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Summary Impaired c0-6 essential fatty acid metabo- 
lism and exaggerated polyol pathway flux contribute 
to the neurovascular abnormalities in streptozoto- 
cin-diabetic rats. The potential interactions between 
these mechanisms were examined by comparing the 
effects of threshold doses of aldose reductase inhibi- 
tors and evening primrose oil, alone and in combina- 
tion, on neurovascular deficits. In addition, high- 
dose aldose reductase inhibitor and evening primrose 
oil treatment effects were challenged by co-treatment 
with the cyclo-oxygenase inhibitor, flurbiprofen, or 
the nitric oxide synthase inhibitor, N%nitro-L-argi - 
nine. Eight weeks of diabetes caused an 18.9 % reduc- 
tion in sciatic motor conduction velocity (p < 0.001). 
This was only modestly ameliorated by a 0.1% diet- 
ary supplement of evening primrose oil or the aldose 
reductase inhibitors ZD5522 (0.25 mg. kg -1. d a y  ~) 
and WAY121509 (0.2 mg. kg -1. day -t) for the final 
2 weeks. However, joint treatment with primrose oil 
and ZD5522 or WAY121509 caused marked 71.5 
and 82.4 % corrections, respectively, of the conduc- 

tion deficit. Sciatic nutritive blood flow was 43.1% 
reduced by diabetes (p < 0.001) and this was correc- 
ted by 67.8 % with joint ZD5522 and primrose oil 
treatment (p < 0.001). High-dose WAY121509 (10 
rag. kg -1 �9 day -1) and primrose oil (10 % dietary sup- 
plement) prevented sciatic conduction velocity and 
nutritive blood flow deficits in 1-month diabetic rats 
(p < 0.001). However, these effects were abolished 
by flurbiprofen (5 mg. kg -1. day -1) and NG-nitro-L - 
arginine (10 mg. kg -1 �9 day -1) co-treatment (p < 
0.001). Thus, the data provide evidence for synergistic 
interactions between polyol pathway/nitric oxide and 
essential fatty acid/cyclo-oxygenase systems in the 
control of neurovascular function in diabetic rats, 
from which a potential therapeutic advantage could 
be derived. [Diabetologia (1996) 39: 172-182] 
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Impaired nutritive blood flow is the major factor 
contributing to early peripheral nerve dysfunction 
in experimental diabetes mellitus [1, 2]. This is likely 
to be relevant to complications in patients, as direct 
and indirect investigations have provided strong evi- 
dence for nerve perfusion deficits associated with 
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diabetic neuropathy [3]. In diabetic rats, neurovascu- 
lar defects can be prevented or corrected by a num- 
ber of therapeutic strategies that target the metabol- 
ic changes in diabetes or compensate for them by a 
direct vasodilator action on vasa nervorum [2]. Vas- 
cular endothelium appears particularly vulnerable 
to hyperglycaemia-driven metabolic changes in dia- 
betes. Increased synthesis/action of angiotensin II 
[4] and endothelin 1 [5] promote vasa nervorum 
vasoconstriction. This is strongly exacerbated by de- 
ficits in prostacyclin synthesis [6] and nitric oxide 
(NO) release/action [7] which reduce local vasodila- 
tion. Prostacyclin changes appear to be caused by 
defective m-6 essential fatty acid handling due to a 
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d iabe tes - induced  deficit  in the conver s ion  of l inoleic 
acid to y- l inolenic  acid by  A-6 desa turase .  This de- 
fect  m a y  be  bypassed  by d ie ta ry  s u p p l e m e n t a t i o n  
with a y- l inolenic  acid-r ich na tu ra l  source  such as 
evening  p r i m r o s e  oil ( E P O ) ,  thus res tor ing  vasa  ner- 
v o r u m  pros tacycl in  synthesis  [8] and  p reven t ing  en- 
doneur ia l  b lood  f low and ne rve  conduc t ion  veloci ty  
( N C V )  deficits [9-11[. The  N O  deficit  is r e l a t ed  to 
polyol  p a t h w a y  act ivi ty and  increased  oxygen  f ree  
radical  p roduc t ion ,  be ing  p r e v e n t e d  by  a ldose reduc-  
tase inhibi tor  ( A R I )  t r e a t m e n t  [7] and  f ree  radical  
scavengers  [12], which also cor rec t  ne rve  b lood  f low 
and N C V  abnormal i t i e s  [13-15]. In  non-d iabe t i c  
rats, N C V  reduc t ions  are  found  for  chronic  t rea t -  
m e n t  wi th  cyc lo -oxygenase  and  N O  synthase  inhibi- 
tors  [16]. Tha t  s tudy r evea l ed  that  jo in t  cyclo-oxyge-  
n a s e / N O  synthase  b l ockade  had  a g rea t e r  effect  on  
N C V  than  p red i c t ed  f r o m  s imple  addi t ivi ty  b e t w e e n  
the i r  individual  actions, suggest ing tha t  mu tua l  facil- 
i ta t ion no rma l ly  exists b e t w e e n  pros tacycl in  and  
N O  m e c h a n i s m s  in the  cont ro l  of  neu rovascu l a r  
funct ion.  

To fu r the r  inves t iga te  such in terac t ions  in s t rep to-  
zo toc in-d iabe t ic  rats, and  any  po ten t i a l  t he rapeu t i c  
implicat ions,  two e x p e r i m e n t s  were  p e r f o r m e d .  The  
first inves t iga ted  the  effects  on  ne rve  b lood  f low and 
N C V  of t r e a t m e n t  with " th re sho ld"  (min imal ly  
effect ive)  doses  of  E P O  and ARIs ,  a lone  and in com-  
binat ion.  The  second  e x a m i n e d  the ability of  cyclo- 
oxygenase  or N O  synthase  inhibi tors  to b lock  the 
neu rovascu l a r  effects  of  high doses  of  E P O  and an 
A R I .  

Materials and methods 

The experiments were performed in accordance with regula- 
tions specified in the United Kingdom "Animal Procedures 
Act, 1986" and the National Institutes of Health "Principles 
of Laboratory Animal Care, 1985 revised version". 

Experimental groups and diabetes induction. Male Sprague- 
Dawley rats (Aberdeen University colony) were used, aged 
19 weeks at the start of experiments. The first study assessed 
the effects of low doses of EPO (Scotia Pharmaceuticals, 
Guildford, Surrey, UK) and a sulphonylnitromethane ARI, 
ZD5522 (Zeneca Pharmaceuticals, Macclesfield, Cheshire, 
UK) on sciatic motor NCV and blood flow in streptozoto- 
cin-diabetic rats. Experimental groups comprised non-diabet- 
ic controls, 8-week untreated diabetic rats, and diabetic rats 
left untreated for 6 weeks and then given EPO (0.1% di- 
etary supplement) or ARI (0.25 rag-kg -1. day -1 orally) or 
combined EPO/ARI ,;reatment for 2weeks. These doses 
were selected to be minimally effective from a knowledge 
of dose-response relationships for EPO and ZD5522, and 
the treatment duration was determined from the time course 
for correction of NCV deficits by these agents [14, 17]. Sup- 
plementary groups were used to further test the possibility 
of EPO/ARI interaction using a structurally unrelated cyclic 
imide ARI, WAY121509 (Wyeth-Ayerst Research, Prince- 
ton, N.J., USA), at a dose of 0.2 mg�9 kg -1 - day -l orally, al- 

though in this case functional measurement was confined to 
NCV. 

