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Summary. In rats with 6 weeks streptozotocin-diabetes there
was a 53 % reduction in sciatic nerve laser Doppler flux com-
pared to controls (p < 0.01). Treatment of a parallel group of
diabetic rats with evening primrose oil, by dietary admixture
throughout the protocol, prevented this ischaemia (Doppler
fluxwas 91 % of evening primrose oil-treated controlsand was
not significantly different). There were no differences in sys-
temic arterial pressure. In another experiment evening prim-
rose oil markedly antagonised the development of exagger-
ated resistance to anoxic conduction failure in sciatic nerves
fromdiabeticrats. Theresistance toanoxiaofnerves fromnon-

diabetic rats was also reduced by evening primrose oil. These
observations suggest that the sciatic nerves of diabetic rats
with short-term streptozotocin-diabetes are markedly is-
chaemicandthat thisischaemiaisinvolvedinthe development
ofincreased resistance toanoxic/ischaemicconduction failure
indiabeticnerve. Thefindings alsopromote evening primrose
oilasapotential treatment toprevent nerve ischaemia.

Key words: Diabetes mellitus, diabetic neuropathies, Dopp-
ler flux, essential fatty acids, gamma linolenic acid, anoxia, is-
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Hypotheses to explain acute or even chronic defects of
nerve impulse conduction in diabetes mellitus fall into two
categories: neurovascular insufficiency, leading to endo-
neurial ischaemia, or neurochemical abnormality — a di-
rect registration of diabetes-induced biochemical distur-
bances to the axon or Schwann cell. The latter hypotheses
are reviewed extensively elsewhere [1-3]. Support for the
proposal of ischaemia comes from measurements of nerve
blood flow and oxygen tension in both experimental and
clinical diabetes. Thus, endoneurial nutritive flow is re-
duced by about 50 % in experimental diabetes [4-6]. En-
doneurial blood flow has not been measured in diabetic
patients, but oxygen tension is low [7]. Not surprisingly re-
duced endoneurial oxygen tension has also been reported
in the same diabetic animal model as that used for blood
flow studies [4]. Further support comes from the demon-
stration that maintenance of persistent central hyp-
oxaemia in non-diabetic rats causes a nerve conduction
deficit of similar magnitude to that seen in diabetic rats
breathing normal air 8, 9].

Pharmacological intervention aimed at improving
nerve blood flow is therefore a rational prospect for
prevention of early conduction abnormalities. Indeed,
others have demonstrated prevention of slowed conduc-
tion by treatment of diabetic rats with a collection of drugs
whose only likely unifying action is attenuation of vaso-
constriction [6, 10, 11]. These are guanethidine (which re-

duces noradrenaline release), lisinopril (an angiotensin
converting enzyme inhibitor) and prazosin (an oy-selec-
tive adrenoceptor blocker).

There have also been several observations of attenua-
tion of conduction deficits in diabetic rats by treatment
with evening primrose 0il [12-15]. Such treatment possibly
also acts via production of vasodilators (see Discussion for
proposed mechanisms). Accordingly, we designed the
present study tomeasure a parameter of nerve blood flow -
laser Doppler flux - and relate this to the development of
exaggerated resistance to the conduction processobserved
in diabetic nerves exposed to abruptischaemia, hypoxia or
anoxia. This particular conduction anomaly is associated
with both clinical [16] and experimental [8] diabetes and
may well develop as an adaptation to persistent incipient
nerve ischaemiain diabetes. The study examined effects of
essential fatty acid supplementation —viaevening primrose
oil—in control and streptozotocin-diabetic rats.

Materials and methods

Lxperimental organization

Two experiments were performed, each using male Wistar rats (300-
350 g; 9-13 weeks of age; Charles River (UK) Ltd., Margate, Kent,
UK). The aim of the first experiment was to measure any changes in
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sciatic nerve laser Doppler flux as an index of blood flow; the aim of
the second was to study resistance to anoxic conduction failure. In
each case the animals were assigned, at random, to four experimen-
tal groups, with diabetic and non-diabetic groups given diets en-
riched with either evening primrose oil or coconut oil. They were
maintained under standard housing conditions with food (see
below) and water available ad libitum.

