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Abstract :  Diabetic neuropathic pain is generally considered to be one of
the most troublesome complications affecting diabetic patients and current
therapy provides inadequate pain relief. In the present study, the effect of
adenosine was investigated in a model of diabetic neuropathic pain. Diabetes
was induced by streptozotocin (65 mg/kg, ip) in male Sprague Dawley rats
and subjected to thermal (cold and hot)  and chemical  (formalin)  st imuli .
Diabetic rats  developed hyperalgesia by the end of six weeks in thermal
and chemical stimuli test. Adenosine (100, 200 and 500 mg/kg, ip) produced
significant reversal of responses to thermal and chemical stimuli in diabetic
rats. 8-Cyclopentyl-1, 3-dipropylxanthine (DPCPX 1 mg/kg, ip), an adenosine
A1-receptor antagonist,  but  not  3,7-dimethyl-l-propargylxanthine  (DMPX
1 mg/kg,  ip),  an adenosine A2A-receptor antagonist, reversed the protective
effect  of  adenosine.  These results  indicate that  adenosine is  an effect ive
analgesics in a model of diabetic neuropathy, and the protection produced
by adenosine is  via st imulation of adenosine A1-receptors.

Key words  : diabetic neuropathic pain adenosine thermal hyperalgesia
adenosine A1–receptors formalin adenosine A2-receptors

INTRODUCTION

Neuropathic pain is generally considered
to  be  one  of  the  mos t  t roublesome
complications affecting diabetic patients (1,
2) .  Current  therapy for  pa inful  neuropathy
includes use of antidepressants,  ion channel
b lockers ,  NMDA recep tor  an tagonis t s ,
opioids,  topical  l idocaine and capsaicin (1,
3). Pain relief with current therapy is often
inadequate and associated with s ide effects
(1, 2, 4, 5).

Adenos ine  and  adenos ine  recep tor
agonists have antinociceptive effect in animal
models of acute (6–9), inflammatory (10–13)
and  nerve  in ju ry  induced  neuropa th ic
pa in  (14–15) .  Sys temic  admin is t ra t ion  of

adenosine and adenosine agonis ts  produced
analgesic action in patients with neuropathic
pain (1, 16). It has been reported that there
is  a significant  reduction in the circulat ing
and levels of adenosine in the cerebrospinal
f lu id  in  neuropa th ic  pa in  pa t ien t s  (17) .
Adenosine is involved in the antinociceptive
ef fec t  o f  in t ra theca l  morphine  fo l lowing
nerve injury (18).  Amitriptyline,  a tr icyclic
an t idepressan t ,  i s  e f fec t ive  in  a l l ev ia t ing
neuropathic pain condit ions and this  act ion
i s  be l ieved  to  be  due  to  in te rac t ion  wi th
endogenous  adenos ine  sys tems  (19–20) .
Adenosine kinase inhibitors,  which enhance
endogenous levels of adenosine, have shown
pro tec t ion  in  neuropa th ic  pa in  s ta tes  (21–
22). Above evidence indicate antinociceptive
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potent ia l  of  adenosine .  However ,  e f fec t  of
adenosine  in  diabet ic  neuropathic  pain  has
not  ye t  been  eva lua ted .  Therefore ,  in  the
presen t  s tudy ,  e f fec t  o f  adenos ine  was
inves t iga ted  in  d iabe t ic  neuropa th ic  pa in
model .

METHODS

A n i m a l s

Heal thy  male  Sprague  Dawley  (140–
160 g)  ra t s  were  used  for  the  s tudy .  They
were procured from Central Animal Facility,
NIPER. The animals were provided with the
standard diet and water ad libitum and kept
at standard conditions. All the animals were
acclimatized for a minimum of one week prior
to the study. The experimental protocol was
approved  by  Ins t i tu t iona l  Animal  E th ics
Commit tee  of  NIPER.

Induct ion  o f  d iabetes

Diabetes was developed by administration
of streptozotocin (65 mg/kg, ip). Before and
af te r  in jec t ion  of  s t rep tozo toc in ,  p lasma
glucose  leve l s  were  ana lysed  us ing  the
glucose GOD-PAP span diagnostic kit method
(Qualigen, Glaxo, India). Only those animals
showing  b lood  g lucose  > 250  mg/d l  were
included in  the  drug t rea tment  s tudy.

Thermal  s t imul i :  Cold  and  hot  immers ion  tes t s

Cold  and  ho t  immers ion  tes t s  were
car r ied  ou t  accord ing  to  the  method
described by Sharma et al., 2008 (23). In the
cold immersion test,  the tail  of the rat was
immersed in cold water maintained at 10°C,
whi le  in  the  ho t  immers ion  tes t ,  the  t a i l
was immersed in water maintained at 45°C.
In  bo th  t es t s ,  basa l  t a i l  f l i ck  l a tency
(wi thdrawal  response  of  t a i l )  o r  s igns  o f
struggle were observed. The cut off time was
15  s .  Cold  and  ho t  immers ion  tes t s  were
carr ied  out  each  week for  a  per iod  of  s ix
weeks in normal and streptozotocin diabetic

rats and changes in tail flick latency in both
groups were compared.  Effect  of  adenosine
was studied after six weeks of streptozotocin
admin i s t r a t i on .

