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ABSTRACT

AIM: To observe effects of propofol on nociceptive response at superspinal and spinal level in rats.  METHODS:
Two hundreds and fifty-eight Sprague-Dawley male rats were randomized into thirty-two groups.  Propofol and
bicuculline were microinjected into lateral ventricle (icv), ventrolateral periaqueductal gray (vlPAG), intrathecal
(ith), and intraperitoneal (ip).  The noxious responses were evaluated by hot plate and formalin test.  RESULTS: In
hot-plate test, systemic and superspinal administration of propofol (40 mg·kg-1 ip, 100 µg in 10 µL,  icv, and 4 µg in
0.4 µL vlPAG microinjection) produced hyperalgesia (P<0.01).  Hyperalgesia induced by vlPAG microinjection of
propofol was significantly antagonized by 69.8 %, 71.2 %, 98.8 % at 10, 20, and 30 min by microinjection of
bicuculline (10 ng in 0.4 µL, vlPAG) (P<0.01).  Analgesia induced by ith propofol (100 µg·10 µL-1) was antagonized
about 81.3 %, 54.8 %, 80.8 %, and 97.4 % at 10, 20, 30 and 40 min by ith bicuculline (P<0.05).  In formalin test,
systemic and superspinal administration of propofol (40 mg·kg-1 ip, 4 µg in 0.4 µL, vlPAG) also produced hyperal-
gesia (P<0.01).  The increased formalin pain scores were antagonized about 57.1 % by bicuculline (10 ng, vlPAG)
(P<0.05) at 60 min after formalin injection.  The decreased formalin pain scores induced by ith propofol (100 µg in
10 µL) were antagonized about 66.7 % at 30 min by ith bicuculline (P<0.05) after formalin injection.  Hyperalgesia
produced by ip propofol in both hot plate and formalin test could not be antagonized by vlPAG administration of
bicuculline.  CONCLUSION: GABAA receptor partly mediated propofol-induced hyperalgesia at superspinal and
analgesia at spinal cord in rats.

INTRODUCTION

Propofol (Pro), an intravenous anesthetic agent,

the active component is 2,6-diisopropyl phenol[1], has
powerful hypnotic effects.  There is controversy about
its analgesic properties.  Propofol can depress nocicep-
tive transmission in the rat spinal cord in vitro[2,3] or in
vivo[4,5], however, there are other reports that subhyp-
notic dosage of propofol can increase sensitivity to no-
ciceptive stimulation[6-8].  The underlying mechanisms
of this difference are unclear.  Propofol, whose main
site of action is gamma-aminobutyric acid (GABAA)
receptor[9,10], could directly activate GABAA receptors
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and enhance GABA-activated whole-cell currents and
single-channel currents[11-13].

The periaqueductal gray matter (PAG), the region
of the midbrain that surrounds the cerebral aqueduct, is
involved in functions related to pain, fear, vocalization,
and cardiovascular control[14].  Fifty percent of the total
population of neurons is GABAergic in the midbrain[15].
GABA-mediated neuronal elements play a prominent role
in the intrinsic neuronal circuitry of the PAG[16] and regu-
late the descending antinociceptive systems that arise
from the PAG[17].  Most GABAergic neurons in the PAG
are tonic active interneurons[16].  Autoradiographic study
showed that GABAA receptors were dense, but GABAB

receptors were scarce in the PAG[18].  The ventrolateral
portion of the PAG (vlPAG) has preferential projections
toward the nucleus raphe magnus, rostroventrolateral
reticular nucleus, lateral paragigantocellular nucleus, and
spinal cord[19].  All of those nucleuses are related with
pain modulation.  Activation of the vlPAG, by electrical
stimulation or using excitatory amino acid or GABAergic
antagonist, induces antinociception[20,21].

Spinal sensory processing and its ascending trans-
mission are under tonic local inhibitory control that
mediated partly by the inhibitory amino acids, γ-
aminobutyric acid (GABA) and glycine.  Intrathecal
administration of GABA and GABAA receptor agonists
increases the nociceptive threshold in a variety of ani-
mals[22,23] and inhibits the responses of nociceptive trans-
mission cells to both pinch and iontophoretically ap-
plied glutamate[24].

Now that propofol can activate GABAA receptor
directly and indirectly, and GABAA receptor plays a
contrary role in pain modulation at spinal and superspinal
level.  We speculated that propofol could produce hy-
peralgesia at the superspinal level by inhibition of the
endogenous pain descending inhibition (DI) system and
direct analgesic effects at the spinal level.  This hypoth-
esis is helpful to understand the controversy about an-
algesic properties of propofol[2-7].  The effects of pain
modulation induced by injection of propofol in the vlPAG,
intracerebroventricular, or intrathecal in conscious rat
had never been investigated.  The present study aimed
to determine 1) whether system administration of
subhypnotic dosage of propofol has analgesic effects,
2) whether propofol produce the hyperalgesic and an-
algesic effects respectively at superspinal, particularly
vlPAG, and spinal level, 3) whether GABAA receptor
participated in the above effects.

