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Nerve function and regeneration in diabetic and galactosaemic rats:
antioxidant and metal chelator effects
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Abstract

Immature rats were made diabetic with streptozotocin or were fed a 40% galactose diet to stimulate the polyol pathway. Separate
diabetic and galactosaemic groups were treated with butylated hydroxytoluene or trientine. After 4 weeks the sciatic nerve was
freeze-lesioned. Two weeks later, the degree of myelinated fibre regeneration was assessed electrophysiologically and nerve conduction
velocity was measured in the contralateral leg. Similar sciatic motor and saphenous sensory nerve conduction velocity deficits of
approximately 18% and 19%, respectively, compared to age-matched control rats were found in both models. They were partially
prevented by treatment (approximately 68% for butylated hydroxytoluene and 63% for trientine). There were 12% and 10% deficits in
nerve regeneration distance with diabetes and galactosaemia respectively, which were markedly attenuated (approximately 80%) by both
treatments. The data emphasise the importance of elevated free radical activity for the aetiology of neural /neurovascular deficits in

experimental diabetes and galactosaemia.
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1. Introduction

The early abnormalities in peripheral nerve function in
experimental diabetes mellitus, such as reduced nerve con-
duction velocity, are largely caused by impaired en-
doneurial blood flow that results in a hypoxic microenvi-
ronment for axons and Schwann cells (Cameron and Cot-
ter, 1994; Low et al., 1989). Similar changes are seen in
neuropathic diabetic patients (Tesfaye et al., 1994). De-
creased vasa nervorum perfusion has been linked with
elevated polyol pathway flux and increased oxygen free
radical activity in diabetic rats (Cameron et al., 1994;
Calcutt et al., 1994b; Cotter et al., 1995; Nagamatsu et al.,
1995) as well as increased formation of advanced glyco-
sylation end products (Kihara et al., 1991) and reduced
w-6 essential fatty acid metabolism (Cameron and Cotter,
1994). The polyol pathway is activated by hyperglycaemia
which stimulates production of sorbitol from glucose by
aldose reductase (L-alditol:NADP™* 1-oxidoreductase; EC
1.1.1.21). Sorbitol is then further metabolized to fructose
by the second enzyme in the pathway, sorbitol dehydroge-

* Corresponding author. Tel.: (44-1224) 273-013; Fax: (44-1224) 273-
019.

nase (L-idito:NAD™ S5-oxidoreductase; EC 1.1.1.14)
(Dvornik, 1987). Excessive flux through the first half of
the polyol pathway may impair free radical scavenging by
interfering with the glutathione redox cycle (Kashiwagi et
al., 1994). Other explanation of polyol effects, stressing
the importance of the second half of the pathway, have
also been proposed. These include involvement of fructose
in the advanced glycosylation process (Brownlee, 1992)
and NADH accumulation causing deleterious alterations to
intermediate metabolism (Williamson et al., 1993). In an-
other model of polyol pathway activation, the galac-
tosaemic rat, excess flux is restricted to the first half of the
pathway, as the sugar alcohol galactitol is a very poor
substrate for sorbitol dehydrogenase (Dvornik, 1987). Nev-
ertheless, conduction velocity reductions are similar to
those of diabetic rats (Cameron et al., 1992; Low et al.,
1989). One aim of the investigation was to determine
whether conduction velocity deficits in galactosaemic rats
could be prevented by treatments which either scavenge
oxygen free radicals (Cameron et al., 1993) or inhibit their
formation by the processes of autoxidation and advanced
glycosylation which are catalysed by small amounts of free
transition metal ions, using an appropriate chelating agent
(Cameron and Cotter, 1995).
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Experimental diabetes and galactosaemia are charac-
terised by defects in nerve regeneration (Longo et al.,
1986; Powell et al.,, 1986). The extent to which these
changes depend on similar mechanisms to those responsi-
ble for reduced conduction velocity, as opposed to being
caused by impaired metabolic or neurotrophic responses
(Vinik et al., 1995) is not known. Therefore a second aim
was to examine the effects of antioxidant and transition
metal chelator treatments on regeneration of myelinated
fibres following freeze damage in diabetic and galac-
tosaemic rats.