Chemica l  s t imul i :  formal in  tes t

The  formal in  t es t  was  ca r r ied  ou t
according to the method of  Courteix et  a l .
(24) .  Formalin chal lenge was done once in
all  the groups.  Formalin (0.1 ml 10%) was
administered to the dorsal surface of the left
hind paw in both normal and diabetic rats .
Each animal was then placed in a plexiglass
chamber and observed for 15 min for latency
of licking, latency of paw elevation, duration
of licking, duration of paw elevation. Changes
in latency and duration of paw licking and
paw e leva t ion  were  observed  a f te r  f i r s t ,
four th  and  s ix th  week  of  s t rep tozo toc in
administration. The effect of adenosine was
studied out after six weeks of streptozotocin
admin i s t r a t i on .

Drugs  and  treatment  schedule

All  d rugs  were  procured  f rom Sigma,
U.S .A.  They  were  prepared  f resh ly  and
adminis te red  in t raper i tonea l ly  by  us ing  a
26-gauge hypodermic needle.  Streptozotocin
was  d i sso lved  in  c i t ra te  buf fe r  (pH 4 .4) .
Adenosine was suspended in 10% Tween 20.
8-Cyclopentyl-1, 3-dipropylxanthine (DPCPX)
and 3,7-dimethyl-l-propargylxanthine (DMPX)
were dissolved in dimethylsulphoxide (DMSO)
and dist i l led water  respect ively.

Effects of adenosine on thermal (cold and
hot  immers ion)  and  chemica l  ( fo rmal in)
st imuli  were carried out after  six weeks of
s t rep tozo toc in  admin is t ra t ion .  Ra ts  were
pretreated (30 min) with different  doses of
adenosine (100, 200 and 500 mg/kg, ip). They
were  observed  for  a  per iod  of  2  h  a t  the
interval of 15, 30, 60 and 120 min in cold
and hot immersion test. In case of chemical
stimuli observations were made after 30 min
of  d rug  admin is t ra t ion .  To  s tudy  the
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the fourth and fifth week respectively.  Tail
f l i ck  la tency  was  14 .50±0.18  s  before
‘s t rep tozo toc in  t rea tment  and  th i s  was
reduced  to  9 .67±0 .66  s  (P<0 .05)  and
7.83±0.61 s (P<0.05) after  fourth and sixth
week post  t reatment ,  respect ively.  However
in normal rats tail flick latency was 14.12 ±
0.17 s, 13.67±0.45 s and 13.33±0.27 s after
0, 4th and 6th weeks, respectively (Fig. 1).

In diabetic animals,  adenosine (200 and
500 mg/kg) produced significant reversal of
thermal  hypera lges ia  whi le  adenos ine  100
mg/kg did not produce reversal (Fig. 2). This

involvement of adenosine A1 or A2-receptor
in adenosine effect ,  DPCPX (1 mg/kg,  ip) ,
an  adenos ine  A 1- recep tor  an tagonis t  o r
DMPX (1  mg/kg ,  ip ,  an  adenos ine  A 2A-
receptor antagonist was administered 15 min
prior to administration of adenosine (200 mg/
kg) .  Cont ro l  g roups  were  a l so  main ta ined
wi th  appropr ia te  veh ic les  used  for  the
different  drugs .

Stat i s t i ca l  ana lys i s

Results were expressed as mean ± S.E.M.
and  ana lysed  (S igmaSta t )  us ing  s tuden t
V tes t ,  r epea ted  measures  o f  ana lys i s  o f
variance (ANOVA) or ANOVA followed by
pos t  hoc  compar i son  where  appropr ia te .
P<0.05 was considered statistical significance.

RESULTS

Strep tozo toc in  (65  mg/kg ,  ip )  induced
diabe tes  in  80% of  an imals .  Before
adminis t ra t ion  of  S t rep tozo toc in  p lasma
glucose  levels  were  82.16±1.10 mg/dl .  S ix
weeks  a f te r  S t rep tozo toc in  admin is t ra t ion ,
blood glucose levels increased to 353.68±2.54
mg/dl. In normal rats, plasma glucose levels
were 79.88±1.50 (0 weeks)  and 83.18±1.51
mg/dl (after 6 weeks).

S t rep tozo toc in  t rea tment  s ign i f ican t ly
decreased  ra t  body  weigh t  155 .44±0.59  g
(0 week) to 111.78±1.67 g (after 6 weeks).
However ,  in  normal  ra t s  body  weight  was
signif icant ly  increased f rom 150.33±0.98 g
(0 weeks) to 272.44±2.30 g (after 6 weeks).