The second study examined the effects on NCV and blood 
flow in diabetic rats of the cyclo-oxygenase inhibitor, flurbi- 
profen (Sigma, Poole, Dorset, UK) or the NO synthase inhibi- 
tor, N%nitro-L-arginine (NOLA) (Sigma). These drugs were 
given in the drinking water such that rats received a dose of 
approximately 5 mg. kg 1. day -1 for flurbiprofen or 10 
mg. kg -~. day -~ for NOLA. Subgroups of these rats were 
also treated with EPO (10% dietary supplement), or 
WAY121509 administered in the diet such that rats received 
approximately 10 mg. kg -1 �9 day 1. The doses chosen of EPO 
and WAY121509 were at or near the top of their respective 
dose-response curves [17, 18], while doses of flurbiprofen 
and NOLA were around or below the middle of their respec- 
tive dose-response relationships in non-diabetic rats [16]. 
Treatment began at time of induction of diabetes, for 
1 month. 

Diabetes was induced by an i. p. injection of streptozotocin 
freshly made up in sterile 154 mmol �9 1 1 NaC1 solution (40-45 
nag �9 kg-1). Diabetes was verified after 24 h by the presence of 
hyperglycaemia and glucosuria (Visidex II and Diastix; Ames, 
Slough, UK) in non-fasted rats. After final experiments, plas- 
ma glucose was estimated (GOD-Perid method; Boehringer 
Mannheim, Mannheim, Germany) on samples taken from the 
carotid artery cannula. 

Nerve conduction velocity and blood flow. Rats were anaesthe- 
tized with thiobutabarbital sodium (Zeneca) by intraperito- 
neal injection (50-100 mg- kg 1). The trachea and one carotid 
artery were cannulated for respiratory aid and systemic blood 
pressure recording, respectively. The core temperature of the 
rat was regulated in the range 37-38 ~ using radiant heat and 
was monitored with a rectal probe. The sciatic nerve was ex- 
posed from sciatic notch to knee and nerve temperature was 
kept at 36-37 ~ using radiant heat and was monitored with a 
near nerve probe. Motor NCV to tibialis anterior muscle was 
measured as previously described [10, 19]. 

Endoneurial blood flow was measured in the contralateral 
limb by microelectrode polarography and hydrogen clearance 
as previously described [5, 19]. Rats were given neuromuscu- 
lar blockade using o-tubocurarine (Sigma, 2 mg. kg -~ via the 
carotid cannula) and artificially ventilated. The level of anaes- 
thesia was monitored by observing any reaction of blood pres- 
sure to manipulation, and supplementary anaesthetic was giv- 
en as necessary. The sciatic nerve was exposed and the skin 
around the incision was sutured to a metal ring to form a 
pool which was filled with liquid paraffin at 37 ~ A glass-in- 
sulated platinum microelectrode, polarized at 250 mV with 
respect to a subcutaneous reference electrode, was inserted 
into the sciatic nerve endoneurium between the sciatic notch 
and the nerve trifurcation above the knee. Next, 10% H a 
was added to the inspired gas, the proportions of 02 and N 2 
being adjusted to 20 and 70 %, respectively. When the H 2 cur- 
rent recorded by the electrode had stabilized, indicating equi- 
librium with arterial blood, the H 2 supply was shut off and N 2 
delivery was increased appropriately. The H 2 clearance was 
recorded until a stable baseline was reached, which was de- 
fined as no systematic decline in electrode current over 
5 min. This procedure was then repeated at another nerve 
site. After the experiment, clearance curves were digitized 
and mono- or bi-exponential curves were fitted to the data 
by computer using non-linear regression analysis (Inplot, 
Graphpad, San Diego, Calif., USA). The bi-exponential equa- 
tion used was: 

y = a e x p ( - b x )  + c exp  ( -dx)  + e 
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Table 1. Body weights and plasma glucose concentrations for the groups in study 1 

Group n Weight (g) Plasma glucose 
Initial Final (mmol. 1-1) 

Non-diabetic control 
8-week diabetic 
8-week diabetic + EPO 
8-week diabetic + ZD5522 
8-week diabetic + WAY121509 
8-week diabetic + ZD5522 + EPO 
8-week diabetic + WAY121509 + EPO 

11 487+_ 8 - 7.5_+0.4 
10 441 + 9 293 _+ 15 a 40.6 +- 2.6 a 
10 465 +- 9 292 +- 18 a 44.4 + 1.2 a 
10 467 +- 11 313 _+ 13 a 39.2 +- 1.8 a 
9 469 +- 10 331 + 13 a 43.8 + 0.9 a 
9 438 + 10 300 + 10 a 41.6 + 1.0 a 
9 452 + 7 288 + 17 a 44.3 + 1.8 a 

Data are group means + SEM 
a p < 0.001 vs non-diabetic control group 

Where y is the electrode hydrogen current (arbitrary units), 
x is time (rain), a and c are weighting constants for fast (non- 
nutritive) and slow (nutritive) clearance components 
respectively, b is the fast component and d is the slow compo- 
nent (ml. min -1 - ml nerve-~), and e is the baseline hydrogen 
current (arbitrary units). Assuming a tissue density of 1, nutri- 
tive blood flow was calculated as d x 100 (ml. min 1. 100g-1) 
[20]. Composite flow was calculated as [(a/(a+ c))b + (c/ 
(a + c))d] x 100 (ml- min 1. 100g-1) [20, 21]. Vascular conduc- 
tance was calculated by dividing blood flow by the mean arteri- 
al blood pressure over the recording period for that particular 
clearance curve. The percentage of hydrogen clearance carried 
by the slow (nutritive) component was calculated as [c/ 
(a + c)] x 100 [21]. The averages from the two determinations 
were taken to represent sciatic endoneurial blood flow para- 
meters. 

Nerve polyol metabolite and myo-inositol determinations. At 
the end of experiments, before rats were killed by exsanguina- 
tion, the sciatic nerve in the leg contralateral to the one used 
for blood flow measurements was rapidly removed, frozen in 
liquid N2, and stored at -80 ~ for subsequent analysis. Whole 
nerve sorbitol, fructose and myo-inositol concentrations were 
measured as their aldonitrile, cyclitol and alditol acetate deri- 
vatives by gas liquid chromatography using flame ionization 
detection as previously described [18]. 

