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Abstract 

This study examined the effect of two structurally dissimilar aldose reductase inhibitors, N-[[5-(trifluoromethyl)-6-methoxy-1- 
napthalenyl]thioxomethyl]-N-methlyglycine (tolrestat) and 4-amino-2,6-dimethylphenyl-sulphonyl nitromethane (ICI 222155), on 
formalin-evoked behavioural responses in control and diabetic rats and on capsaicin-evoked release of prostaglandin E from 
spinal cord slices in vitro. Both compounds, given orally for 4 weeks, prevented hyperalgesia in diabetic rats 5-20 rain after 
hindpaw formalin injection. ICI 222155 also prevented hyperalgesia in diabetic rats 21-60 min after formalin, whereas tolrestat 
suppressed activity in diabetic rats below controls and also suppressed activity in controls when given orally or intrathecally. 
Capsaicin-evoked release of prostaglandin E from spinal cord slices of control rats was significantly reduced by tolrestat, but not 
ICI 222155. These data suggest that hyperalgesia in diabetic rats is related to glucose metabolism by aldose reductase, whereas 
tolrestat has specific effects on formalin-evoked nociception associated with an ability to reduce spinal prostaglandin release. 
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1. Introduction 

Sensory dysfunction in diabetic patients may range 
from inappropriate pain sensations to anaesthesia asso- 
ciated with fibre loss. The pathogenesis of painful 
diabetic sensory neuropathy is unknown and treatment 
strategies are currently restricted to alleviation of 
symptoms rather than any rational preventative ther- 
apy. Experimental diabetes may provide insight into 
mechanisms underlying altered sensory function that 
allows development of therapeutic agents. There  have 
been a number of studies in rodents investigating the 
effect of diabetes on the hot plate and tail flick tests 
(Chu et al., 1986; Bansinath et al., 1989; Lee and 
McCarty, 1990, 1992; Courteix et al., 1993; Calcutt et 
al., 1994a) which measure behavioural responses to 
acute high threshold nociceptive stimuli and are analo- 
gous to measures of thermal pain thresholds in hu- 
mans. However, the possibility that experimental hy- 
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perglycaemia alters behavioural responses in experi- 
mental paradigms that utilize prolonged nociceptive 
stimuli, such as the formalin test (Dubisson and Den- 
nis, 1977) has only recently been addressed. Courteix et 
al. (1993) reported hyperalgesia in diabetic rats during 
the first 15 min after formalin injection, and in a 
detailed examination of the time course of this effect 
we noted that hyperglycaemia in rats causes enhanced 
activity during the normally inactive period (Q phase) 
5-20  min after injection of 5% formalin, with no modi- 
fication of the earlier (phase 1) or later (phase 2) 
periods of pain-associated behaviour (Malmberg et al., 
1993; Calcutt et al., 1994a). 

The mechanism by which hyperglycaemia causes 
hyperalgesia in the formalin test is not known. Treat- 
ment with AGF 44, an ester derivative of ganglioside 
GM1, reduced the exaggerated flinching of diabetic 
rats during the Q phase but also suppressed activity 
during phases 1 and 2 in both normal and diabetic rats, 
suggesting a generalized antinociceptive effect that is 
unrelated to any specific pathogenic mechanism arising 
from hyperglycaemia (Malmberg et al., 1993). Treating 
diabetic rats with N-[[5-(trifluoromethyl)-6-methoxy-1- 
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napthalenyl]thioxomethyl]-N-methlyglycine (tolrestat), 
an inhibitor of the polyol pathway enzyme aldose re- 
ductase (EC 1.1.1.2.1) also reduces flinching during the 
Q phase, and does so without discernable effect on 
phase 1 or 2 behaviour or on any aspect of the formalin 
test in control rats injected with 5% formalin (Calcutt 
et al., 1994a). This suggests that exaggerated flux 
through aldose reductase may be involved in the patho- 
genesis of the disorder and is of interest given reports 
that aldose reductase inhibitors can improve qualitative 
sensory assessments in diabetic patients (Masson and 
Boulton, 1990). 