Cold  immers ion  tes t

Diabe t ic  an imals  showed thermal
hypera lges ia  as  evidenced by a  s igni f icant
reduct ion (P<0.05) in the tai l  f l ick latency
in 83% of the diabetic animals by the end of
six weeks in comparison to normal animals
in cold immersion test .  However,  only 50%
and 66% of  the  d iabe t ic  ra t s  showed
signif icant  changes in  ta i l  f l ick la tency by

Fig .  1 : Ef fec t  o f  dura t ion  o f  d iabe tes  on  t a i l  f l i ck
la tency  (TFL)  in  co ld  immers ion  t e s t .  The
values are expressed as Mean ± S.E.M. N= 10–
12. *P<0.05 as compared to normal rats group.

Fig .  2 : Ef fec t  o f  adenos ine  (ADO)  on  t a i l  f l i ck
latency in cold immersion test after six weeks
of  d iabe tes  induc t ion .  Al l  the  va lues  a re
expressed  as  mean ± S.E .M.  N=6–8 .  *P<0 .05
as  compared  to  veh ic le  t r ea ted  g roup .
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reversa l  was  dose  dependent .  Maximum
protec t ion  was  observed  30  min  fo l lowing
drug  admin is t ra t ion .  The  adenos ine  A 1-
recep tor  an tagonis t  DPCPX,  a t  1  mg/kg ,
comple te ly  reversed  the  pro tec t ion  of fered
by  adenos ine  200  mg/kg  in  d iabe t ic  ra t s .
However ,  DMPX, an adenosine A 2-receptor
antagonis t ,  fa i led to  reverse  the  protect ion
offered by adenosine (Fig. 3).

Fig .  3 : Ef fec t  o f  DPCPX,  an  adenos ine  A 1- recep tor
an tagon i s t ,  and  DMPX,  an  adenos ine  A 2-
recep to r  an tagon i s t ,  on  adenos ine  (ADO)
effects on the tail flick latency in cold immersion
tes t  a f t e r  s ix  weeks  o f  d iabe tes  induc t ion .
All the values are expressed as mean ± S.E.M.
N=6–8.  *P<0.05  as  compared  to  vehic le  and
@P<0.05  as  compared  to  adenos ine  g roup .

Hot  immers ion  tes t

Diabe t ic  an imals  showed thermal
hypera lges ia  as  evidenced by a  s igni f icant
reduction in the tail flick latency in 91% of
diabetic animals by the end of six weeks as
compared to  normal  animals .  Al though the
reduction was significant by fourth and fifth
week, only 58% and 75% of the diabetic rats
showed changes in tail flick latency by fourth
and fifth week respectively. Tail flick latency
was  14 .40±0 .24  s  before  s t rep tozo toc in
treatment and this was reduced to 8.63±0.41
s  (P<0.05)  and 6 .80±0.78 s  (P<0.05} af ter
four th  and  s ix th  week  pos t  t rea tment ,
respec t ive ly .  However  in  normal  ra t s  t a i l

Fig .  4 : Ef fec t  o f  dura t ion  o f  d iabe tes  on  t a i l  f l i ck
latency (TFL) in hot immersion test. The values
a re  expressed  as  Mean ± S.E .M.  N=10–12 .
*P<0 .05  as  compared  to  normal  r a t s  g roup .

Fig .  5 : Ef fec t  o f  adenos ine  (ADO)  on  t a i l  f l i ck
la tency  in  the  ho t  immers ion  t e s t  a f t e r  s ix
weeks  o f  d iabe tes  induc t ion .  Al l  the  va lues
a re  expressed  as  mean ± S.E .M.  N=6–8 .
*P<0.05 as compared to vehicle treated group.

flick latency was 14.40±0.24 s, 13.60±0.31 s
and 13.40±0.41 s after 0, 4th and 6th weeks,
respectively (Fig. 4).

Adenos ine  (200  and  500  mg/kg)
s ign i f ican t ly  reversed  the  thermal
hypera lges ia  in  d iabe t ic  ra t s  (F ig .  5 ) .
Reversa l  was  dose  dependent .  The  peak
effect was at 30 min after 500 mg/kg and at
60  min  a f te r  200  mg/kg  of  adenos ine
administrat ion.  As with the cold immersion
test, DPCPX at 1 mg/kg completely reversed
the protection offered by adenosine 200 mg/
kg, while DMPX at 1 mg/kg failed to reverse
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licking) and 134.33±1.44 s (paw elevation).
Significant decrease in latencies and increase
in  dura t ions  o f  l i ck ing  and  paw e leva t ion
indicates the development of hyperalgesia in
diabet ic  ra ts .

Adenos ine  (50 ,  100  and  200  mg/kg)
produced  dose  dependent  reversa l  o f
hyperalgesia in diabetic rats (Fig. 7).  There
was significant improvement in the parameters
of  pa in  in  compar i son  to  veh ic le  t rea ted
diabetic rats. DPCPX at 1 mg/kg completely
reversed the protection offered by adenosine
200 mg/kg,  whi le  DMPX fa i led  to  reverse
the protection offered by adenosine (Fig. 8).