Rats from both studies were fasted overnight prior to the induc-
tionofdiabetesintwo groupsofeach experimentby asingleintraperi-
toneal injection of streptozotocin (Sigma, London, UK; 50 mg/kg
(Study 1) or 65 mg/kg (Study 2), freshly dissolved in sterile 0.9%
(weight/volume) NaCl). Twodayslater, bloodsamples were obtained
by tail prick from the streptozotocin-treated rats and morning (non-
fasted) blood glucose concentration measured by strip-operated re-
flectance photometry (Reflotest, Boehringer Corporation, London,
UK). All animals had a moming blood glucose concentration of
greater than 15 mmol/l and wereincluded in the studies.

Immediately after confirmation of diabetes, one control group
and one diabetic group were provided with a powdered diet (RM
No. 1; Special Diet Services Ltd., Witham, Essex, UK) containing
evening primrose oil (Efamol; Scotia Pharmaceuticals, Guildford,
Surrey, UK) to comprise 5% of the dry weight (w/w). The other
groups were fed a diet containing 5% hydrogenated coconut oil to
provide a control for the exaggerated fat intake associated with addi-
tion of evening primrose oil to the diet. These treatments were main-
tained for the full protocol, which comprised 6 weeks for the mea-
surement of nerve Doppler flux (Study 1) and 5 weeks for the
measurement of anoxic conduction block (Study 2). Body weight
wasrecorded at least once a week. At the end of the protocol glucose
in whole blood samples was measured by strip reflectance spectro-
metry (see above) and in Study 2 samples of whole blood were cen-
trifuged (9000 g for 1 min) at room temperature to provide plasma
for GOD-PERID glucose assay (test kit from Boehringer Mann-
heim, Mannheim, FRG) by conventional spectrophotometry.

Sciatic nerve Doppler flux (Study 1)

Rats were anaesthetised with chloral hydrate (400-500 mg/kg i.p.).
The left carotid artery was cannulated (PVC Intravenous Cannula —
outer diameter 1.34 mm, inner diameter 1.00 mm; Portex, Hythe,
Kent, UK) and connected to a transducer (Type 4-327 1.221; Bell &
Howell, Basingstoke, Hants., UK) for the measurement of systemic
arterial pressure, which was displayed on a pen recorder (Multitrace
2; Electromed, St. Peter, Jersey). Via a small incision in the left flank
the sciatic nerve was exposed and a thermocouple temperature
probe inserted adjacent to, but not touching the nerve. The probe
was connected to a fast response electronic thermometer (Comark
Electronics, Rustington, Sussex, UK) and measurements of Doppler
flux were made with the nerve at a temperature of 35.0 £ 0.3°C. This
nerve temperature was maintained by placing the rat on a ho-
meothermic blanket (Harvard Apparatus Ltd., Edenbridge, Kent,
UK). Biofeedback from the rat was derived from a separate rectal
temperature probe, and was set to maintain body temperature at
37.7+0.6°C. A fibre optic flow probe (Type P4; tip diameter
0.85 mm; Moor Instruments, Axminster, Devon, UK) was ma-
noeuvred using an X-Y-Z micropositioner (Prior Scientific Instru-
ments, Bishop’s Stortford, Herts., UK) until it was just in contact
with the nerve and a stable Doppler flux value was registered on the
flow monitor (Type MBF3D; Moor Instruments). Measurements
were made by withdrawal and repositioning of the probe on the
same nerve. This was repeated until three measurements of similar
proportions were obtained (in practice these were usually the first
and only three) and the mean value over 2 min at one position was
recorded. The whole process normally took less than 10 min from in-
cision to completion. The rats were killed without recovery from an-
aesthesia.

Because the anaesthetic selected for this study gave relatively
low arterial pressuresin all groups (see Results), we obtained further
data from a parallel study of control and diabetic rats (given no oil
supplementation) using a different anaesthetic procedure. These
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animals were anaesthetised initially with halothane (4 % in O, for in-
duction, 2-2.5 % for maintenance) and a left jugular venous catheter
inserted. This was used for infusion of a mixture (in 0.9 % NaCl) of
9 mg/ml alphaxalone and 3 mg/m! alphadolone acetate (Saffan; Pit-
man-Moore Lid, Uxbridge, Middx., UK). The manufacturer’s solu-
tion was diluted 1in 3 with 0.9 % NaCl and an initial dose of 4 mg/kg
(body weight) of this dilution given on removal of the rats from the
halothane source; the solution was infused slowly as the halothane
was breathed off. The anaesthesia was maintained by continuous in-
fusion of the same solution of alphaxalone/alphadolone at a rate of
12mg/h. All other aspects of the measurement procedure were
identical to that described above.