It is becoming apparent that tolrestat has physiologi- 
cal and biochemical effects not shared by other aldose 
reductase inhibitors, including inhibition of prostaglan- 
din F 1 synthase and receptor-mediated macrophage 
chemotaxis (Carper et al., 1989; Calcutt et al., 1994b,c). 
The present study was initiated t o  confirm that the 
effect of tolrestat on the Q phase of diabetic rats was 
related to the capacity to inhibit aldose reductase, by 
comparing it with a potent and structurally dissimilar 
aldose reductase inhibitor, 4-amino-2,6-dimethyl- 
phenyl-sulphonyl nitromethane (ICI 222155). More- 
over, formalin concentration-response curves (Wheel- 
er-Aceto and Cowan, 1993) have suggested that forma- 
lin tests using 5% solutions, as used in our previous 
studies, provide a supramaximal stimulus which evokes 
maximal responses and may preclude measurement of 
hyperalgesia. We therefore repeated our experimental 
paradigm involving diabetic rats and both of the aldose 
reductase inhibitors after determining a sub-maximal 
dose of formalin. The surprising and specific antinoci- 
ceptive effects of tolrestat on both control and diabetic 
rats led us to investigate a potential mechanism of 
action by measuring the release of E-series prosta- 
glandins from spinal cord slices in vitro, based on 
recent reports that inhibition of spinal prostaglandin 
production also produces antinociception in the forma- 
lin test (Malmberg and Yaksh, 1992, 1995). 

2. Materials and methods 

2.1. Experimental design and treatments 

All studies used adult female Sprague-Dawley rats 
(Harlan Industries, San Diego, USA). In experiments 
involving hyperglycaemia, insulin-deficient diabetes was 
induced by a single intraperitoneal injection of strepto- 
zotocin (50 mg/kg body weight) dissolved in sterile 
0.9% saline. Hyperglycaemia was confirmed two days 
later by measurement of tail vein blood glucose con- 
centration using a glucose oxidase-impregnated test 
strip (Ames Glucostix, Myles Elkhart, USA) and only 
animals with a blood glucose concentration of above 15 
mmol/1 were considered diabetic. All animals were 

allowed free access to food and water and maintained 
under approved standard conditions. Aldose reductase 
inhibitor-treated rats received either tolrestat (N-[[5- 
(trifluoromethyl)-6-methoxy- 1-napthalenyl]thioxometh- 
yl]-N-methlyglycine, Wyeth-Ayerst, Princeton, USA) or 
ICI 222155 (4-amino-2,6-dimethylphenyl-sulphonyl ni- 
tromethane, Zeneca Pharmaceuticals, Macclesfield, 
UK) suspended in water and Tween 80, once daily by 
oral gavage. The dose for each aldose reductase in- 
hibitor was based upon the manufacturers recommen- 
dations as being suitable to achieve complete blockade 
of the accumulation of polyol pathway metabolites in 
peripheral nerve and was 50 mg/kg per day for tolre- 
stat and 15 mg/kg per day for ICI 222155. Treatment 
began on the day that hyperglycaemia was confirmed 
and continued for the duration of the experiment (4 
weeks). Control rats received equivalent volumes of 
vehicle alone by daily gavage to preclude potential 
effects of handling and gavaging per se on behavioural 
measurements. 

2.2. Formalin test and intrathecal drug delivery 

Rats were lightly anaesthetized with halothane (2% 
in 0 2) to subdue voluntary movements and 50 ~1 of a 
freshly prepared formalin solution (0.2-5.0%) was in- 
jected subcutaneously into the dorsal surface of the 
right hind paw. Animals were then transferred to an 
observation chamber constructed to allow continuous 
visualization of the paws. Animals rapidly recovered 
normal motor function ( < 30 s after injection) and the 
number of flinches during 1 min periods were counted 
at 5 min intervals for the next 60 min by an observer 
who was unaware of the treatment group of each 
animal. Based upon the time-response curves of nor- 
mal rats (Fig. 1), phase 1 was defined as the initial 
measurement of flinching (1-2 min post injection) the 
Q (quiescent) phase as the measurements made at 5-6, 
10-11, 15-16 and 20-21 min and phase 2 as all subse- 
quent measurements post injection. Comparisons of 
activity during each phase were made by summing the 
flinches recorded at measurement points within the 
phase. 

For examination of the effect of intrathecal aldose 
reductase inhibitors on the formalin test, rats were 
implanted with lumbar intrathecal catheters under 
halothane anaesthesia (Yaksh and Rudy, 1976). Each 
polyethylene (PE-10) catheter extended from the cis- 
terna to the rostral edge of the lumbar enlargement. 
Rats that showed neurological deficits after recovering 
from anaesthesia were immediately euthanized. Stud- 
ies were performed in conscious, unrestrained animals, 
5-7 days after catheter placement. The aldose reduc- 
tase inhibitors were dissolved in sterile 0.9% saline to 
concentrations that allowed all doses to be delivered 
over a period of 40-60 s in a total volume of 10 /xl 
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followed by 10 tzl of saline to flush the catheter. 
Formalin testing was performed exactly as described 
above, 10 min or 6 h after delivery of the aldose 
reductase inhibitor or saline vehicle. 