DISCUSSION

The presen t  s tudy  conf i rms  tha t
s t rep tozo toc in- induced  d iabe tes  a l t e r s
nociceptive thresholds and causes disturbances
in  responses  to  noc icep t ive  and  noxious
st imuli .  However,  i t  requires several  weeks
to  become ev iden t .  Al te ra t ions  in  pa in
thresholds were found to be progressive; the
number  of  ra t s  a f fec ted  and the  degree  to
which they were affected increased up to the
s ix th  week  of  exper imenta t ion .  These
characterist ics are close to the disturbances
in  pa in  sensa t ion  as  observed  in  d iabe t ic
humans (24) .

Decrease in pain threshold was observed
with mildly noxious stimulus. Water at 10°C
fai led  to  induce  ta i l  wi thdrawal  in  normal
rats before the cut off t ime (15 s) showing
tha t  th i s  t empera ture  i s  mi ld ly  noxious .
However, the diabetic rats behaved in a way
as  i f  th i s  t empera ture  was  pa infu l  which
indicates  the development  of  a l lodynia.  By
the four th  week,  a  considerable  number  of
animals showed tail  withdrawal latencies of
less  than  15  s ,  bu t  a f te r  s ix  weeks  the
percentage of responders was 83%. This data

the protection offered by adenosine 200 mg/
kg (Fig. 6).

Fig .  6 : Ef fec t  o f  DPCPX,  an  adenos ine  A 1–recep to r
an tagon i s t ,  and  DMPX,  an  adenos ine  A 2-
recep to r  an tagon i s t ,  on  adenos ine  (ADO)
ef fec t s  on  the  t a i l  f l i ck  l a t ency  in  ho t
immers ion  t e s t  a f t e r  s ix  weeks  o f  d iabe tes
induc t ion .  Al l  the  va lues  a re  expressed  as
mean ± S.E .M.  N=6–8 .  *P<0 .05  as  compared
to vehicle  and compared to  adenosine group.

Chemica l  s t imul i

Prior  to  s t rep tozotoc in  t rea tment ,  there
was  no  s ign i f ican t  d i f fe rence  be tween
controls and treated groups in latency of paw
licking,  la tency of  paw elevat ion,  durat ion
of paw elevation, and duration of paw licking.
There was a significant difference in latency
and duration of licking and paw elevation in
diabetic rats by six weeks in comparison to
normal rats. In diabetic rats, latency of paw
l ick ing  and  e leva t ion  a f te r  s ix  weeks  was
33 .50±2.12  s  (P<0 .05)  and  40 .50±1.47  s
(P<0.05), respectively as compared to normal
ra t s  59 .83±0 .84  s  (paw l ick ing)  and
60.83±0.80 s (paw elevation). In diabetic rats,
duration of paw l icking and elevation after
s ix weeks was 108.33±1.41 s  (P<0.05)  and
221 .67±1.44  s  (P<0 .05) ,  respec t ive ly  as
compared to normal rats 45.17±0.81 s (paw
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wi th  co ld  immers ion  i s  s imi la r  to  tha t  o f
Cour te ix  e t  a l .  (24) ,  who  repor ted  tha t
diabetes induced thermal allodynic responses
were  p resen t  as  ea r ly  as  2  weeks  pos t
s t reptozotocin t reatment  in  a  subpopulat ion
of  ra t s ,  and  the  number  o f  responders
increased  wi th  t ime .  There  was  a l so  a

s imilar  increase in  hyperalgesic  act ivi ty  in
diabet ic  ra ts  in  compar ison to  normal  ra ts
when subjected to  thermal  (hot  immersion)
stimuli. Our results are fully consistent with
ear l i e r  repor t s  in  which  s t rep tozo toc in
d iabe tes  p roduced  a  decrease  in  pa in
thresho lds  (24–25) .  S imi la r  a l t e ra t ions  in

Fig .  7 : Ef fec t  o f  adenos ine  (ADO)  on  the  (A)  l a t ency  o f  l i ck ing  (B)  l a t ency  o f  e l eva t ion  (C)  dura t ion  o f
l icking,  and (D) durat ion of  paw elevat ion in  formalin test  af ter  s ix  weeks of  diabetes  induct ion.  The
va lues  a re  expressed  as  mean ± S.E .M.  N=5–7 .  *P<0 .05  as  compared  to  veh ic le  t r ea ted  g roup .
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pa in  th resho ld  were  observed  in  a l loxan
diabe tes  model  (26) .  The  mechanisms
respons ib le  fo r  the  decreases  in  pa in
threshold level  in  diabet ic  rats  are  not  yet
comple te ly  es tab l i shed .  Al te ra t ions  o f
receptor levels,  hyperactivity of nociceptive
fibres and injury to nerve fibres have been

implicated (27–29).