Statistical analysis 

Using a commercial software package (Instat, Graphpad) data 
were analysed with Bartlett's test for homogeneity of variance, 
and were then subjected to log transformation if necessary be- 
fore one-way analysis of variance (ANOVA). Where overall 
significance (p < 0.05) was attained, individual between-group 
comparisons were made using the Bonferroni or Student-New- 
man-Keuls range test to correct for multiple comparisons. 
While data from all groups were approximately normally dis- 
tributed, where between-group variance differences were suf- 
ficiently great that they could not be normalized by log trans- 
formation (nerve sorbitol data from studies 1 and 2, blood 
pressure data from study 1, and body weight data from study 
2), the Kruskal-Wallace non-parametric ANOVA was used, 
followed by Dunn's multiple comparison test. 

Results 

Study 1: effects of  low dose aldose reductase inhibi- 
tion and evening primrose oil treatment, alone and 
in combination, on nerve conduction and perfusion. 
B o d y  weights  and  p l a sma  glucose values  are shown 
in Table  1. E igh t  weeks  of d iabe tes  caused  an ap- 
p r o x i m a t e l y  33.5 % reduc t ion  in b o d y  weight  accom-  
pan i ed  by  hyperg lycaemia .  This was unaf fec ted  by  
t r e a t m e n t  ove r  the  final 2 weeks.  Sciatic ne rve  polyol  
p a t h w a y  m e t a b o l i t e  levels and  the effects  of  d iabe tes  
and  A R I  t r e a t m e n t  are  shown  in Figure  1. Sciatic 
ne rve  sorbi to l  and  f ruc tose  levels  were  significantly 
increased  (p < 0.001) 22- and  8-fold, respect ively,  
wi th  8 w e e k s  of  diabetes.  Two weeks  of Z D 5 5 2 2  
t r e a t m e n t  r educed  ne rve  sorbi to l  levels by aproxi-  
m a t e l y  64 %, a l though  this did not  r each  statist ical  
significance, and  f ruc tose  levels we re  lowered  by  
46 % (p < 0.001). W A Y 1 2 1 5 0 9  t r e a t m e n t  p r o d u c e d  
a g r ea t e r  effect  on ne rve  polyol  p a t h w a y  m e t a b o l i t e  
accumula t ion ,  significantly reduc ing  (p < 0.001) sor- 
bi tol  and  f ruc tose  levels by  93 and  74 %,  respectively.  
In  ne i the r  case did c o - t r e a t m e n t  with E P O  signifi- 
cant ly  a l ter  the  efficacy of the  A R I s  in b locking  
ne rve  polyol  p a t h w a y  m e t a b o l i t e  accumula t ion .  
N e r v e  samples  f r o m  the E P O  t r ea t ed  d iabet ic  g roup  
were  not  ana lysed  for  polyol  content .  T h e r e  was a 
28.1 + 4.8 % reduc t ion  (p < 0.001) in sciatic myo-ino- 
sitol concen t r a t i on  with diabetes .  This  was no t  re-  
ve r sed  by  Z D 5 5 2 2  t r ea tmen t ,  the  va lue  r ema in ing  
be low the non-d iabe t i c  level  wi thou t  (p < 0.001) or  
with E P O  (p < 0.01) co - t r ea tmen t .  For  WAY121509  
t r e a t m e n t  a lone,  myo-inositol levels t ended  to be  in- 
creased,  a l though  this was not  statist ically signifi- 
cant. H o w e v e r ,  for  the jo int  W A Y 1 2 1 5 0 9 - E P O  treat -  
m e n t  group,  myo-inositol levels we re  significantly in- 
c reased  (p < 0.01) a b o v e  tha t  obse rved  in u n t r e a t e d  
diabetes .  

Sciatic m o t o r  N C V  (Fig.2) was 1 8 . 9 + 0 . 9 %  re- 
duced  (p < 0.001) by  diabetes .  N e r v e  funct ion  was 
slightly i m p r o v e d  with t r e a t m e n t ,  the ame l io ra t i on  
reach ing  statistical s ignif icance for  E P O  (16 .2+ 
3.7 %,  p < 0.01), ZD5522  (16.0 + 2.8 %,  p < 0.05) and  
W A Y 1 2 1 5 0 9  (20.4 • 3.4 %,  p < 0.01). Joint  ZD5522 /  
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Fig .  ] .  Sc ia t ic  n e r v e  so rb i t o ] ,  f r u c t o s e  and  myo-inositol c o n c e n -  
t r a t i o n s  f rom non-diabetic, diabetic and A R I  and EPO treated 
diabetic groups. Non-diabet ic group ([~),  n = 10; 8-week dia- 
betic group ( , ) ,  n = 10; 8-week diabetic group treated for the 
last 2 weeks wi th  0.25 mg �9 kg -1 �9 day -1 ZD5522 ( [ ] ) ,  n = 9; dia- 
betic group treated wi th ZD5522 + a 0.1% dietary supplement 
of EPO ([]), n = 10; 8-week diabetic group treated for the final 
2 weeks with 0.2 mg. kg -1 . day -1 WAY121509 ([]), n = 9; dia- 
betic group treated with WAY121509 + a 0.1% dietary supple- 
ment of EPO (3N), n = 9. Statistics: sorbitol, non-diabetic vs dia- 
betic p < 0.001, non-diabetic vs ZD5522-treated diabetic and 
ZD5522+EPO treated diabetic p<0.01, diabetic vs 
WAY121509 treated diabetic and WAY121509 + EPO treated 
diabeticp < 0.001, all other comparisons NS. Fructose, non-dia- 
betic vs all other groups p < 0.001, diabetic vs ZD5522 or 
WAY121509 treated diabetic without or with EPO treatment 
p < 0.001, WAY121509 treated diabetic without or with EPO 
treatment vs ZD5522 treated diabetic without or with EPO 
treatment p < 0.001. Myo-inositol, non-diabetic vs diabetic or 
ZD5522-treated diabetic p < 0.001, non-diabetic vs 
ZD5522+EPO treated diabetic p <0.01, diabetic vs 
WAY121509 + EPO treated diabeticp < 0.01 

E P O  t r e a tme n t  p roduced  a 71.5 + 7 .4% reversal  
(p < 0.001) that ,  while remain ing  diminished com- 
pa red  to the non-diabe t ic  group (p < 0.01), never the-  
less marked ly  e xc eeded  the  magn i tude  of  effect  ex- 
pec ted  f rom the sum of the individual  N C V  eleva- 
t ions (one  sample Student ' s  t-test, p = 0.0008). The  
combina t ion  of  WAY121509  and E P O  caused a simi- 
lar cor rec t ion  of  N C V  (82.4 + 2.8 %, p < 0.001) which 
was great ly  enhanced  c o m p a r e d  to expecta t ions  
based on addit ivi ty of  drug effects  (one  sample Stu- 
dent ' s  t-test, p < 0.0001). 