2.3. Biochemical assays 

After completion of behavioural testing, animals 
were weighed, decapitated and a blood sample col- 
lected for determination of plasma glucose concentra- 
tion by spectrophotometric assay (glucose assay kit, 
Sigma, St. Louis, USA). Portions of sciatic nerve and 
spinal cord were removed and stored at -70°C until 
determination of sugar and polyol content to establish 
the efficacy of the aldose reductase inhibitors in re- 
stricting accumulation of polyol pathway metabolites. 
Tissue sugars and polyols were measured by assay of 
their trimethylsilyl derivatives using a Hewlett Packard 
5890 gas chromatograph fitted with a 25 m × 0.2 mm 
Hewlett Packard Ultra 1 capillary column and flame 
ionization detector and with a-methyl mannoside as an 
internal standard. 

2.4. In vitro studies 

In vitro release studies were performed as previ- 
ously described (Malmberg and Yaksh, 1994). Briefly, 
spinal cords were removed from decapitated rats by 
hydraulic extrusion, placed into ice-cold Krebs buffer 
and dissected on a glass plate placed on crushed ice. A 
2 cm segment of the lumbar enlargement was divided 
into dorsal and ventral portions. The dorsal portion 
was further cut into pieces of 0.5 mm cross-section and 
five of these were dispersed inside a perfusion chamber 
(25 mm internal diameter filter holder; Mill±pore Cor- 
poration, Bedford, USA) modified to have an internal 
dead volume of approximately 0.5 ml. The chambers 
were submerged in a water bath maintained at 37°C 

and perfused at a rate of 0.2 ml/min with modified 
Krebs buffer solution containing 25 mM NaHCO 3, 4.7 
mM KCI, 1.2 mM KH2PO 4, 1.2 mM MgSO 4, 118.3 
mM NaC1, 2.5 mM CaCI 2 and 3.3 mM dextrose. The 
perfusate was maintained at 37°C and pH was adjusted 
to 7.4 by bubbling with 5% CO 2 in 95% 0 2. Tolrestat 
or ICI 222155 were added to the perfusate from the 
onset of the experiment. After an initial wash-out 
period of 45 min, a baseline sample was collected over 
a 10 min period (approximately 2 ml) into polypropy- 
lene tubes placed on ice. The tissue was then chal- 
lenged by perfusion for 10 min with buffer as described 
above with the addition of 10/zM capsaicin (8-methyl- 
N-vanillyl-6-noneaneamide; Sigma Chemical Co., St. 
Louis, USA). Immediately after collection, the samples 
were frozen on dry ice, lyophilized, and reconstituted 
in 200 /zl Krebs solution for assay of prostaglandin E 
by radioimmunoassay using commercially available an- 
tisera with less than 1.0% cross-reactivity with 
prostaglandins FI~, 6-keto prostaglandin FI~ and 
prostaglandins of the A, B or D series (Advanced 
Magnetics, Cambridge, USA). This assay kit detects 
prostaglandin E 2 with a 50% cross-reactivity to 
prostaglandin El, although the former is far more 
abundant in nervous tissue. The assay sensitivity was 
4.1 pg/ml according to the manufacturer. At the con- 
clusion of the experiment, the five pieces of tissue were 
recovered from the perfusion chamber and protein 
content measured using a commercial assay kit 
(Coomassie Blue G-250; Pierce Chemical Co., Rock- 
ford, USA). Release was calculated as the prostaglan- 
din E level during 10 min of capsaicin challenge minus 
levels over the preceding 10 min. 