An exaggera ted  response  to  fo rmal in
induced  pa in  behaviours  o f  l i ck ing  and
elevation of the injected paw was observed
in diabetic rats as compared to normal rats.
This  ind ica tes  hypera lges ia  to  chemica l

Fig .  8 : Ef fec t  o f  DPCPX,  an  adenos ine  A 1-receptor antagonist ,  and  DMPX,  an  adenos ine  A 2- recep tor
an tagon i s t ,  on  adenos ine  (ADO)  response  on  (A) l a t ency  o f  l i ck ing  (B) latency of elevation
(C)  dura t ion  o f  l i ck ing ,  and  (D)  dura t ion  o f  paw e leva t ion  in  fo rmal in  test  after  six
weeks o f  d iabe tes  induc t ion .  The  va lues  a re  expressed  as  mean ± S.E .M.  N=5–7 .
*P<0 .05  as  compared  to  con t ro l  and  @P<0.05  as  compared  to  adenos ine  t r ea ted  g roup .



240 Balasubramanyan  and Sharma Indian J Physiol  Pharmacol 2008; 52(3)

s t imul i .  The  la tenc ies  to  l i ck ing  and
elevation were reduced, whereas the duration
of  these  behaviours  were  increased.  About
90% of  the  an imals  kep t  the i r  paw ra i sed
wi thout  ground contac t  for  a  much longer
t ime  than  cont ro l s .  The  dura t ion  of  the
l icking was also higher .  Our resul ts  are in
agreement  wi th  previous  f indings  in  which
formal in  evoked  f l inch ing  a re  exaggera ted
in diabetic rats (30).

In the present study, we investigated for
the first time, effect of adenosine on thermal
and chemical  hyperalgesia  in  diabet ic  ra ts .
Adenos ine  (200  and  500  mg/kg)  p roduced
s ign i f ican t  reversa l  o f  hypera lges ia  in
d iabe t ic  an imals .  Wi th  formal in ,  even  the
dose  of  50  mg/kg  of  adenos ine  of fe red
pro tec t ion  aga ins t  f l inch ing  and  l i ck ing
behaviours .  These  resul ts  demonst ra tes  the
involvement  o f  adenos inerg ic  sys tem in
d iabe t ic  neuropa th ic  pa in .  Resu l t s  o f  the
presen t  s tudy  a re  fu r ther  suppor ted  by  a
repor t  in  which  adenos ine  admin is t ra t ion
showed improvement  in  motor  nerve
conduction and nerve blood flow in diabetic
rats (31).

Adenosine and directly acting adenosine
receptor agonists have been shown to reduce
nerve injury (14, 32–33) and carrageenan (12)
induced  hypera lges ia  in  ra t s .  The i r
admin is t ra t ion  a l so  a l l ev ia tes  hypera lges ia
and  a l lodynia  in  human sub jec t s  (33–34) ;
Eisenach  e t  a l . ,  2002) .  Adenos ine  k inase
inh ib i to rs  a l so  have  shown to  have
antinociceptive effect  in neuropathic animal
models of nociception (21). Collectively, these
repor t s  sugges t  a  s ign i f ican t  ro le  o f
adenosine  in  regula t ing neuropathic  pain .

Adenosine stimulates two major receptor
subtypes A1,  and A2,  which are l inked to a
number  of  e f fec tors  namely ,  adenyla te

cyclase, ionositol phosphate, K+ channel, Ca2+

channe l  and  neuro t ransmi t te r s  re lease .
Activation of adenosine A1-receptors results
in  a  decrease  in  adenylate  cyclase  act ivi ty
leading to decrease in intracellular level of
cyc l ic  adenos ine  monophospha te ,  whi le
ac t iva t ion  of  adenos ine  A 2- recep tors
stimulates adenyl cyclase activity (35). In our
s tudy ,  the  p ro tec t ive  e f fec t  o f  adenos ine
(200  mg/kg)  was  reversed  by  DPCPX,  an
adenosine A1-receptor antagonist  but not by
DMPX, an adenosine A2A-receptor antagonist,
indicating the involvement of adenosine A1-
receptors in alleviating diabetic neuropathic
pa in .  S tud ies  wi th  adenos ine  recep tor
agonists  and antagonists  have demonstrated
a  pharmacolog ica l  p rof i l e  fo r  sp ina l
ant inocicept ion tha t  i s  pr imar i ly  adenosine
A1-receptor mediated (9). Specific activation
of adenosine A1-receptor reduced inflammation
evoked responses of spinal cord dorsal horn
neuron (36).

The  exac t  mechanisms  of  adenos ine
pro tec t ion  in  neuropa th ic  pa in  i s  unc lear
g iven  the  mul t i tude  of  e f fec tors  sys tem
l inked  to  adenos ine  recep tors .  P re  o r
postsynaptic  mechanisms such as  inhibi t ion
of  exc i ta to ry  amino  ac ids  and  cont ro l  o f
calcitonin gene related peptides, neuropeptide
and  subs tance  P  re lease  (37–39)  may
contributes to their  effect .  Supraspinal  (40)
and  per iphera l  mechanisms  (9)  may  a l so
involve  in  an t inoc icep t ive  and  an t i -
in f lammatory  ac t ion  of  adenos ine .  In
addi t ion ,  the re  i s  a l so  ev idence  tha t
adenos ine  agonis t s  p roduce  ana lges ia  by
in te rac t ions  wi th  neuro t ransmi t te r s
espec ia l ly  dopamine ,  norep inephr ine  and
serotonin (8, 41–42).