Sciatic nutr i t ive endoneur i a l  b lood  flow (Fig. 3A) 
was 43.1 + 2 .8% depressed  by 8 weeks of diabetes  
(p < 0.001). T r e a tmen t  for  the final 2 w e e k s  With 
ZD5522  or  E P O  caused numer ica l  increases that  
were  not  statistically significant. For  jo int  t r ea tment ,  
the degree  of  cor rec t ion  of  the f low deficit  was 
67.8 + 13.4 % (p < 0.001) which exceeded  the sum of  
individual  drug effects  (one  sample Student ' s  t-test, 
p = 0.015). Howeve r ,  f low r ema ined  13.9 + 5.8 % 
(p < 0.05) be low the non-diabe t ic  level. 
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Fig.2. Effects of diabetes and threshold doses of ARI and 
EPO, alone and in combination, on sciatic motor NCV. NC, 
non-diabetic control group, n = 11; D, 8-week diabetic group, 
n = 10; DE, 8-week diabetic group treated with a 0.1% dietary 
supplement of EPO for the last 2 weeks, n = 10; DZ, 8-week 
diabetic group treated with 0.25 mg. kg -~ . day -~ ZD5522 for 
the last 2 weeks, n = 10; DW, 8-week diabetic group treated 
with 0.2 rag. kg -1- day WAY121509 for the last 2weeks, 9; 
DEZ, 8-week diabetic group given combined ZD5522 and 
EPO treatment, n = 9; DEW, 8-week diabetic group given 
combined WAY121509 and EPO treatment, n = 9. Statistics: 
NC vs D, DE, DZ, DW, or DEZ, p <0.001; NC vs DEW, 
p < 0.01; D vs DEZ, DEW, p < 0.001; D vs DE, DW, p < 0.01; 
D vs DZ, p < 0.05; DZ vs DEZ and DW vs DEW and DE vs 
DEZ and DEW, p < 0.001; all other comparisons NS 

Blood  pressure  (Fig.3B) t ended  to be r educed  by 
diabetes  and t rea tment ,  d i f ferences  being significant 
for  E P O  (p < 0.01) and joint  E P O - Z D 5 5 2 2  (p < 0.05) 
t rea tments  c o m p a r e d  to the non-diabet ic  group. As 
per iphera l  ne rve  vascular  supply has minimal  auto-  
regula tory  responses  to changes in b lood  pressure  
[1], this would exace rba te  the effects  of  diabetes  and 
minimize t r ea tmen t  effects on vasa nervorum.  W h e n  
b lood  pressure  di f ferences  were  t aken  into account  
by expressing the data  as vascular  conduc tance  
(Fig. 3C), there  was a 37.5 + 2.5 % reduc t ion  in sciatic 
nutr i t ive conduc tance  in the un t r ea t ed  diabet ic  group 
(p < 0.001) c o m p a r e d  to non-diabet ic  controls. Small 
but  statistically significant (p < 0.05) 23.3 _+ 3.9 and 
21.3 + 8.3 % correc t ions  were  found  with E P O  and 
ZD5522  t reatments ,  respectively. For  the joint  E P O -  
ZD5522 t r ea tmen t  group, conduc tance  was within 
the non-diabe t ic  range,  significantly improved  com- 
pa red  to the un t r ea t ed  diabet ic  group (p < 0.001) 
and grea te r  than  expec ted  f rom the sum of individual 
drug effects (one  sample Student ' s  t-test, p = 0.046). 

Study 2: effects o f  flurbiprofen and N~-nitro-L-argi - 
nine treatment on conduction velocity and endoneu- 
rial blood flow in untreated diabetic rats and diabetic 
rats treated with high doses o f  evening primrose oil or 
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Fig.3. (A-C) Effects of diabetes and threshold doses of ARI 
and EPO, alone and in combination, on sciatic nutritive endo- 
neurial blood flow (A), mean systemic blood pressure (B) and 
endoneurial vascular conductance (VC) (C). NC, non-diabetic 
control group, n = 11; D, 8-week diabetic group, n = 10; DE, 8- 
week diabetic group treated with a 0.1% dietary supplement 
of EPO for the last 2 weeks, n = 10; DZ, 8-week diabetic group 
treated with 0.25 mg �9 kg -1 �9 day -1 ZD5522 for the last 2 weeks, 
n = 10; DEZ, 8-week diabetic group given combined ZD5522 
and EPO treatment, n = 9. Statistics: blood flow, NC vs D, 
DE, DZ, p < 0.001; NC vs DEZ, p < 0.05; DEZ vs D or DE or 
DZ, p < 0.001. Blood pressure, NC vs DE, p < 0.01; NC vs 
DEZ, p < 0.05; D vs DE, p < 0.05. Vascular conductance, NC 
vs D, p < 0.001; NC vs DE, DZ, p < 0.01; D vs DEZ, p < 0.001; 
D vs DE, DZ, p < 0.05; DEZ vs DE, DZ, p < 0.01 

the ARI, WAY121509. Plasma glucose concentra- 
tions, body weights and nerve polyol and myo-inosi- 
tol levels are shown in Table 2. There were no signifi- 
cant differences in the glucose concentrations be- 
tween the diabetic groups. However,  body weights 
tended to be higher for the EPO treated diabetic 
rats, including those co-treated with flurbiprofen and 
NOLA,  than for the other diabetic groups (2 < 0.05). 
This may partly reflect the higher initial weights of 
these groups. An effect of EPO on body weight was 
not observed in previous studies using similar doses 
[9, 22, 23]. Sciatic nerve sorbitol and fructose levels 
were elevated by diabetes 12.5-fold (2 < 0.01) and 
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4.9-fold (2 < 0.001), respectively. This was not signifi- 
cantly altered by E PO or N O L A  treatments. With 
WAY121509, both sorbitol (2 < 0.001) and fructose 
(2 < 0.001) were reduced compared to untreated dia- 
betes, remaining at or below the non-diabetic level, 
and were unaffected by co-treatment with flurbipro- 
fen or NOLA.  Nerve myo-inositol concentration was 
48.9 + 2 . 7 %  reduced by untreated diabetes 
(2 < 0.001). There was a tendency for the deficit to 
be partially prevented by WAY121509, alone 
(2<0.01)  or in combination with flurbiprofen 
(2 < 0.001). Nerve myo-inositol levels were signifi- 
cantly increased in groups of diabetic rats treated 
with N O L A  alone (2 < 0.01), or N O L A  in combina- 
tion with E PO (2<0.001)  or WAY121509 
(2 < 0.001). In the latter group, nerve myo-inositol 
concentration was also significantly elevated 
(2 <0.01) compared to the non-diabetic control 
group. 