2.5. Data analysis 

All statistical comparisons, unless otherwise noted, 
were made using 1 way analysis of variance, and where 

Table 1 
Sciatic nerve and cord sugars and polyols after 4 weeks of diabetes in rats injected with 5% formalin for behaviour studies. Data are 

means + S.E.M. ( n m o l / m g  dry wt). Statistical comparison by analysis of variance with Newman-Keuls post-hoc test. nd = not detected 

Body Plasma Nerve Cord 

weight glucose Glucose Sorbitol Fructose myo-Inositol Glucose Sorbitol Fructose myo-Inositol 
(g) ( m m o l / l )  

Control 239 ± 4 a 6.3 + 0.5 a 9.7 + 2.2 a nd 0.9 + 0.3 a 10.0 + 0.7 a 1.5 + 0.2 ~ nd 0.7 ± 0.3 a 25.7 + 2.7 
Diabetic 1 5 4 ± 1 0  b 4 0 . 1 ± 3 . 4  b 5 4 . 0 ± 5 . 2  b 3 . 8 ± 0 . 6  19 .5+1 .3  b 7 . 0 + 0 . 3  b 12 .4±2.1  b 1 . 5±0 . 2  7 . 9 ± 1 . 0  b 22 .9±1 .4  

Diabetic  + 147±  9 b 47.2 ± 2.9 b 67.3 + 4.5 b nd 1.4 ± 0.7 a 10.2 ± 1.2 a 16.8 ± 4.0 b nd 2.6 ± 0.6 c 21.3 ± 2.7 

tolrestat 
Diabetic + 131 ± 6 b 49.9 ± 3.9 b 66.6-I- 6.3 b nd 1.2 ± 0.3 a 9.4 ± 0.4 a 13.2 ± 1.5 b nd 3.2 ± 0.3 c 22.7 ± 1.5 

ICI222155 

a vs .b  a v s . b  a v s . b  a vs .b  a vs .b  a vs .b  a,c vs .b  

P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.01 P < 0.001 P < 0.001 
a vs.C 

P < 0.05 



Body Plasma Nerve Cord 

weight glucose Glucose Sorbitoi Fructose myo-Inositol Glucose 
(g) (mmol/1) 

Sorbitol Fructose myo-Inositol 

Control 251 + 7 a 5.5 -+ 0.7 a 6.4 -+ 1.0 a nd 2.4 -+ 0.4 a 12.5 _+ 1.0 a 1.3 _+ 0.2 a nd 0.8 -+ 0.1 a 26.7 -+ 1.9 
Diabetic 190 -+ l0 b 29.2 _+ 4.0 b 40.0 _+ 5.1 b 8.4 _+ 1.3 29.7 5:2.1 b 8.5 + 0.8 b 7.9 -+ 1.9 b 0.8 _+ 0.1 3.8 _+ 0.5 b 23.8 + 2.9 
Diabetic + 187 _+ 5 b 30.6 _+ 1.6 b 52.9 _+ 4.0 c nd 2.1 _+ 0.3 a 12.6 _+ 0.7 ~ 7.6 + 1.7 b nd 1.2 -+ 0.2 a 23.4 -+ 1.7 

tolrestat 

Diabetic + 205 _+ 7 b 31.9 _+ 2.0 b 56.9 _+ 3.5 c nd 3.0 _+ 0.6 ~ 11.9 _+ 0.8 a 7.4 5:0.9 b nd 1.7 + 0.4 a 28.2 -+ 3,6 
ICI222155 

a vs.b a vs.b a vs.b,c a vs.b a vs.b a vs.b a vs.b 

P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.05 P < 0.05 P < 0.001 
bvs.C 

P < 0.05 

P < 0.05, between-group differences were identified by 
the Newman-Keuls post-hoc test. 

3. Results 

20'  

4 weeks of streptozotocin-induced diabetes was as- 
sociated with a reduction in body weight and elevation 
of plasma nerve and cord glucose levels (Tables 1 and 
2). In untreated diabetic rats there was accumulation 
of sorbitol and fructose in the nerve and cord, which in 
the sciatic nerve was associated with reduced myo-in- 
ositol levels. Both tolrestat (50 mg/kg per day) and ICI 
222155 (15 mg/kg per day) completely prevented the 
accumulation of sorbitol in nerve and cord, attenuated 
the accumulation of fructose in nerve and cord, and 
restored nerve myo-inositol levels. 