In  summary,  diabetes  a l ters  nocicept ive
thresho lds  ind ica t ing  the  deve lopment  o f
diabetic neuropathic pain. Adenosine showed
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a l te rna t ive  to  ex is t ing  t rea tment .
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significant effectiveness in a model of diabetic
neuropathic pain and protection produced by
adenosine was via st imulat ion of  adenosine
A 1- recep tors .  These  f ind ings  sugges t  the
potential of adenosinergic agents in diabetic
neuropathic pain and may offer a therapeutic

REFERENCES

1 . Gi l ron  I ,  Coder re  TJ .  Emerg ing  d rugs  in
neuropa th ic  pa in .  Exper t  Opin  Emerg  Drugs
2007:  12:  113–126.

2 . Clark  CM Jr ,  Lee  DA.  Prevent ion  and  t rea tment
of  the  complicat ions  of  d iabetes  mel l i tus .  N Eng
J  Med 1995;  332:  1210–1217.

3 . S indrup  HS,  Jensen  TS .  Ef f i cacy  o f
pharmaco log ica l  t r ea tments  o f  neuropa th ic  pa in :
an  upda te  and  e f fec t s  r e l a ted  to  mechan i sm of
drug  ac t ion .  Pain  1999;  83 :  389–400 .

4 . Arner  S ,  Meyerson BA.  Lack of  analges ic  ef fec t
o f  op io ids  on  neuropa th ic  and  id iopa th ic  fo rms
of  pain .  Pain  1988;  33:  11–23.

5 . Abua i sha  BB,  Cos tanz i  JB ,  Bou l ton  AJM.
Acupuncture  for  the  t reatment  of  chronic  painful
pe r iphera l  d iabe t i c  neuropa thy :  A  long  t e rm
injury. Diabetes Res Clin Practice  1998; 39: 115–
1 2 1 .

6 . Bas t i a  E ,  Varan i  K ,  Monopol i  A ,  Ber to re l l i  R .
Ef fec t s  o f  A(1)  and  A(2A)  adenos ine  recep to r
l igands in  mouse acute  models  of  pain.  Neurosci
Let t  2002;  328:  241–244.

7 . Cur ros -Cr iado  MM,  Her re ro  JF .  The
ant inocicept ive  ef fec ts  of  the  sys temic  adenosine
A 1- recep to r  agon i s t  CPA in  the  absence  and  in
the  p resence  o f  sp ina l  co rd  sens i t i za t ion .
Pharmaco l  B iochem Behav  2005 ;  82 :  721–726 .

8 . Malho t ra  J ,  Chaudhary  G,  Gup ta  YK.
Dopaminerg ic  invo lvement  in  adenos ine  Al
receptor-mediated ant inociception in the tai l  f l ick
la tency  mode l  in  mice .  Methods  F ind  Exp  Cl in
Pharmacol  2000;  22 :  37–41 .

9 . Sawynok  J .  Adenos ine  recep to r  ac t iva t ion  and
noc icep t ion .  Eur  J  Pharmaco l  1998 ;  347 :  1–11 .

10 . Maione S,  de Novell is  V,  Cappel lacci  L,  Palazzo
E,  Vi ta  D ,  Luongo  L ,  S te l l a  L ,  F ranche t t i  P ,
Marabese  I ,  Ross i  F ,  Gr i fan t in i  M.  The
an t inoc icep t ive  e f fec t  o f  2 -ch lo ro -2 ' -C-methy l -
N6-cyclopenty ladenos ine  (2 ' -Me-CCPA),  a  h ighly
se lec t ive  adenos ine  A 1- recep to r  agon i s t ,  i n  the
ra t .  Pain  2007;  131:  281–292.

11 . Borghi  V,  Przewlocka B,  Labuz D, Maj M, I lona
O,  Pavone  F .  Formal in - induced  pa in  and  mu-
opio id  receptor  dens i ty  in  bra in  and  sp ina l  cord
are  modula ted  by  A 1 and  A 2a adenos ine  agonis t s
in  mice .  Brain  Res  2002;  956:  339–348.

12 . Ja rv i s  MF,  Mikusa  J ,  Chu  KL,  Wismer  CT,
Honore  P ,  Kowaluk  EA,  McGaraugh ty  S .
Compar i son  o f  the  ab i l i ty  o f  adenos ine  k inase
inh ib i to r s  and  adenos ine  recep to r  agon i s t s  to
a t t enua te  the rmal  hypera lges ia  and  reduce
motor  pe r fo rmance  in  ra t s .  Pharmaco l  B iochem
Behav  2002;  73 :  573–581.

13 . Poon A, Sawynok J.  Antinociception by adenosine
ana logs  and  inh ib i t ion  o f  adenos ine  metabo l i sm
in  an  in f l ammatory  the rmal  hypera lges ia  mode l
in  the  ra t .  Pain  1998;  74 :  235–245 .