Sciatic motor NCV (Fig.4) was 20.0 + 0.7 % de- 
creased by 1 month of diabetes (2 < 0.001). This was 
almost completely prevented by high dose EP O  
(95 .5+5.1%,  p<0 .001)  or WAY121509 (99.1+ 
7.2 %, p < 0.001) treatment from the induction of dia- 
betes. Flurbiprofen and N O L A  treatments tended to 
modestly exacerbate NCV deficits compared to un- 
treated diabetes, although this was not statistically 
significant. E PO effects were completely prevented 
by flurbiprofen (2 < 0.001) and N O L A  (2 < 0.001). 
The beneficial effect of WAY121509 treatment was 
also completely prevented by N O L A  (2 < 0.001). 
While flurbiprofen treatment also markedly attenu- 
ated the effects of WAY121509 by 71.0+ 11.9% 
(2 < 0.001), NCV in diabetic rats receiving this dual 
treatment remained significantly greater than ob- 
served in the untreated diabetic group (2 < 0.01). 

Figure 5A shows sciatic nutritive endoneurial 
blood flow, which was 45 .7+3 .2% reduced by 
1 month of diabetes. With flurbiprofen or N O L A  
treatment of diabetic rats, the deficits were 
54.4 + 3.4 % and 54.9 + 3.8 %, respectively, which 
were not significantly different f iom untreated dia- 
betes. E PO and WAY121509 treatments completely 
prevented the blood flow deficit (2 < 0.001). How- 
ever, as for NCV, flurbiprofen negated the effect of 
EPO (2 < 0.001) and markedly attenuated that of 
WAY121509 (91 .2+4.0%,  p<0 .001) .  Similarly, 
N O L A  treatment comprehensively prevented A R I  
and E PO effects (p < 0.001). Systemic blood pressure 
varied between groups (Fig. 5B). Values were signifi- 
cantly higher in the non-diabetic control group than 
in the untreated diabetic group (2 < 0.01), or in dia- 
betic rats treated with WAY121509 (2 < 0.05) or flur- 
biprofen (2 < 0.05). Blood pressure tended to be 
elevated for diabetic rats treated with NOLA,  for ex- 
ample when combined with E PO (2 < 0.001 vs the un- 
treated diabetic group). To take into account these 
perfusion pressure variations, the flow data are ex- 
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Table 2. Plasma glucose, body weights and sciatic nerve sorbitol, fructose and myo-inositol concentrations for the groups in study 2 

G r o u p  n Plasma glucose Body weight  (g) Nerve  polyols ( nmo l .  mg  wet weight 1) 

( m m o l .  1-1) Initial Final Sorbitol Fructose Myo-inositol 

Non-diabet ic  control  14 7.2 + 0.5 463 + 8 - 0.329 _+ 0.032 1.41 + 0.06 3.09 + 0.11 

4-week diabetic groups 
Un t rea t ed  15 39.5 _+ 1.6 ~ 465 + 7 353 + 11 a 4.109 _+ 0.18 b 6.90 _+ 0.34 a 1.58 + 0.08 a 
+ N O L A  10 38.3 _+ 1.6 a 454 _+ 14 351 + 15 a 3.801 _+ 0.119 ~ 5.72 _+ 0.21 a 2.15 _+ 0.10 ae 
+ f lurbiprofen 12 38.2 + 0.9 ~ 457 _+ 7 345 + 7 a not  de termined 
+ E P O  t0  42.6 +_ 1.2 a 485 + 8 409 _+ 6 b 2.861 + 0.157 5.57 + 0.23 a 1.89 _+ 0 .1P 
+ E P O  + N O L A  11 40.6 _+ 1.8 a 463 + 8 393 + 9 a 3.066 _+ 0.188 5.58 + 0.19 a 2.73 ! 0.15 dg 
+ E P O  + f lurbiprofen 9 40.4 + 1.7 a 468 _+ 7 392 + 9 a 2.140 _+ 0.213 4.56 • 0.25 ~ 2.03 + 0.13 a 
+ WAY121509 12 41.9 _+ 2 .P  441 + 7 333 _+ 9 ~ 0.018 + 0.002 d 0.22 • 0.02 ad 2.13 _+ 0.13 ae 
+ WAY121509 + N O L A  11 39.4 _+ 1.5 ~ 460 _4- 5 345 -}- 8 a 0.048 _+ 0.005 d 0.27 + 0.02 "a 4.46 • 0.31 bdf 
+ WAY121509 + f lurbiprofen 12 39.7 + 1.7 ~ 442 _+ 8 343 + 9" 0.016 _+ 0.001 d 0.21 4- 0.01 ad 2.47 _+ 0.13 d 

Data are group means + SEM 
a p  < 0.001; bp < 0.01; Cp < 0.05 VS non-diabetic control group; 

dp  < 0.001; e p  < 0.01 VS u n t r e a t e d  d iabet ic  g roup ;  

f p  < 0.001; g p  < 0.01 effect  o f  c o - t r e a t m e n t  wi th  N O L A  
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Fig.& Effects of diabetes and treatment with high doses of an 
ARI or EPO, alone or in combination with the cyclo-oxyge- 
nase inhibitor, flurbiprofen, or the NO synthase inhibitor, N o- 
nitro-L-arginine on sciatic motor NCV. NC, non-diabetic con- 
trol group, n = 14; D, 4-week diabetic group, n = 15; DE 4- 
week diabetic group treated from induction with 5 mg. 
kg -I . day -1 flurbiprofen, n = 12; DN, 4-week diabetic group 
treated from induction with 10 mg-kg 1. day-1 N%nitro_L_ 
arginine, n = 10; DW, 4-week diabetic group treated from in- 
duction with 10 rag. kg -~- day  1 WAY121509, n = 12; DWF, 
diabetic group treated with WAY121509 and flurbiprofen, 
n = 12; DWN, diabetic group treated with WAY121509 and 
N~ n = 11; DE, 4-week diabetic group treated 
from induction with a 10 % dietary supplement of EPO, n = 10; 
DEF, diabetic group treated with EPO and flurbiprofen, n = 9; 
DEN, diabetic group treated with EPO and NG-nitro-L - 
arginine, n = 11. Statistics NC vs D, DF, DN, DWF, DWN, 
DEF, DEN, p < 0.001; D vs DE, DW, p < 0.001; D vs DWF, 
p < 0.01; DE vs DEF and DEN, and DW vs DWF and DWN, 
p < 0.001 