Resistance to anoxic conduction failure in vitro (Study 2)

At the end of the protocol rats were killed by a blow to the head, bled
from the throat and the left sciatic nerve was removed rapidly and
mounted between two suction electrodes in Krebs-Henseleit bicar-
bonate buffered saline (118 mmol/l NaCl; 4.8 mmol/l1 KCl; 25 mmol/1
NaHCO;; 1.2mmol/l KH,POs; 1.2mmol/l MgSOs; 2.5 mmol/l
CaCl,), containing 0.5 mmol/l myo-inositol and 5 mmol/l glucose at
37°C and continuously gassed with 95 % O,: 5% CO,. This was done
in a thermoregulated purpose-built tissue bath, which was continu-
ously perfused with bathing fluid at a rate of 0.5 mlU/min. Electrical
stimulation was applied to the proximal end of the preparation and
the resulting compound action potentials (CAPs) recorded on a digi-
tal storage oscilloscope (Type 1421; Gould Instruments, Iford,
Essex, UK) via a differential pre-amplifier (DAM-5 A; W-P Instru-
ments Inc., New Haven, Conn., USA). Supramaximal stimulation
(10 V) was applied for a 30-min stabilization period (0.5 Hz, 0.1 ms
duration) with hard copy recordings plotted on an X-Y pen recorder
every 10 min. This was done to ensure that the preparation was ca-
pable of propagating identical CAPs in the absence of anoxia. After
stabilization, stimulation was stopped and' the bathing medium
removed to be replaced with medium of the same composition but
which had been previously gassed with a mixture of 5% CO, and
95%N,. This gas mixture was also supplied to the organ bath, and
stimulation recommenced for a further 40 min, with hard-copy
recording at 10-min intervals.

Statistical analysis

All data are presented as arithmetic mean +1 SD. Statistical anal-
ysis of diabetes and treatment effects was carried out by one way
analysis of variance (ANOVA). Where the F ratio gave p < 0.05, and
where there was homogeneity of variance (Cochrans & Bartlett Box
[17], p > 0.05), comparisons between individual group means were
made using Duncan’s Multiple Range Test at significance levels of
p=0.05andp=001.

Results
Animals

Throughout the course of both studies, the body weight of
control rats increased by about 3-3.5 g -rat™ - day™ where-
as, at the end of the protocol, the body weight of the
diabetic rats was slightly lower than the initial value
(Table 1). There were no differences between either di-
etary oil in effects on body weight. Blood glucose data
were similar in the two studies and are given in Table 1.
Treatment with evening primrose oil had no effect on the
general severity of diabetes since animal body weight and
final plasma glucose concentration were not significantly
altered in either study.
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Table 1. Body weight and blood glucose data for rats of both studies

Body weight (g) Glucose concentra-
tion (mmol/l)
Atstart  Atdeath Inwhole Inplasma
blood
Study 1
Control CO 325+9 501+36 52+05 NE
Control EPO  320£10 495151 54+08 NE
DiabeticCO 31819 338132 >25 NE
DiabeticEPO 323111 370132 >25 NE
Study 2
Control CO 309+15  463+44 65t16 72112
Control EPO 30711 484128 - 61x15 63%10
DiabeticCO  318%6  310+42 >25 40.1+64
DiabeticEPO  309+16 282+52 >25 39.2+89

Data are mean *1 standard deviation. In Study 1 each group con-
tained 8-9 rats and in Study 2 there were 10 rats per group. CO, Co-
conut oil-treated rats; EPO, evening primrose oil-treated rats; NE,
not estimated

Sciatic nerve Doppler flux

Figure 1 shows individual animal data points together
with group means and standard deviations. Comparison
of the two coconut oil-treated groups showed a massive
reduction in Doppler flux in the sciatic nerves of the
diabetic rats. Treatment of non-diabetic rats with evening
primrose oil did not significantly increase their sciatic
nerve Doppler flux. Fluxes in the nerves of evening prim-
rose oil-treated diabetic rats were only marginally lower
than those of either non-diabetic group, indicating sub-
stantial prevention of the diabetes-associated ischaemia.
Values for mean systemic arterial pressure are also given
in Figurel. There were no differences between the
groups, indicating that increased neurovascular resistance
was the main determinant of the reduced Doppler flux in
the coconut oil-fed diabetic rats.