14 . Lavand’homme,  PM, Eisenach JC.  Exogenous and
endogenous  adenos ine  enhance  the  sp ina l
ant ia l lodynic  ef fec ts  of  morphine  in  a  ra t  model
o f  neuropa th ic  pa in .  Pain  1999 ;  80 :  31–36 .

15 . Sjolund KF,  Sol levi  A,  Segerdahl  M, Hansson P,
Lundeberg  T .  In t ra theca l  and  sys temic  R-
pheny l i sopropy l -adenos ine  reduces  sc ra tch ing
behav iour  in  a  r a t  mononeuropa thy  mode l .
Neurorepor t  1996;  7 :  1856–1860 .

16 . Segerdah l  M,  So l l ev i  A .  Adenos ine  and  pa in
re l ie f :  a  c l in ica l  overv iew.  Drug Dev  Res  1998;
45:  151–158.

17 . Guieu  R ,  Pe ragu t  JC ,  Rousse l  P ,  Hassan i  H ,
Sampie r i  F ,  Bech i s  G ,  Gola  R ,  Rocha t ,  H .
Adenos ine  and  neuropa th ic  pa in .  Pain  1996;  68 :
271–274 .

18 . Sandner -Kies l ing  A,  L i  X ,  E i senach  JC .
Morphine- induced  sp ina l  re lease  o f  adenos ine  i s
reduced  in  neuropa th ic  r a t s .  Anes thes io logy
2001;  95:  1455–1459.

19 . Ulugo l  A ,  Karadag  HC,  Tamer  M,  F i ra t  Z ,
Aslantas A, Dokmeci I .  Involvement of  adenosine
in  the  an t i - a l lodyn ic  e f fec t  o f  ami t r ip ty l ine  in
s t rep tozo toc in - induced  d iabe t i c  r a t s .  Neurosc i
Let t  2002;  328:  129–132.



242 Balasubramanyan  and Sharma Indian J Physiol  Pharmacol 2008; 52(3)

20 . Esser   MJ,  Sawynok J .  Caffe ine  blockade of  the
the rmal  an t ihypera lges ic  e f fec t  o f  acu te
amitr iptyl ine  in  a  ra t  model  of  neuropathic  pain .
Eur  J  Pharmaco l  2000 ;  399:  131–139 .

21 . Zhu CZ, Mikusa J ,  Chu KL, Cowart  M, Kowaluk
EA,  Ja rv i s  MF,  McGaraugh ty  S .  A-134974 :  a
novel  adenos ine  k inase  inhib i tor ,  re l ieves  tac t i le
a l lodynia  v ia  spinal  s i tes  of  ac t ion in  per iphera l
ne rve  in ju red  ra t s .  Bra in  Res  2001 ;  905 :  104–
1 1 0 .

22 . Lynch  J J ,  I I I rd ,  Ja rv i s  MF,  Kowaluk  EA.  An
adenos ine  k inase  inh ib i to r  a t t enua tes  t ac t i l e
a l lodynia  in  a  ra t  model  of  d iabe t ic  neuropath ic
pa in .  Eur  J  Pharmaco l  1999 ;  364 :  141–146 .

23 . Sharma SS,  Kumar  A,  Kaundal  R .  4 -Amino  1 ,8-
nap tha l imide :  A  po ten t  PARP inh ib i to r ,  i t s
neuropro tec t ive  ro le  in  exper imenta l  d iabe t i c
neuropa thy .  Li fe  Sc i  2008 ;  82 :  570–576 .

2 4 . Cour te ix  C ,  Escha l i e r  A ,  Lavarenne  J .
S t rep tozoc in - induced  d iabe t i c  r a t s :  behav ioura l
evidence for a model of chronic pain.  Pain  1993;
53:  81–88.

25 . Forman  LJ ,  Lewis  SEM,  Vas i l ensko  P .
S t rep tozo toc in  d iabe tes  a l t e r s  immunoreac t ive
be ta  endorph in  l eve l s  and  pa in  pe rcep t ion  a f t e r
8 weeks in female rats.  Diabetes 1986; 35: 1309–
1313 .

26 . Lee JH,  Cox DJ,  Mook DG, McCarty  RC.  Effect
o f  hyperg lycemia  on  pa in  th resho ld  in  a l loxan-
d iabe t ic  ra t s .  Pain  1990;  40 :  105–107.

27 . Burch ie l  KJ ,  Russe l  LC,  Lee  RP,  S ima  AAF.
Spon taneous  ac t iv i ty  o f  p r imary  a f fe ren t
neurons  in  d iabe t i c  BB/Wis ta r  r a t s .  Diabe tes
1985;  34:  1210–1213.

28 . Wuar in -Bie rman  L ,  Zahnd  GR,  Kaufmann  F ,
Burcklen L. Adler J.  Hyperalgesia in spontaneous
and  exper imenta l  an imal  mode l s  o f  d iabe t i c
neuropa thy .  Diabe to log ia  1987 :  30 :  653–658 .