pressed as vascular conduc tance  in Figure 5C. Con- 
ductance  was 37.3 + 2.7 % reduced  by un t r ea t ed  dia- 
betes  (p < 0.001). With f lurb iprofen  the conduc tance  
deficit  was 48.2 + 4.3 % (p < 0.001 vs the control ,  NS 
vs the diabet ic  group)  and with N O L A ,  57.7 + 3.2 % 
(p < 0.001 vs the control ,  p < 0.001 vs the diabet ic  
group).  With E P O  and WAY121509  t rea tments ,  con- 
ductances  were  at the top  end  of  the non-diabet ic  
range,  significantly (p < 0.001) e leva ted  c o m p a r e d  to 
un t r ea t ed  diabetes. The  combined  f l u r b i p r o f e n +  
WAY121509  t r e a tm en t  group had conductances  
within the un t r ea t ed  diabet ic  range,  marked ly  re- 
duced  c o m p a r e d  to WAY121509  t r e a tm en t  a lone 
(p < 0.001). WAY121509 + N O L A  t r ea tmen t  re- 
duced  conduc tance  (p < 0.001) to be low that  of  the 
un t r ea t ed  diabet ic  group (p < 0.05). Similarly, 
E P O  + f lu rb iprofen  t r ea t ed  diabet ic  rats had conduc-  
tances not  significantly d i f ferent  f rom un t rea t ed  dia- 
betes, and values for  the E P O  + N O L A  group were  
depressed  be low the un t r ea t ed  diabet ic  level 
(p < 0.001). 

H y d r o g e n  c learance  curves for  per iphera l  nerves  
are genera l ly  co m p o sed  of  two s imul taneously  re- 
co rded  components .  A fast c o m p o n e n t  arises due  to 
c learance by large vessels (non-nutr i t ive  arterial ,  ve- 
nous and par t icular ly  a r te r iovenous  flow), and a 
slow c o m p o n e n t  appears  as the result  of  nutr i t ive (ca- 
pillary) c learance  [1, 14, 20]. D a t a  for  compos i te  (to- 
tal endoneur ia l )  f low and conduc tance  are given in 
Figure 6A and B, respectively. Compos i t e  flow was 
50.7 + 4.8 % and conduc tance  was 43.1 + 4.7 % re- 
duced  (p < 0.01) by 1 m o n t h  of  diabetes.  F lu rb ip rofen  
t r e a tm en t  t ended  to exace rba te  these abnormali t ies ,  
a l though not  to a statistically significant ex ten t  com- 
pa red  to un t r ea t ed  diabet ic  rats. N O L A  t r ea tmen t  
caused large reduct ions  in composi te  flow 
(76.8 + 1.9 % deficit) and conduc tance  (78.2 + 1.5 % 
deficit) which were  significantly g rea te r  than  for  un- 
t r ea ted  diabetes  a lone (p < 0.01). For  WAY121509  
t rea tment ,  ne i ther  compos i te  f low nor  conduc tance  
were  significantly e leva ted  c o m p a r e d  to the un- 
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Fig.5A-C. Effects of diabetes and treatment with high doses 
of an ARI or EPO, alone or in combination with the cyclo-oxy- 
genase inhibitor, flurbiprofen, or the nitric oxide synthase inhi- 
bitor, NOLA on (A) sciatic nutritive endoneurial blood flow, 
(B) mean systemic blood pressure and (C) endoneurial vascu- 
lar conductance (VC). NC, non-diabetic control group, n = 14; 
D, 4-week diabetic group, n = 15; DF, 4-week diabetic group 
treated from induction with 5 mg - kg -1 - day ~ flurbiprofen, 
n = 12; DN, 4-week diabetic group treated from induction 
with 10 mg. kg 1. day-1 NOLA, n = 10; DW, 4-week diabetic 
group treated from induction with 10 m g . k g  -~,day 1 
WAY121509, n =  12; DWF, diabetic group treated with 
WAY121509 and flurbiprofen, n = 12; DWN, diabetic group 
treated with WAY121509 and NOLA, n = 11; DE, 4-week dia- 
betic group treated from induction with a 10 % dietary supple- 
ment of EPO, n = 10; DEE diabetic group treated with EPO 
and flurbiprofen, n = 9; DEN, diabetic group treated with 
EPO and NOLA, n = 11. Statistics: blood flow, NC vs D, DN, 
DF, DEF, DEN, DWF, DWN, p <0.001; D vs DE, DW, 
p < 0.001; DE vs DEF and DEN, and DW vs DWF and DWN, 
p < 0.001. Blood pressure, NC vs D, p < 0.01; NC vs DF, DW, 
DWF, DEN, p < 0.05; D vs DN, DEN, p < 0.001; D vs DWN, 
p < 0.01. Vascular conductance, NC vs D, DF, DN, DEF, 
DEN, DWF, DWN, p < 0.001; D vs DN, DE, DW, DEN, 
p < 0.001; D vs DWN, p < 0.05; DE vs DEF and DEN, and 
DW vs DWF and DWN, p < 0.001; DF vs DWF, p < 0.05 
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Fig. 6 A-C. Effects of diabetes and treatment with high doses 
of an ARI or EPO, alone or in combination with the cyclo-oxy- 
genase inhibitor, flurbiprofen, or the nitric oxide synthase inhi- 
bitor, NOLA on sciatic (A) composite endoneurial blood flow, 
(B) composite vascular conductance (VC) and (C) the relative 
percentage of composite flow that is nutritive. NC, non-diabet- 
ic control group, n = 14; D, 4-week diabetic group, n = 15; DF, 
4-week diabetic group treated from induction with 5 mg- 
kg 4 .  day ~1 flurbiprofen, n = 12; DN, 4-week diabetic group 
treated from induction with 10 mg �9 kg 1. day-1 NOLA, n = 10; 
DW, 4-week diabetic group treated from induction with 10 
mg. kg ~. day -1 WAY121509, n = 12; DWE diabetic group 
treated with WAY121509 and flurbiprofen, n = 12; DWN, dia- 
betic group treated with WAY121509 and NOLA, n = 11; DE, 
4-week diabetic group treated from induction with a 10 % di- 
etary supplement of EPO, n = 10; DEF, diabetic group treated 
with EPO and flurbiprofen, n = 9; DEN, diabetic group treated 
with EPO and NOLA, n = 11. Statistics: composite blood flow, 
NC vs D, DF, DN, DW, DWN, DWF, DEN, p < 0.01; NC vs 
DEF, p < 0.05; D vs DN, DWF, p < 0.01; DW vs DWF, DWN, 
p < 0.01. Composite vascular conductance, NC vs D, DF, DN, 
DWF, DWN, DEN, p < 0.01; NC vs DE]?', p < 0.05; D vs DN, 
DWF, DWN, p < 0.01; DW vs DWF, DWN, p < 0.01. Percentage 
nutritive flow, NC vs DWF, p < 0.001; NC vs DW, DEE p < 0.05; 
D vs DWF, p < 0.001; D vs DW, p < 0.01; D vs DEF, p < 0.05 
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treated diabetic group, the deficits being 40.5 + 5.7 % 
(p < 0.01) and 32.4 + 6.1% (NS) respectively com- 
pared to the non-diabetic group. In EPO treated dia- 
betic rats, composite flow and conductance values 
were intermediate between those of the non-diabetic 
and untreated diabetic groups and did not differ sig- 
nificantly from them. Flurbiprofen and NOLA co- 
treatment of WAY121509-treated diabetic rats re- 
duced composite flow and conductance compared to 
WAY121509 treatment alone (p < 0.01) the values 
being below the untreated diabetic level (p < 0.05). 
For EPO treated rats, flurbiprofen and NOLA result- 
ed in composite flow and conductance deficits not sig- 
nificantly different from those of the untreated dia- 
betic group. 