In control rats, formalin injection induced a concen- 
tration-dependent increase in flinching behaviour (Fig. 
1). Untreated diabetic rats injected with 5% formalin 
exhibited responses similar to controls during both 
phases 1 and 2, but also showed exaggerated flinch 
activity during the intervening Q phase (P < 0.01 vs 
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Table 2 

Sciatic nerve and cord sugars and polyols after 4 weeks of diabetes in rats injected with 0.5% formalin for behaviour studies. Data are 
mean -+ S.E.M. (nmol /mg  dry weight). Statistical comparisons by analysis of variance with Newman-Keuls post-hoc test. nd = not detected 

Fig. 1. Time-response curves of flinching behaviour after the injec- 
tion of 50/zl of 0.2% (solid squares), 0.5% (open squares), 1% (solid 
circles) or 5% (open circles) formalin into the hindpaw of non-di- 
abetic rats. Data are means_+ S.E.M. n = 4-6  rats per group. 

controls; Table 3). This increased activity was signifi- 
cantly reduced by concurrent treatment with tolrestat 
or ICI 222155 (both P < 0.05 vs. untreated diabetics), 
while activity during phases 1 and 2 was not affected by 
either compound. 

Injection of 0.5% formalin, for sub-maximal stimula- 
tion of behavioural responses, evoked normal be- 
havioural responses in diabetic rats during phase 1 
compared to untreated controls (Table 4), but exagger- 
ated flinch activity during the Q phase (P < 0.001) and 
phase 2 (P < 0.05). Treatment of diabetic rats with 

Table 3 
Flinch behaviour evoked by 5% formalin. Data are means-+S.E.M. 
(sum flinches). Statistical comparisons by analysis of variance with 
Newman-Keuls post hoc test 

n Phase 1 Phase Q Phase 2 

Control 7 13-+1 3 + 1  a 108_+8 
Diabetic 7 12_+1 25+7  b 96_+8 
Diabetic+ 7 11_+1 10+2 c 90_+8 

tolrestat 
Diabetic+ 6 11_+1 12+3 c 85+12 

ICI 222155 

avs.b P < 0.01 
bVS.C P < 0.05 

Table 4 
Flinch behaviour evoked by 0.5% formalin. Data are means -+ S.E.M. 
(sum flinches). Statistical comparisons by analysis of variance with 
Newrnan-Keuls post hoc test 

n Phase 1 Phase Q Phase 2 

Control 7 9 + 1 4 -t- 1 a 81 + 6 a 
Diabetic 6 9 + 1  21+7  b 106+8 b 
Diabetic+ 6 6 + 1  8 + 2  c 54+7  c 

tolrestat 
Diabetic+ 6 8_+1 10+3 c 83+8  a 

ICI 222155 

avs.b P < 0.001 aVs.b'c P < 0.05 
bvs.C P < 0.01 bvs.C P < 0.001 
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control control+Tolrestat conlrol+lCI 222155 

10  20 30 40 50 60 

Time (rain) 
Fig. 2. The phase 2 response to 50 /zl of 0.5% formalin in non-di- 
abetic control (vehicle-treated) rats, and rats treated with tolrestat or 
ICI 222155 (both 50 m g / k g  per day) for 1 month.  Data  are means:t:  
S.E.M. *P < 0.05 vs. control or  ICI 222155-treated rats. Statistical 
comparisons by 1 way analysis of  variance followed by Newman-  
Keuls post-hoc test. n = 6 rats per group. 

tolrestat (50 m g / k g  per day) or ICI 222155 (15 m g / k g  
per day) for the duration of hyperglycaemia reduced 
the exaggerated activity of diabetic rats during the Q 
phase (both P <  0.01 vs. untreated diabetics). ICI 
222155 restored phase 2 to control levels (P  < 0.05 vs. 
untreated diabetics), whereas tolrestat depressed activ- 
ity during phase 2 compared to all other groups ( P  < 
0.05 vs. controls or ICI 222155-treated diabetics and 
P < 0.001 vs. untreated diabetics). In a separate study, 
daily treatment of non-diabetic rats with tolrestat (50 
m g / k g  per day) for 1 month caused a significant ( P  < 
0.05) reduction in activity during phase 2 of the re- 
sponse to 0.5% formalin compared to vehicle or ICI 
222155-treated (50 m g / k g  per day) non-diabetic rats 
(Fig. 2), without notably affecting the other  phases. 
Treating non-diabetic rats with tolrestat (50 mg/kg)  or 
ICI 222155 (50 mg/kg)  on the day prior to testing and 
then 1 h before testing did not significantly alter phase 
2 activity in response to 0.5% formalin (vehicle-treated 
= 89 ___ 23; tolrestat-treated = 74 + 13; ICI 222155- 
treated = 70 ± 17 mean sum flinches during phase 2 ___ 
S.E.M., n = 4-5  per group). 