2. Materials and methods

All experiments were carried out on male Sprague-
Dawley rats (Aberdeen University Colony), 8 weeks old at
the start of the study. Diabetes was induced with intraperi-
toneal streptozotocin (Zeneca Pharmaceuticals, Maccles-
field, Cheshire, UK) freshly dissolved in sterile saline at a
dose of 55 mg kg~!. Galactosaemia was produced by
feeding rats a 40% galactose diet (Cameron et al., 1992).
Separate groups of diabetic and galactosaemic rats were
treated from the day after induction with a dietary supple-
ment of the lipophilic antioxidant, butylated hjldroxy-
toluene (Sigma, Poole, Dorset, UK), such that the dose
was_ approximately 1 g kg~! day”', based on measure-
ments of daily food consumption of 40-50 g by diabetic
and galactosaemic rats. Further diabetic and galactosaemic
groups were treated from the second day with the transi-
tion metal chelator, trientine (triethylenetetramine dihydro-
chloride, Sigma), dissolved in the drinking water such that
the dose was approximately 20 mg kg~' day~'. The
drinking water concentration for diabetic and galac-
tosaemic rats was adjusted to compensate for their differ-
ent water consumption, 250-300 ml day ~! for the former,
40-45 ml day ! for the latter. Pilot dose-ranging investi-
gations (Cameron and Cotter, unpublished observations)
previously established that the drug treatments used were
near the top of their respective dose-response curves for
correction of motor conduction velocity in mature diabetic
rats and this was confirmed in later studies (Cameron and
Cotter, 1995; Cameron et al., 1993).

After 4 weeks, diabetic, galactosaemic and age-matched
control rats were anaesthetized with halothane (2-5% in
air), and under aseptic conditions, the right sciatic nerve
was exposed in the upper thigh region. The nerve was
lesioned using a liquid N, cooled probe, 1 mm in diame-
ter, which was lightly applied to the nerve for 50 s. This
produced a punctate lesion that caused all fibres in the
nerve to degenerate (Maxfield et al., 1995). The lesion site
was marked by an epineurial suture. Rats were then left a
further 14 days before regeneration was assessed.

In final experiments, rats were anaesthetized with ure-
thane (1-1.5 g kg~ i.p.). Motor and sensory conduction
velocity were measured in the left (non-lesioned) legs of

the rats using methods previously described in detail
(Cameron et al., 1992). A group of onset (8 week old)
control rats was also used for conduction velocity studies.
Briefly, sciatic motor conduction velocity between sciatic
notch and knee was taken as the average value for branches
supplying gastrocnemius and tibialis anterior muscles.
Saphenous sensory conduction was estimated between
groin and lower calf. Core and nerve temperatures were
monitored by thermocouple probes and kept in the range
37-38°C by radiant heat.

The electrophysiological method used to estimate re-
generation distance was similar to that described by Bon-
doux-Jahan and Sebille (1989). The right (Iesioned) sci-
atic /tibial nerve was dissected free between sciatic notch
and ankle and placed in a nerve bath on an array of
electrodes (1 mm spacing) at the in vivo length. Bath
temperature was 35°C, and the nerve/electrode complex
was suspended above Krebs’ solution, gassed with 95%
0,/5% CO,. Thus, nerves were maintained in a warm,
moist, oxygenated environment where they remained vi-
able without significant deterioration for at least 4 h. Nerve
stimulation parameters were adjusted to be supramaximal
for myelinated fibres (1 Hz, 10 mA, pulse width < 100 s),
assessed by monitoring the size of the first peak of the
compound action potential near the lesion site. Stimulation
was applied 3—8 mm proximal to the lesion. Small myeli-
nated (A3) and unmyelinated (C) fibres were not activated
with these stimulation parameters. Bipolar stimulation was
used to minimise the stimulus artefact. Compound action
potential recordings were made along the length of the
nerve at 1 mm intervals using a bipolar electrode configu-
ration and signal averaging. The point at which the com-
pound action potential was no longer detectable was taken
to indicate the maximum regeneration distance.