29 . Brown MJ ,  Mar t in  JR ,  Asbury  AK.  Pa in fu l
d iabet ic  neuropathy:  a  morphometr ic  s tudy.  Arch
Neurol  1976;  33 :  164–171.

30 . Calcut t  NA,  Jorge  MC,  Yaksh  TL,  Chaplan ,  SR.
Tac t i l e  a l lodyn ia  and  fo rmal in  hypera lges ia  in
s t rep tozo toc in -d iabe t i c  r a t s :  e f fec t s  o f  insu l in ,
a ldose  reduc tase  inh ib i t ion  and  l idoca ine .  Pa in
1996,  68:  293–299.

31 . Kumar  S ,  Arun  KHS,  Kau l  CL,  Sharma  SS .
Ef fec t s  o f  adenos ine  and  adenos ine  A 2A- recep tor
agon i s t  on  motor  ne rve  conduc t ion  ve loc i ty  and
nerve  b lood  f low in  exper imenta l  d iabe t i c
neuropa thy .  Neuro l  Res  2005 ;  27 :  60–66 .

32 . Gomes  JA,  L i  XH,  Pan  HL,  E i senach  JC .
In t ra theca l  adenos ine  in te rac t s  wi th  sp ina l
noradrenarg ic  sys tem to  p roduce  an t inoc icep t ion
in  nerve  in ju red  ra t s .  Anaes thes io lozy  1999;  91 :
1072–1079 .

33 . Kar l s t en  R ,  Gordh  T  J r .  An  Al  se lec t ive
adenosine  agonis t  abol ishes  a l lodynia  e l ic i ted  by
v ib ra t ion  and  touch  a f t e r  in t ra theca l  in jec t ion .
Anes th  Ana lg  1995 ;  80 :  844–847 .

34 . E i senach  JC ,  Hood  DD,  Cur ry  R .  P re l imina ry
e f f i cacy  o f  a s sessment  o f  in t ra theca l  in jec t ion
of  an  Amer ican  fo rmula t ion  o f  adenos ine  in
Humans .  Anes thes io logy  2002 ;  96 :  29–34 .

35 . Fredho lm BB,  I j ze rman  AP,  Jacobson  KA,
Klo tz  KN,  L inden  J .  In te rna t iona l  Union
of  Pharmaco logy .  XXV.  Nomenc la tu re  and
c lass i f i ca t ion  o f  adenos ine  recep tors .  Pharmacol
Rev  2001;  53:  527–552.

36 . Dickenson  AH,  Suzuk i  R ,  Reeve  A.  Adenos ine
as  a  po ten t i a l  ana lges ic  t a rge t  in  in f l ammatory
and neuropathic  pains.  CNS Drugs 2000;  13:  77–
85 .

37 . Mauborgne  A,  Po l i enor  H ,  Hamon M,  Cesse l in
F ,  Bourgo in  S .  Adenos ine  recep to r -media ted
con t ro l  o f  in  v i t ro  r e l ease  o f  pa in - re la ted
neuropep t ides  f rom the  ra t  sp ina l  co rd .  Eur  J
Pharmacol  2002;  441 :  47–55 .

38 . S jo lund  KF,  So l lev i  A,  Segerdahl  M,  Lundeberg
T.  In t ra theca l  adenos ine  ana log  admin i s t r a t ion
reduces  subs tance  P  in  ce rebrosp ina l  f lu id
a long  wi th  behav ioura l  e f fec t s  tha t  sugges t
an t inoc icep t ion  in  r a t s .  Anes th  Ana lg  1997;  85 :
627–632 .

39 . San t i c io l i  P ,  De l  B ianco  D,  Tramontana  M,
Maggi  CA.  Adenos ine  inh ib i t s  ac t ion  po ten t i a l
dependen t  r e l ease  o f  ca lc i ton in  gene  re la t ed
pep t ide  and  subs tance  P- l ike  immunoreac t iv i t i e s
f rom pr imary  a f fe ren t s  in  r a t  sp ina l  co rd .
Neurosc i  Le t t  1992;  144:  211–214 .

40 . Herr ick-Davis  K,  Chippar i  S ,  Lut t inger  D,  Ward
SJ.  Evaluat ion of  adenosine agonis ts  as  potent ia l
ana lges ics .  Eur  J  Pharmaco l  1989 ;  162 :  365–
3 6 9 .

41 . Aran  S ,  P roudf i t  HK.  Ant inoc icep t ion  p roduced
by interactions between intrathecally administered
adenos ine  agon i s t s  and  norep inephr ine .  Bra in
Res 1990;  513:  255–263.

42 . Sweeney  M,  Whi te  T ,  Sawynok  J .  5 -
Hydroxy t ryp tamine  re l eases  adenos ine  f rom
pr imary  a f fe ren t  ne rve  t e rmina l s  in  the  sp ina l
cord .  Brain  Res  1988;  462:  346–349 .