Intrathecal delivery of 10 /xg tolrestat to non-di- 
abetic rats, 10 min before injection of 5% formalin into 
the hindpaw, caused a significant ( P  < 0.05) suppres- 
sion of phase 2 flinch activity (69 + 17: mean sum 
flinches during phase 2 + S.E.M.) compared to animals 
that received an equivalent volume of 0.9% saline 
vehicle alone (127 + 6; Fig. 3A) and this effect was 
partially maintained when this dose of tolrestat was 
given 6 h prior to formalin injection (100 + 14). A 
similar effect was noted after delivery of 100 /.tg of 
tolrestat 10 min before testing (tolrestat-treated = 75 ___ 
14 vs. controls = 120 ± 10; P < 0.05) whereas 100/zg of 
ICI 222155 (133 ± 8), was without effect (P  < 0.05 vs. 
tolrestat-treated rats; Fig. 3B). 

Spinal cord slices from non-diabetic rats were ex- 
posed to concentrations of tolrestat or ICI 222155 
before determination of capsaicin-evoked prostaglandin 
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Fig. 3. Time-response curves of  flinching behaviour in non-diabetic 
rats in response to 50/z l  of  5% formalin after the intrathecal delivery 
of (A) saline (open circles, for delivery 10 min before testing), 10/zg 
tolrestat (closed circles for delivery 10 rain before testing; closed 
squares for delivery 6 h before testing) or (B) controls (open circles), 
100 /zg tolrestat (closed circles for delivery 10 min before testing) 
and 100 ~ g  ICI 222155 (open squares for delivery 10 min before 
testing). Data  are means  + S.E.M. n = 4 - 6  rats per group. 

,c  

o 
o. 

o 

control 0.1nM Tolrestat IOp.M Tolrestat IO~M IC I  222155 

Fig. 4. Release of prostaglandin E from in vitro spinal cord slice 
preparat ions of non-diabetic rats during a 10 min challenge with 10 
/zM capsaicin, with or without the presence of toirestat or ICI 
222155. Data  are m e a n s + S . E . M .  *P < 0.05, * *P < 0.01 and * * *P 
< 0.001 vs. 10 /~M tolrestat group. Statistical comparisons by 1 way 
analysis of  variance followed by Newman-Keuls  post-hoc test. n = 4 
experiments  per group. 
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E release. The presence of 10/xM ICI 222155 did not 
significantly alter capsaicin-evoked prostaglandin E re- 
lease (29.4 + 3.0 fmol/140 ~g protein) compared to 
slices where aldose reductase inhibitors were not in- 
cluded in the perfusate (21.8 + 1.7; Fig. 4). Tolrestat, at 
10/xM (14.7 + 1.6), but not 0.1 nM (24.3 + 2.3) signifi- 
cantly (P < 0.05) reduced capsaicin-evoked prostaglan- 
din E release compared to slices exposed to aldose 
reductase inhibitor-free peffusate. 

4. Discussion 

The initial aim of this study was to provide further 
evidence for a role of flux through aldose reductase in 
the hyperalgesic behaviours of diabetic rats, by exclud- 
ing the possibility that the previously reported effect of 
tolrestat (Calcutt et al., 1994a) was unrelated to its 
capacity to inhibit aldose reductase. We therefore com- 
pared the effect of tolrestat with that of ICI 222155, a 
potent aldose reductase inhibitor of a different struc- 
tural series, being napthaglycine and sulphonylni- 
tromethane derivatives, respectively. Both aldose re- 
ductase inhibitors, given at the manufacturers recom- 
mended doses, achieved complete block of the accumu- 
lation of sorbitol in the nerve and spinal cord of 
diabetic rats, and a near complete block of fructose, 
suggesting a largely effective inhibition of aldose re- 
ductase in these tissues. In agreement with our previ- 
ous study with tolrestat, the hyperalgesic responses of 
diabetic rats during the Q phase were inhibited by both 
aldose reductase inhibitors (Calcutt et al., 1994a). This 
supports the suggestion that it is the common ability to 
inhibit the exaggerated flux through aldose reductase 
that attenuates the hyperalgesia induced by diabetes in 
the formalin test model. The presence of a similar 
increase in Q phase activity in galactose-fed rats 
(Calcutt et al., 1994a), which display hexose sugar 
hyperglycaemia in the absence of insulin deficiency, is 
also consistent with an association between flux through 
aldose reductase and hyperalgesia. However, it is not 
yet clear where the primary lesion lies. In the sciatic 
nerve, aldose reductase is localized to the cytoplasm of 
myelinating Schwann cells (Powell et al., 1991), while 
distribution in the central nervous system is not well 
documented. Furthermore, the physiologic and phar- 
macologic features of the Q phase of the formalin test 
are ill defined in normal rats and it is not clear whether 
it represents passive inactivity of primary afferents and 
dorsal horn neurons or an active suppression. The 
latter possibility is supported by reports that be- 
havioural activity can be induced during the Q phase of 
control rats by systemic treatment with opioid 
(Wheeler-Aceto and Cowan, 1993) or y-aminobutyric 
acid (Franklin and Abbott, 1993) antagonists. 