2.1. Statistical analysis

Data are expressed as the group means + S.E.M. They
were subjected to Bartlett’s test for homogeneity of vari-
ances followed by a one-way analysis of variance. When
significance was attained ( P < 0.05) between-group differ-
ences were established using the Student-Newman-Keuls
multiple comparison test. All calculations were performed
using standard statistical software (Instat, Graphpad, San
Diego, CA, USA).

3. Results

Body weights (Table 1) increased with age by approxi-
mately 38% (P <0.001) in control rats. With diabetes,
there was an approximately 25% weight loss (P < 0.01),
whereas with galactosaemia there was a reduced growth
rate (19%) compared to controls. The latter was unaffected
by trientine treatment but rats in the butylated hydroxy-
toluene-treated galactosaemic group had a lower weight
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Table 1
Body weights and plasma glucose concentrations

Group n Body weight (g) Plasma glucose concentration (mM)
Start End
Onset contro! 8 276+ 6 8.1+05
Age-matched control 15 382+ 5 9.0+ 04
Diabetic 15 261 +4 218+ 9 429420
Diabetic + butylated hydroxytoluene 14 285+ 6 196 + 6 426 +2.0
Diabetic + trientine 11 284 +5 204 + 10 484 +2.7
Galactosaemic 16 267+ 6 317+ 5 8.8+03
Galactosaemic + butylated hydroxytoluene i5 278 £ 5 247+ 13 8§2+03
Galactosaemic + trientine 11 272+ 4 3NNt s 82+04

Data are the means + S.E.M.

than either untreated or trientine-treated galactosaemic rats
(P < 0.01). Nerve water content was 68.7 + 1.4% in con-
trol rats and this was not significantly affected by diabetes
(70.4 + 0.8%). With galactosaemia, water content was sig-
nificantly (P < 0.01) elevated compared to controls being
78.5 + 1.5%, 76.6 + 0.4% and 76.7 + 1.5% for untreated,
butylated hydroxytoluene- and trientine-treated groups, re-
spectively.

Sciatic motor conduction velocity (Fig. 1) increased in
control rats by 30.0 + 1.8% (P <0.001) over the 6-week
experimental period. With diabetes, maturation of motor
conduction velocity was restricted to 11.1 + 1.4%, which,
although significantly elevated compared to the onset con-
trol group (P <0.001), was reduced compared to the
age-matched group (P < 0.001). Butylated hydroxytoluene
and trientine treatments improved the conduction deficit by
74.6 £ 6.5% (P <0.001) and 55.8 +6.5% (P <0.001),

55 ~ _I_‘
1 T
50 - ume o
" s 1T
£ maay HH
> 45r T
£ Euu amuy
o
- aust maan
> —
ol St
O A Uy B T u B T
control diabetic galactosaemic

Fig. 1. Average sciatic nerve motor conduction velocity values for fibres
supplying tibialis anterior and gastrocnemius muscles. For control groups
O, onset control, A, age-matched control; diabetic and galactosaemic
groups U, untreated, B, treated with butylated hydroxytoluene (1 g kg™'
day~!), T, treated with trientine (20 mg kg~! day~'). Group n=8-16,
error bars are S.EM.

respectively, although for both butylated hydroxytoluene
(P < 0.05) and trientine { P < 0.01) there remained small
but statistically significant differences compared to the
age-matched control group. Galactosaemia blunted motor
conduction velocity development to an extent similar to
diabetes, with a 13.8 + 1.1% (P < 0.001) increase com-
pared to onset controls, which fell short of the value for
the age-matched group ( P < 0.001). Treatment with buty-
lated hydroxytoluene and trientine largely prevented the
conduction deficit to the extent of 62.0 + 8.3% (P < 0.001)
and 69.8 + 11.8% (P < 0.001), respectively. For butylated
hydroxytoluene, the remaining conduction deficit just
reached statistical significance (P < 0.05) compared to
age-matched controls.

