rats. This distinguishes CNTF from members of the
neurotrophin family of neurotrophic factors, which
either have no effect on thermal discrimination in dia-
betes (as we found using BDNF with a dose that pro-
tects large fibres from hyperglycaemia [21]), or have
hyperalgesic effects on control and diabetic animals,
as reported for nerve growth factor [5]. CNTF has
been largely associated with peripheral motor and sen-
sory neuron survival and regeneration after injury [37,
38], rather than with the provision of ongoing neuro-
trophic support in the adult nervous system. Neverthe-
less, the CNTFRo receptor for CNTF is expressed by
both large and small cell bodies in adult sensory gan-
glia and is detected in peripheral nerve axons [39].
The direct effects of exogenously administered CNTF
on peripheral C fibres may play a role in the protec-
tion of thermal nociceptive function in diabetic rats,
although indirect effects mediated via actions on other
cell types cannot yet be discounted.

From our studies, designed to examine the effects
of aldose reductase inhibition, we found that 4 weeks
of untreated diabetes induced thermal hyperalgesia,
which ultimately progressed to hypoalgesia. One pre-
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vious study has reported a similar progression [40]
and this time dependence may contribute to the vari-
able findings in the literature. Thermal hyperalgesia
was prevented by aldose reductase inhibition, which is
consistent with the efficacy of these agents observed
in other rat models of diabetic hyperalgesia, such as
that which occurs during the formalin test [41, 42].
Interestingly, aldose reductase inhibition also nor-
malised thermal responses when given between weeks
4 and 8 of diabetes, suggesting a reversal of estab-
lished hyperalgesia and prevention of the progression
to thermal hypoalgesia. Electrophysiological corre-
lates to the hyperalgesia seen in short-term diabetes
may include altered sensitivity and firing patterns in
primary afferents [43, 44, 45] or spontaneous activity
and enhanced nociceptive processing in the spinal
cord [17, 46, 47, 48]. It remains to be seen whether
these potential physiological and neurochemical in-
dices of behavioural hyperalgesia are also prevented
by aldose reductase inhibition.

The tactile allodynia present in diabetic rats appears
to have an aetiology that is distinct from that underly-
ing formalin hyperalgesia and abnormal thermal noci-
ception. Allodynia in diabetic rats is not dependent on
the function of small unmyelinated C fibres [44] and is
usually associated with large myelinated sensory fibres.
Numerous agents that interfere with sensory processing
have been shown to temporarily ameliorate tactile allo-
dynia in diabetic rats [49], while prolonged tight gly-
caemic control with insulin prevented the disorder from
developing [2]. The lack of efficacy of aldose reductase
inhibitors is particularly surprising given their widely
reported actions on other structural and functional dis-
orders of large myelinated fibres in diabetic rats [35].
The recent report that direct local exposure of the dor-
sal root ganglion of normal rats to higher glucose levels
induces tactile allodynia [50] suggests that hypergly-
caemia, rather than insulin deficiency, may be involved.
In light of this, consequences of hyperglycaemia that
are not solely dependent on glucose metabolism by
aldose reductase, such as non-enzymatic glycosylation
or oxidative stress [46], may need further exploration.

In summary, we have described a progression from
transient thermal hyperalgesia to thermal hypoalgesia in
Type 1 diabetic rats which is related to increased glu-
cose metabolism by aldose reductase. The efficacy of
aldose reductase inhibitors and CNTF replacement in
preventing thermal hypoalgesia provides insight into the
aetiological mechanisms underlying this disorder and
may suggest therapeutic approaches to treating the pro-
gressive sensory loss that occurs in diabetic neuropathy.
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