In the separate study with rats anaesthetised with al-
phaxalone/alphadolone the mean arterial pressures (mm
Hg *+1 SD) were 107.0£10.6 (n=9) for controls and
108.0+7.5 (n=>5) for diabetics. These were associated
with sciatic nerve Doppler fluxes (arbitrary units +1 SD)
0f376 + 40 for controls and 157 £ 23 for diabetics. Thus, al-
though chloral hydrate anaesthesia caused hypotension, it
did not reduce sciatic nerve Doppler fluxes in either con-
trol or diabetic rats, compared to rats anaesthetised with
alphaxalone/alphadolone. Furthermore, there were sub-
stantially reduced sciatic nerve fluxes in the diabetic rats
irrespective of the anaesthetic used.

Resistance to anoxic conduction failure

These data are presented in Figure 2. The preparations
from diabetic rats treated with coconut oil showed the es-
tablished pattern of increased resistance to anoxic conduc-
tion failure, when compared with the controls treated with
coconut oil. Comparison of the effects of the two oils indi-
cates a marked effect of the evening primrose oil on both
groups. The rate of decline of the CAP amplitude during
anoxia was increased in the evening primrose oil-treated
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Sciatic nerve doppler flux (arbitrary units)
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Fig.1. Effects of diabetes and of treatment with either coconut oil
(CO) or evening primrose oil (EPO) on sciatic nerve laser Doppler
flux and systemic arterial pressure. Individual points show nerve
Doppler flux for each rat, bars indicate group means and the boxes
show +1SD
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Fig.2. Resistance to anoxic conduction failure in nerves from the
four groups comprising the second study. Square symbols represent
nerves from diabetic rats and circles those from non-diabetic rats;
filled symbols indicate evening primrose oil-treated groups and
open symbols those given coconut oil. Limits are + 1 SD. At t,, min
all group mean amplitudes differed at p < 0.05. CAP, Compound ac-
tion potential

diabetic group, bringing their performance closer to that of
the coconut oil-treated controls. At ty the amplitude of the
action potentials from evening primrose oil-treated
diabetic nerves was mid-way between that of the coconut
oil-treated control and diabetic groups and wasstatistically
significantly different from both (p < 0.05). The effect of
evening primrose oil treatment onthe nerves of control rats
was even more startling, with a marked increase in decay
rate relative to that seen in the nerves of the coconut oil-
treated controls. At t4 the action potential amplitude of
nerves from the evening primrose oil-treated control rats
was significantly different from that of all other groups.

Discussion

The treatment of rats with streptozotocin caused weight
loss and hyperglycaemia, features characteristic of un-
restrained Type 1 (insulin-dependent) diabetes mellitus.
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There was, however, no attenuation of glycaemia associ-
ated with evening primrose oil treatment. The most dra-
matic finding of this study is the prevention of a massive
fall in sciatic nerve Doppler flux in diabetic rats by treat-
ment with evening primrose oil. However, due consider-
ation must be given to the limitations imposed on inter-
pretation by the technique used. Laser Doppler flux is not
a measure of blood flow; it is a parameter of the average
velocity of moving particles passing the probe at a point in
time. As such, its major determinants are erythrocyte ve-
locity and number. It is, therefore, proportional to blood
flow, but a linear relationship between the two cannot be
guaranteed. However, another study applied Doppler flux
monitoring and whole nerve blood flow measurements
from [“Cliodoantipyrine in the same animals and re-
ported a good agreement between the two over a flow
range of 0.1 to 0.45 ml-min™ - g [18]. These authors pres-
ent a scatterplot of data from the two methods and, al-
though some points deviate from the regression line by as
much as 50 %, the deviations are random in the mid to low
range of the plot. Given this validation of the Doppler flux
technique, we suggest that the large difference in flux seen
here in nerves of control and diabetic rats (on coconut oil)
reflects a substantial difference in whole nerve blood flow.
Doppler flux makes no discrimination between cells pas-
sing through epineurial and endoneurial vessels and it
. cannot differentiate nutritive (capillary) flow from non-
nutritive flow. Thus, neither this method nor the use of
labelled iodoantipyrine would allow altered values to be
registered to either epineurial or endoneurial flow. Ap-
proximately 50 % of whole nerve flow passes through the
endoneurium [18]. In our study nerve Doppler flux was re-
duced in coconut oil-treated diabetic rats to 47 % of the
value recorded in controls. For this to occur without any
reduction in endoneurial flow would require cessation of
flow to the epineurium and perineurium. This is unlikely
and the reduction of flux seen in the nerves of the diabetic
coconut oil-fed rats is of a similar proportion — with refer-
ence to controls — to that seen in the same model by direct
techniques, such as H, clearance [4, 6] which is specific for
nutritive flow. We suggest, therefore, that the data indi-
cate a reduction in sciatic nerve blood flow in diabetic rats
and that some of the reduction may have been in nutritive
flow. Treatment with evening primrose oil prevented the

low Doppler flux in the nerves of diabetic rats; this may -

have been achieved by shunting through non-nutritive
vessels, but increased nutritive flow may have con-
tributed.