Saphenous sensory conduction velocity (Fig. 2) showed
an age-related increase of 21.7 4+ 1.1% (P <0.001) in
control rats. This was almost completely prevented by
diabetes (2.9 + 1.0% increase, P> 0.05) and galac-
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Fig. 2. Saphenous nerve sensory conduction velocity. For control groups,
O, onset control, A, age-matched control; diabetic and galactosaemic
groups, U, untreated, B, treated with butylated hydroxytoluene (1 g kg™
day™'), T, treated with trientine (20 mg kg™ ' day~'). Group n = 8-16,
error bars are S.EM.
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Fig. 3. Maximum myelinated fibre regeneration distance 14 days after a
sciatic nerve lesion. For age-matched control (AC), diabetic and galac-
tosaemic groups U, untreated, B, treated with butylated hydroxytoluene (1
gkg™! day™!) and T, treated with trientine (20 mg kg~! day™'). Group
n=9-15, error bars are S.EM.

tosaemia (2.4 + 0.9% increase, P > 0.05), the conduction
velocity values remaining significantly (P < 0.001) below
that of the age-matched control group. Treatment with
butylated hydroxytoluene or trientine increased sensory
conduction velocity in diabetic and galactosaemic rats to a
similar extent. Thus, the diabetic deficit was prevented by
55.7 + 7.5% (P < 0.001) for butylated hydroxytoluene and
64.7 + 8.0% (P < 0.001) for trientine. Corresponding val-
ues for galactosaemia were 55.3 + 6.7% (P < 0.001) and
57.2 +8.5% (P <0.001). However, for all treated rats,
there remained a significant (P < 0.001) deficit compared
to the age-matched control group. There were no instances
where diabetic or treated diabetic motor and sensory con-
duction velocity values were significantly different from
their galactosaemic counterparts.

The maximum regeneration distance for myelinated sci-
atic nerve fibres 14 days after a punctate freeze lesion (Fig.
3) was 12.3 + 2.3% reduced by diabetes (P < 0.01). This
was completely prevented by trientine treatment (P < 0.01)
and butylated hydroxytoluene attenuated the deficit by
60.9 + 14.2% (P < 0.05), the resultant value being in the
lower half of the control range. Galactosaemia caused a
9.6 + 2.7% deficit (P < 0.05), which was completely pre-
vented by butylated hydroxytoluene (P < 0.05) and 63.0
+ 14.3% reduced by trientine, although in the latter case
this did not reach statistical significance compared to
untreated galactosaemia.

4. Discussion

The data emphasise the similarity of nerve conduction
velocity and regeneration deficits in young diabetic and
galactosaemic rats. Butylated hydroxytoluene, a lipophilic
chain-breaking scavenger, is likely to distribute widely in
cell membranes and circulating lipids and should cross the
blood-nerve barrier (Cameron et al., 1993; Low et al.,
1989). Trientine is a hydrophilic metal chelator and can
therefore reduce free radical formation by the Fenton
reaction, autoxidation, and advanced glycosylation, which
are catalysed by free transition metal ions (Fu et al., 1994).
It is not known whether trientine crosses the blood-nerve
barrier. In diabetic rats, both lipophilic and hydrophilic
scavengers and transition metal chelators prevent or cor-
rect impaired nerve blood flow and conduction (Braven-
boer et al., 1992; Cameron and Cotter, 1995; Cameron et
al., 1993; Cotter et al., 1995; Nagamatsu et al., 1995). This
study extends the conduction effect to the galactosaemic
model. Many studies have used mature diabetic rats, where
a conduction velocity deficit relative to onset controls is
found (Cameron and Cotter, 1995; Cameron et al., 1993;
Cotter et al., 1995). In this model there is a minimal
contribution of impaired nerve fibre growth to reduced
conduction velocity, the pathophysiological deficits relat-
ing primarily to neuronal adaptations to endoneurial hy-
poxia (reviewed in Cameron and Cotter, 1994). In contrast,
for the young rats used in this study, there is substantial
blunting of axon growth which has been suggested to
make a major contribution to impaired conduction velocity
(Cameron et al., 1986; Sharma et al., 1981; Yagihashi,
1995). However, prevention by butylated hydroxytoluene
and trientine treatments, suggests that similar mechanisms
underlie conduction deficits in young and mature models,
irrespective of whether or not they are caused by reduced
axon growth. The data agree with a previous study in
younger rats, where diabetic motor and sensory conduction
deficits were partially prevented by GSH treatment
(Bravenboer et al., 1992).