The percentage of hydrogen clearance via nutri- 
tive perfusion (Fig. 6C), an index of the pattern of 
endoneurial blood flow and degree of arteriovenous 
shunting [14, 20, 24], varied between groups. It was 
not significantly affected by diabetes, EPO or 
NOLA treatments. However, the percentage of nutri- 
tive flow was elevated by 65.5+12.6% with 
WAY121509 (p < 0.01) and flurbiprofen treatments 
(without EPO 53.9 + 11.8% or with EPO 69.1+ 
15.1%, p < 0.05) compared to untreated diabetes. 
The largest elevation (93.1 + 8.2 %, p < 0.001) was 
noted for combined WAY121509+flurbiprofen 
treatment. In this group, the non-nutritive compo- 
nent was only detected in 5 out of 12 rats. 

Taking the data from studies 1 and 2 together for 
treated diabetic rats, there was a strong positive cor- 
relation between nutritive blood flow, as the indepen- 
dent variable, and conduction velocity as the depen- 
dent variable (r = 0.79, p < 0.0001). 

Discussion 

Data from the first study reveal a marked facilitation 
between low level essential fatty acid treatment and 
polyol pathway blockade in diabetic rats. Thus, dose- 
response curve estimates for correction of NCV defi- 
cits by EPO and ZD5522 [14, 17] show that adding 
the EPO to ZD5522 gave an effect equivalent to a 
13.3-fold increase in the dose of ZD5522. Similarly, 
addition of ZD5522 to the EPO would be matched 
by a 6.8-fold increase in the dose of EPO. These fig- 
ures compare with 1.8-fold and 0.8-fold dose increa- 
ses predicted for simple additivity of NCV effects for 
ZD5522 and EPO, respectively. Although compre- 
hensive dose-response data are not available for 
WAY121509 in this diabetic model, the "threshold" 
dose was extrapolated from NCV effects for higher 
doses [18]. The results show a similar interaction 
with EPO, thus generalizing the effect to a structural- 
ly dissimilar ARI. NCV corrections by the two ARIs 
were similar; however, at the chosen doses 
WAY121509 produced a greater blockade of nerve 

polyol accumulation than ZD5522. The magnitude 
of ARI-mediated NCV effects and their partial disso- 
ciation from the degree of polyol pathway inhibition, 
assessed by nerve metabolite accumulation, is in line 
with previous research showing that (i) a very high 
level of blockade is required to remedy neurovascu- 
lar deficits and (ii) nerve polyol levels are poor pre- 
dictors of functional effects [14, 18, 25]. Sciatic NCV 
changes with ZD5522, EPO and joint treatment 
paralleled changes in nutritive blood flow and vascu- 
lar conductance; therefore, the most functionally re- 
levant site for polyol measurements would be vasa 
nervorum vessels rather than the nerve itself. EPO 
co-treatment did not alter the effectiveness of 
ZD5522 and WAY121509 against nerve polyol accu- 
mulation, which argues for different mechanisms of 
action for essential fatty acids and ARIs in a multifac- 
torial pathogenesis [2]. 

EPO probably acts to supply y-linolenic acid for 
prostanoid synthesis, bypassing a diabetes-induced 
defect in hepatic A-6 desaturation of linoleic acid 
[2]. This would increase vasa nervorum prostacyclin 
production, accounting for the elevation of nutritive 
blood flow in the second study [8, 9, 17]. For ARIs, a 
major effect is the correction of an NO-mediated en- 
dothelium-dependent relaxation deficit due to re- 
storation of NADPH, a consequence of the reduced 
NADPH-dependent  conversion of glucose to sorbitol 
[7, 26-28]. This could act in at least two ways; NO syn- 
thase requires NADPH as co-substrate and, probably 
more important, NADPH is necessary for gluta- 
thione reduction by glutathione reductase. The re- 
duced form of glutathione is part of the endogenous 
scavenging mechanism limiting oxygen free radical 
activity, which would otherwise react with NO and 
prevent vasodilation [12]. Thus, the vascular effects 
of EPO and ARI  treatments can be identified with in- 
creased prostacyclin and NO action respectively, al- 
though this may be an oversimplification since ARI  
treatment partially corrected reduced aorta prostacy- 
clin output [29] and a deficit in the pressor response 
to arachidonic acid [30] in diabetic rats. No effects of 
EPO on polyol pathway metabolites were observed, 
in agreement with previous findings [31, 32]. 

The second study showed that high doses of 
WAY121509 and EPO prevented NCV and nutritive 
blood flow deficits in diabetic rats. In contrast, nei- 
ther agent alters nutritive perfusion in non-diabetic 
rats [9, 18]. NOLA further decreased nerve vascular 
conductance in diabetic rats, although an effect on 
nutritive flow was minimized by increased blood 
pressure due to generalized vasoconstriction. NOLA 
abolished the ARI  effect on nutritive flow, conduc- 
tance and NCV, as expected if ARIs act to improve 
the NO system. However, NOLA also prevented 
EPO's action. NOLA is a specific NO synthase inhi- 
bitor and was used at a moderate dose that would 
not be expected to affect prostanoid synthesis [16, 
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33]. In vasa nervorum of diabetic rats, prostacyclin 
synthetic enzymes are upregulated and the prostacy- 
clin deficit is primarily caused by reduced substrate 
availability [6]. Inhibition of the action of EPO by 
NOLA could be explained by the synergistic mechan- 
ism suggested by the first study. Thus, if the vasodila- 
tion caused by EPO-mediated prostacylin synthesis 
in diabetes was facilitated by the remaining basal 
NO output from vasa nervorum endothelium, then 
withdrawal of this NO support would effectively re- 
duce EPO action. Vasa nervorum conductance was 
below the diabetic level in EPO + NOLA-treated 
rats. The converse argument may explain the effects 
of flurbiprofen, an agent with high specificity used at 
a moderate dose [34, 35], in blocking ARI  action. 
Thus, ARI-mediated NO improvements are under- 
pinned by prostacyclin support, the joint neurovascu- 
lar effect collapsing with flurbiprofen treatment. In 
the longer term, flurbiprofen and NOLA cause endo- 
neurial capillary regression [16, 22] presumably re- 
flecting the chronic decrease in vascular conductance. 