We repeated our studies of the effects of diabetes 

and aldose reductase inhibition on the formalin test 
using a lower concentration of formalin because of 
concerns that 5% formalin evokes maximal responses, 
preventing detection of any potential hyperalgesia dur- 
ing active phases of the test. A concentration of 0.5% 
formalin was chosen based on concentration-response 
studies indicating the induction of discernable, but 
sub-maximal, behavioural activity. While exaggerated 
activity during the Q phase in diabetic rats was de- 
tected and aldose reductase inhibitor-preventable us- 
ing either 5% or 0.5% formalin, untreated diabetic rats 
injected with the lower concentration also showed hy- 
peralgesia during phase 2, suggesting that 5% formalin 
obscures subtle physiologic abnormalities by providing 
a supramaximal stimulus. 

Consideration of the mechanisms that underlie for- 
malin-induced nociceptive behaviour may provide some 
clues to the pathogenesis of hyperalgesia in diabetic 
rats. It is believed that phase 1 behaviour in the forma- 
lin test is directly related to primary afferent input 
from the site of injection. In contrast, pharmacologic 
studies have suggested that, while the response re- 
mains dependent on primary afferent activity (Dicken- 
son and Sullivan, 1987; Coderre et al., 1990b), phase 2 
involves amplification of the nociceptive input at the 
spinal level associated with glutaminergic N-methyl-D- 
aspartate (NMDA) and peptidergic neurokinin (NK 1) 
receptor activation (Yamamoto and Yaksh, 1991, 1992), 
cyclooxygenase-mediated prostaglandin E release 
(Malmberg and Yaksh, 1992, 1995) and nitric oxide 
production (Malmberg and Yaksh, 1993). Any one, or a 
combination of these systems may be altered by dia- 
betes. For example, prostaglandin E production is ele- 
vated in glomeruli from diabetic rats and this is attenu- 
ated by aldose reductase inhibitor treatment (Chang et 
al., 1991; Ramsammy et al., 1993). A similar situation 
in the spinal cord of diabetic rats could produce hyper- 
algesia, as occurs after intrathecal prostaglandin E 2 
injection (Taiwo and Levine, 1986, 1988), and would be 
consistent with our observation that the aldose reduc- 
tase inhibitor ICI 222155 restored phase 2 behaviour to 
control levels. However, in other tissues prostaglandin 
E release is reduced by hyperglycaemia (Kunisaki et 
al., 1991; Rothe et al., 1994) and it is clear that mea- 
surements of stimulus-evoked spinal prostaglandin E 
release are necessary to provide insight into this poten- 
tial mechanism of hyperalgesia. 

It has been reported that the spinal cord of diabetic 
rats shows increased substance P binding sites (Kamei 
et al., 1990). As substance P enhances nociceptive 
processing in the spinal cord and peptidergic NK 1 
receptor antagonists inhibit phase 2 of the formalin 
test (Yamamoto and Yaksh, 1991) this also provides a 
potential mechanism for hyperalgesia in diabetic rats. 
An increased number of substance P receptors may 
occur to counter the deficit in peripheral nerve content 
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and axonal transport of substance P (Robinson et al., 
1987; Tomlinson et al., 1988; Calcutt et al., 1990), 
should this lead to impaired release of the peptide. 
Should hyperalgesia be the consequence of reduced 
nerve substance P levels, treatments that maintain 
nerve substance P levels should be accompanied by 
prevention of hyperalgesia. Interestingly, aldose reduc- 
tase inhibition prevents both nerve substance P deple- 
tion (Robinson et al., 1987; Diemel et al., 1992) and 
hyperalgesia during phase 2 in diabetic rats. At present 
no studies have reported the effects of diabetes and 
aldose reductase inhibition on spinal release of noci- 
ceptive neurotransmitters and modulators or receptor 
numbers and function. 