Part of the reason for the similarity of motor and
sensory conduction reductions in young rats with diabetes
or galactosaemia may stem from the negative effects of
both on axonal transport of cytoskeletal components and
their assembly into neurofilaments — a major determinant
of axon calibre, hence conduction velocity (Nukuda et al.,
1986; Yagihashi, 1995). The body weight decrease in
diabetic or the blunted increase in galactosaemic rats would
not be expected to contribute to reduced conduction veloc-
ity. Such a hypothesis cannot explain the beneficial con-
duction effects of butylated hydroxytoluene and trientine
treatments, which did not improve body weight. The buty-
lated hydroxytoluene-treated galactosaemic rats actually
lost weight compared to untreated galactosaemia, yet their
conduction velocity was markedly increased. The reason
for the weight loss is unclear; it was not accompanied by a
reduced food intake. In normal rats, a dietary caloric
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restriction severely reduced weight but had no effect on
conduction velocity maturation (Cornblath and Brown,
1988). The reduced blood flow and endoneurial hypoxia
characteristic of diabetes (Cameron and Cotter, 1994; Low
et al., 1989) and the decreased perfusion and oedema-de-
pendent increase in oxygen diffusion distance in galac-
tosaemia (McManis et al., 1986; Myers and Powell, 1984)
could limit energy-dependent neuronal processes, includ-
ing neurofilament synthesis, transport and assembly. This
would impair conduction velocity maturation. In mature
diabetic and galactosaemic rats, vasodilator treatment im-
proves conduction velocity (Cameron and Cotter, 1994,
Dines et al., 1995), and this is also the case in younger
diabetic rats (Kapelle et al., 1992).

The main parallel between diabetes and galactosaemia
is increased activation of the first half of the polyol
pathway to produce sorbitol or galactitol (Dvornik, 1987).
Thus, the similarity of nerve conduction and regeneration
deficits in the 2 models emphasizes the importance of this
step, as opposed to changes linked to the conversion of
sorbitol to fructose by sorbitol dehydrogenase (Williamson
et al., 1993) which is specific to diabetes. Antioxidant
treatment does not alter nerve polyol pathway activity
(Cameron et al., 1993) and butylated hydroxytoluene and
trientine did not affect the increase in nerve water content
in galactosaemia. However, exaggerated flux through the
aldose reductase step of the polyol pathway can deplete
cellular NADPH (Dvornik, 1987). For vascular endothelial
cells this increases the susceptibility to peroxide damage
because of an impaired glutathione redox cycle (Kashiwagi
et al., 1994). Reduced protection against reactive oxygen
species, coupled with their increased production by autox-
idative glycosylation (Cameron and Cotter, 1995), causes
defective endothelium-dependent vessel relaxation in dia-
betes and galactosaemia. This is prevented by aldose re-
ductase inhibitors, scavengers including butylated hydroxy-
toluene, and trientine (Archibald et al., 1996; Cameron and
Cotter, 1993, 1994; Keegan et al., 1996). Vasa nervorum
endothelial dysfunction is likely to make a major contribu-
tion to reduced nerve conduction (Cameron and Cotter,
1994; Low et al., 1989) in diabetes and galactosaemia.