The rats were -hypotensive under chloral hydrate an-
aesthesia, but there was no bias between controls or
diabetics. Use of an anaesthetic (alphaxalone/alphado-
lone) giving normal systemic arterial pressure gave a simi-
lar difference in nerve Doppler flux between control and
diabetic rats, indeed the values were similar to those from
the coconut oil-fed rats under chloral hydrate. This is sur-
prising since peripheral nerve is not thought to autoregu-
late its blood flow [19, 20] and the higher systemic arterial
pressure might have been expected to give a higher flux
measurement. However, it is possible that the hypoten-
sion under chloral hydrate anaesthesia caused selective
loss of vasomotor tone, decreasing vascular resistance dis-
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proportionately in peripheral nerve and maintaining flow
despite decreased systemic arterial pressure.

Treatment with evening primrose oil also attenuated
the exaggerated resistance to anoxic conduction failure in
diabetic nerves in vitro, but there was an even mote
marked effect in the nerves from non-diabetic rats given
evening primrose oil. This was not matched by an effect on
nerve Doppler flux in non-diabetic rats. It is possible that
exaggerated resistance to abruptly enforced anoxia, hypo-
xia or ischaemia develops in diabetes as an axonal adapta-
tion to the incipient endoneurial hypoxia in the nerve
trunks of the extremities. There may, however, be another
mechanism which is manifest in both control and diabetic
rats and which is not related to nerve blood flow.

Evening primrose oil is rich in oleic, linoleic and
gamma-linolenic acid whilst coconut oil contains little
linoleic and no gamma-tinolenic acid [21]. The biological
activity of this treatment is probably not due solely to the
presence of a single active constituent, but may depend on
several components [22]. Treatment with evening prim-
rose oil probably enhances the synthesis of arachidonic
acid by the conversion of linoleic acid through gamma-li-
nolenic and dihomo-gamma-linolenic acids. Increased
availability of arachidonate, derived from evening prim-
rose oil may be directly responsible for prevention of
nerve ischaemia by stimulating the production of vasodi-
lator prostanoids. We have found deficient basal prosta-
cyclin release in sciatic nerves of diabetic rats to be
prevented by evening primrose oil treatment [23]. In-
creased prostaglandin E; production from gamma-li-
nolenic acid [24] has been established in mesenteric vascu-
lar tissue [25] although it remains to be demonstrated in
peripheral nerve. Prostaglandin E; seems to have an im-
portant role in the maintenance of normal neuronal func-
tion. Blockade of prostaglandin E; synthesis is associated
with a reduction in nerve action potential amplitude in the
rat, and this abnormality can be corrected by prostaglan-
din E; administration [26]. Recent studies have shown
that a structural analogue of prostaglandin E, can prevent
the acute deficit in motor nerve conduction velocity
(MNCV) when administered to streptozotocin-diabetic
rats [27, 28]. Prostaglandin E; might modulate biochemi-
cal events increasing nerve conduction or might improve
the endoneurial microcirculation by dilating arterioles
and inhibiting platelet aggregation, hence preventing the
development of any MNCYV deficit related to ischaemic
endoneurial hypoxia [4, 29]. Co-administration, to
diabetic rats, of the cyclo-oxygenase inhibitor, flurbi-
profen prevents the attenuation of exaggerated resistance
to acute anoxic conduction failure by evening primrose oil
[30]. This supports strongly an involvement of cyclo-
oxygenase-derived products in this effect of evening prim-
rose oil.

In conclusion, we suggest that reduced sciatic nerve
Doppler flux in diabetic rats indicates possible ischaemia,
which may be prevented by treatment with evening prim-
rose oil. This reduced Doppler flux and its prevention are
associated with clear changes in nerve conduction. In this
study we report attenuation of resistance to acute anoxia
and other studies have highlighted prevention of slowed
conduction velocity. These observations strengthen the
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possibility of an involvement of ischaemia in the develop-
ment of acute nerve conduction disturbances in diabetes.
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