Our finding of hyperalgesia during phase 2 of the 
response to 0.5% formalin in diabetic rats contrasts 
with a report that diabetic mice show an absence of 
phase 2 after injection of 0.5% formalin (Kamei et al., 
1993). It is plausible that there are species differences 
in the effect of diabetes on the formalin test. In a 
preliminary study, we found that severe diabetes atten- 
uated phase 2 of the formalin test in rats. This was not 
affected by aldose reductase inhibition but coincided 
with animals being obviously sick and unresponsive to 
stimuli. We have subsequently become cautious in in- 
terpreting reduced behavioural responses to stimuli in 
sick rats, but are confident of our present findings in 
which behavioural activity was enhanced by diabetes. 

An unexpected finding was that, when using 0.5% 
formalin as the stimulus, tolrestat but not ICI 222155, 
reduced phase 2 below control values in diabetic rats 
and also suppressed phase 2 in control rats. Suppres- 
sion of phase 2 was present after delivery by oral 
gavage after 4 weeks, but not 24 h, of treatment. This 
may reflect the pharmacokinetics of oral delivery and 
maintenance of effective levels of tolrestat in nervous 
tissue (Dvornik et al., 1994), as a rapid effect was noted 
when tolrestat was delivered by intrathecal catheter 10 
min before injection of formalin and therefore 30 min 
before the onset of phase 2. Suppression of phase 2 by 
tolrestat is probably not related to the capacity to 
inhibit aldose reductase, as equal oral and intrathecal 
doses of ICI 222155 were without effect on control 
rats, despite the latter being a more potent inhibitor of 
aldose reductase. Other compounds with a similar abil- 
ity to suppress phase 2 behaviour after spinal delivery 
include inhibitors of glutamatergic NMDA (Coderre 
and Melzack, 1992; Yamamoto and Yaksh, 1992) and 
tachykinin NK t receptors (Yamamoto and Yaksh, 1991) 
and inhibitors of enzymes involved in the synthesis of 
prostanoids and nitric oxide (Malmberg and Yaksh, 
1992, 1993). It is not yet known whether tolrestat 
interferes with any of these signalling pathways. This is 
not the first description of properties of tolrestat that 
are not shared by other aldose reductase inhibitors. 
Tolrestat, but not sorbinil or statil, inhibits prostaglan- 

din F 1 synthase activity (Carper et al., 1989) and also 
the receptor-mediated chemotaxis of macrophages 
(Calcutt et al., 1994b). 

To investigate a potential mechanism by which tol- 
restat inhibits phase 2 of the formalin test, we mea- 
sured the capsaicin-evoked release of E-series 
prostaglandins from spinal cord slices. There are bind- 
ing sites for prostaglandin E 2 in laminae I and II of the 
dorsal horn (Matsumura at al., 1992) and prostaglandin 
E 2 is released in the spinal cord after noxious thermal 
and formalin stimulation (Coderre et al., 1990a; Maim- 
berg and Yaksh, 1995) and from cord-derived astro- 
cytes by substance P (Marriott et al., 1991). The pro- 
duction of prostanoids in the spinal cord has been 
implicated in sustaining phase 2 of the formalin test by 
studies that have shown inhibition of this phase by 
assorted non-steroidal anti-inflammatory agents with a 
potency order that agrees with their capacity to inhibit 
cyclooxygenase (Malmberg and Yaksh, 1992) while 
spinal delivery of prostaglandin E 2 antagonists also 
suppresses phase 2 activity (Malmberg et al., 1994). 
Moreover, intrathecal delivery of prostaglandins pro- 
duce pain behaviour and thermal hyperalgesia in rats 
(Minami et al., 1994), further supporting the associa- 
tion between spinal prostanoids and maintenance of 
hyperalgesia. The finding that tolrestat, but not ICI 
222155, reduced prostaglandin E release from spinal 
cord slices at a concentration of 10 ~M is consistent 
with the possibility that the effect of tolrestat on phase 
2 of the formalin test is related to reduction of spinal 
prostanoid production. It is not yet known whether 
tolrestat possesses the capacity to inhibit cyclooxyge- 
nase or other enzymes involved in the formation of 
prostaglandin E. Alternately, the effect may involve 
disruption of capsaicin-evoked signal transduction 
pathways, as we have previously reported that tolrestat 
but not other aldose reductase inhibitors, prevents 
receptor-mediated macrophage chemotaxis without in- 
terfering with chemotaxis towards agents that act in a 
non-receptor-mediated manner (Calcutt et al., 1994b). 
These possibilities merit further investigation. 
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