The data on myelinated fibre regeneration in diabetic
and galactosaemic rats agrees with previous studies show-
ing similar defects in growth through a silicon tube follow-
ing nerve transection (Longo et al.,, 1986; Powell et al.,
1986). In contrast, an experiment monitoring regeneration
by the pinch test did not find an impairment in galac-
tosaemic rats 7 days after nerve crush (Calcutt et al.,
1994a). However, 7 days may be too short for a statisti-
cally viable deficit to develop in galactosaemic rats, al-
though the pinch test can detect reduced regeneration over
this time in diabetic rats (Ekstrom and Tomlinson, 1989).
The pinch test depends on evoking flexor reflexes in
proximal muscles, thus monitoring regeneration in small
sensory fibres involved in nociception. In contrast, aldose
reductase is localised to Schwann cell cytoplasm of the

larger myelinated fibres examined in this study, rather than
small fibres (Powell et al., 1991). While conduction veloc-
ity and regenerative capacity of myelinated fibres are
similarly affected by polyol pathway-dependent mecha-
nisms in diabetes and galactosaemia, there may be differ-
ences in small fibre regeneration due to other factors
(Calcutt et al., 1994a; Ekstréom and Tomlinson, 1989).
Thus, nerve growth factor is reduced in diabetic rats and
replacement therapy corrects small sensory but not large
fibre function (Apfel et al., 1994). It is not known whether
galactosaemic rats have a nerve growth factor deficit.

In diabetic and particularly galactosaemic rats there is a
marked reduction in nerve ciliary neurotrophic factor con-
tent, probably due to Schwann cell damage caused by
polyol pathway activation (Calcutt et al., 1992). This may
contribute to reduced regenerative responses and conduc-
tion velocity maturation both of which are corrected by
ciliary neurotrophic factor treatment in young diabetic rats
(Cameron et al., 1995). However, the precise mechanism
whereby diabetes and galactosaemia influence neu-
rotrophin levels is not known. Partial prevention of defec-
tive regeneration by butylated hydroxytoluene and trientine
suggests two possibilities. First, Schwann cell disruption
may not result simply from the osmotic shock of polyol
accumulation. Instead, it could depend on increased sus-
ceptibility to free radical damage due to an impaired
glutathione redox cycle as noted for endothelial cells
(Kashiwagi et al., 1994). Nerve GSH levels are reduced
and lipid peroxidation is increased with a diabetes duration
similar to that of this study, protection being given by
antioxidant treatment (Nagamatsu et al., 1995). However,
the status of nerve antioxidant defences and the level of
free radical lipid damage are not known in galactosaemia.
Second, Schwann cell polyol pathway activity may be only
partially relevant, the main damage resulting indirectly as
from impaired nerve perfusion and ischaemia/reperfusion
effects caused by endothelial dysfunction. In diabetic and
galactosaemic nerve conduction defects are at least par-
tially corrected by vasodilator treatments which do not
alter polyol pathway metabolite concentrations (Cameron
and Cotter, 1994; Dines et al., 1995; Maxfield et al.,
1995). Moreover, in mature diabetic rats, the regeneration
deficit 14 days post-lesion was completely prevented by
vasodilator therapy that promoted normal endoneurial oxy-
gen tension (Maxfield et al., 1995). In non-diabetic rats,
nerve regeneration is accompanied by endoneurial angio-
genesis, presumably to meet the increased metabolic needs
of growing fibres (Nukuda, 1988). Furthermore, the early
phase of regeneration through a nerve transplant was
markedly accelerated if the graft had an intact vascular
supply (Shupek et al., 1989). Thus, this stresses the impor-
tance of neurovascular insufficiency leading to an inade-
quate endoneurial microenvironment for regeneration as
well as conduction in diabetes and galactosaemia.

In conclusion, the data emphasise the importance of
free radical mechanisms in diabetic and galactosaemic



38 A. Love et al. / European Journal of Pharmacology 314 (1996) 33—39

nerve dysfunction. They suggest that galactosaemia is a
good model for aspects of diabetic neuropathy, particularly
myelinated fibre growth and regeneration and microan-
giopathy.
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