Recently it was shown that the effects of sorbinil 
on NCV are prevented by the NO synthase inhibitor, 
NG-nitro-L-arginine methyl ester [36]; evidence that 
was taken to support the hypothesis that NADPH 
competition between aldose reductase and NO syn- 
thase is responsible for reduced vascular NO produc- 
tion [7]. The findings of the second study agree with 
this evidence; however, they also show that such a 
conclusion is an overinterpretation because it does 
not take into account interactions between polyol 
and essential fatty acid mechanisms. While the effects 
of sorbinil on NCV were blocked by NG-nitro-L-argi - 
nine methyl ester, those for dietary myo-inositol sup- 
plementation were not [36]. This indicates that ARIs 
do not work via myo-inositol changes [14], however, 
the mechanism of myo-inositol's action is unclear. 
Myo-inositol does not affect endoneurial blood flow 
or NCV in our diabetic model [14, 37] and it did not 
alter the increased systemic blood pressure caused 
by NQnitro-L-arginine methyl ester [36] indicating a 
lack of vascular action. It was suggested that preven- 
tion of NCV changes by myo-inositol were mediated 
by increased Na-K ATPase activity [36] as previously 
hypothesized for ARIs [38]. However, it is question- 
able whether an elevated Na-K ATPase activity 
could be supplied with sufficient ATP in vivo, given 
the existing endoneurial hypoxia of diabetes [1, 14] 
further exacerbated by decreased vasa nervorum 
conductance consequent on NO synthase inhibition. 
In addition, nerve myo-inositol levels were markedly 
elevated by NOLA in conjunction with WAY121509 
and EPO treatments, although these groups had 
NCVs in the diabetic range. Myo-inositol levels were 
also normal for joint sorbinil - NG-nitro-L-arginine 
methyl ester treatment in the presence of a NCV def- 
icit [36]. Taken together, these data suggest that a 
myo-inositol/Na-K ATPase mechanism is unlikely to 

contribute to the NCV or blood flow results. Further- 
more, NCV deficits are corrected by vasodilator or 
EPO treatments that do not alter Na-K ATPase ac- 
tivity [32, 39] and ARI/myo-inositol effects on Na-K 
ATPase are only found in rats fed a high sucrose diet 
[4O]. 

This study shows that whenever nutritive blood 
flow is reduced so is NCV. Thus, when polyol pathway 
hyperactivity is corrected by ARI  treatment, NCV ef- 
fects are negated if the vascular benefits are blocked 
by NOLA or flurbiprofen. Nerve polyols neverthe- 
less remain in the non-diabetic range, thus, a putative 
"pseudohypoxia" mechanism, based on changes in 
neuronal NADH/NAD ratio due to flux through the 
second half of the polyol pathway [41] is unlikely to 
cause the NCV reduction. Conversely, blood flow 
and NCV are restored by EPO and vasodilator treat- 
ments [2, 4, 5, 19, 39] although polyol pathway and 
pseudohypoxia mechanisms remain strongly activat- 
ed. Thus, it must be concluded that pseudohypoxia 
does not contribute significantly to diabetic NCV 
changes and that neurovascular mechanisms pre- 
dominate. 

Treatment-induced changes in non-nutritive perfu- 
sion and blood flow patterns were evident in the sec- 
ond study. Thus, WAY121509 had little effect on the 
composite flow deficit in diabetic rats but the per- 
centage of nutritive clearance was increased. This 
agrees with previous high-dose ARI  studies [14, 18] 
and may indicate diversion of arterio-venous shunt 
flow to the capillary bed. In contrast, EPO treatment 
caused a generalized flow increase; both composite 
and nutritive perfusion were elevated and the per- 
centage of nutritive clearance remained unaltered 
[9]. NOLA treatment tended to suppress flow with- 
out altering the flow pattern, reducing the effects of 
both WAY121509 and EPO. Flurbiprofen also mark- 
edly reduced composite flow, while at the same time 
increasing the percentage flow going through the ca- 
pillary bed. Although the latter did not actually im- 
prove nutritive flow, it may have offset a further po- 
tential reduction. Interestingly the group with the 
highest percentage of nutritive flow was treated with 
the WAY121509-flurbiprofen combination, the value 
being consistent with additivity for arterio-venous 
shunt closure. Reasons for these effects are unclear; 
arterio-venous shunts are closed by serotonin [20] 
and ARI  treatment improved the aortic contractile 
responses to serotonin in diabetic rats [7] which may, 
therefore, apply to vasa nervorum. Prostacyclin can 
antagonise the action serotonin [42], which might ex- 
plain the effects of flurbiprofen. 

Interactions between NO and prostacyclin 
mechanisms exist at the receptor/transduction level 
[42], therefore, synergism is not restricted to diabetes. 
Non-diabetic rats treated jointly with flurbiprofen 
and NOLA revealed a fivefold amplification effect 
for reduced NCV [16]. Other interactions could po- 
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tential ly be impor t an t  in vasa ne rvorum,  for example ,  
facil i tat ion of no rad rene rg ic  act ivat ion by angioten-  
sin II [43]. The diabet ic  neurovascu la r  deficit  appears  
to result  f rom a complex  of  changes in several  inter- 
acting contro l  systems including those responsible  
for  synthesis of  NO, prostanoids,  angiotensin II, en- 
dothel in  1, and for sympathe t ic  tone  [2]. Normally,  a 
degree  of mutua l  compensa to ry  act ion in these over- 
lapping systems maintains  vasa n e r v o r u m  in a state 
capable  of  del ivering ample  perfusion,  and confers  a 
re la t ive resistance to dysfunct ion  of a single mecha-  
nism [16]. However ,  with the mult iple  deficits in dia- 
betes  this compensa to ry  ability is lost, result ing in 
nerve  dysfunction.  Such a view could par t ly  explain 
why several  the rapeu t ic  approaches  give near ly  com- 
ple te  p ro tec t ion  against r educed  N C V  in diabet ic  
rats. Thus, cor rec t ion  of a single impor t an t  mecha-  
nism such as N O  act ion [14, 15] or e leva ted  angioten-  
sin II vasoconst r ic t ion  [4] would allow normal  b lood  
flow despite  part ial  defects  remaining in o ther  con- 
trol  mechanisms.  

In conclusion,  the data  show a synergistic interac- 
t ion be twe e n  cyclo-oxygenase  and N O  synthase 
med ia t ed  neurovascu la r  actions that  can marked ly  
amplify responses  to joint  A R I  and E P O  t rea tment .  
If  the same mechan i sm opera tes  in h u m a n  diabet ic  
patients,  the posi t ive aspect  of this in terac t ion  could 
potent ia l ly  be harnessed  to p rov ide  a the rapeu t ic  ad- 
vantage  in diabet ic  neuropathy .  
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