MATERIALS  AND  METHODS

Animals  This research was carried out accord-
ing to guidelines of the Jiangsu Council on Animal Care.
Two hundred and eighty-eight male Sprague-Dawley
rats (clean grade) weighing 250-300 g were provided
by Experiment Animal Center of Xuzhou Medical
College.  After cannula implantation, rats were housed
individually in clear plastic cages in a temperature-con-
trolled room (23 ºC) with a 12 h light/12 h dark cycle.
Food and water were available ad libitum.

Drugs  Propofol (Fresenius kabi AB.  Lot BF478)
10 g/L was dissolved in intralipid (SIGMA); (+)-
bicuculline (SIGMA, Lot.  61K1473) was dissolved in
artificial cerebral spinal fluid (ACSF, pH 7.35-7.45) and
kept at 4 ºC in a doses of 10, 25, and 100 µg/L in a light
excluding vial.  Fresh propofol and bicuculline solution
was prepared every testing day.  ACSF contained (in
mmol/L) NaCl 117, KCl 4.5, CaCl2 2.5, MgCl2 1.2,
NaH2PO4 1.2, NaHCO3 25, and dextrose 11.4.

Intracerebroventricular and vlPAG cannula-
tion  Rats were implanted, under pentobarbital anes-
thesia (50 mg/kg, ip), with a 12 mm stainless steel guide
cannula (OD 0.4 mm, ID 0.3 mm) aimed stereotaxi-
cally to lateral ventricle or vlPAG.  The coordinate of
lateral ventricle was as follows referring to the atlas of
Paxinos and Watson[25], with flat-skull position and
bregma as the reference: Bregma -1.0 mm, Lateral 1.0
mm, Ventral 4.0 mm.  The coordinate of vlPAG can-
nulation was Bregma -7.6 mm, Lateral 0.5 mm, Ventral 4.0
mm.  The cannula was secured in place by dental base
acrylic resin powder.  A stainless steel stylet of the same
length was left in place to ensure the patency of the
guide cannula.  Rats were recuperation at least 5 d after
surgery before experiment was performed.

Intracerebral injections were made in the conscious
animal.  The microinjections were performed with a
stainless steel injection cannula (OD 0.28 mm, and 2
mm longer than the guide cannula) introduced through
the guide cannula until its tip was 2 mm below the can-
nula end.  A volume of 0.4 µL or 10 µL was injected
into vlPAG or lateral ventricle over a period of 30 s
using a 0.5 µL or 25 µL microsyringe.  The movement
of an air bubble inside the PE-10 polyethylene tubing
connecting the microsyringe to the needle confirmed
drug flow.  The rate of drug delivery was 0.4 µL/min
(vlPAG) and 5 µL/min (icv).  The injection cannula was
left in place for a further 30 s to avoid reflux.  At the
end of the experiment, the site of cannulation was con-
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firmed by injecting pontamine blue dye.
Intrathecal injection  Intrathecal injection was

made in the conscious animal as described by Hylden[26]

and Mestre[27].  After local anesthetized with 2 %
lidocaine 0.2 mL subcutaneous injection at lumbar area,
the rat was handled gently and braced over a 500 mL
centrifuge tube to splay the intervertebral spaces of the
lumbar (L) spine.  While firmly holding the rat’s verte-
bral column, a 27G needle attached to a 25-µL micro-
syringe was inserted into the intervertebral space be-
tween L4 and L5.  A sudden lateral movement of the tail
indicated entry into the subarachnoid space.  A volume
of 10 µL was injected over a 30 s period and the injec-
tion cannula was left in place for a further 30 s.  Kaneko
and Hammond[28] reported that the dosage of 0.1 µg
bicuculline ith, which did not exhibit its own behavioral
effect.  In our preliminary experiments, we found that
intrathecal administration of a high dosage of bicuculline
(0.3 µg) could result in signs of toxicity, for example,
prominent repetitive tail flexing, convulsion, and twitch.
So the dosage of 0.1 µg bicuculline was used in present
study.

Section one: hot plate test  The heat nocicep-
tive response of rats was assessed using hot plate test
in five experiments.  Baseline nociceptive threshold of
each rat was obtained before any drug administration.
The metal plate surface maintained at (52.0±0.1) ºC.
Licking the hind-paw (hot-plate latency, HPL) was no-
ciceptive endpoint and cut-off time was 30 s.  The HPL
were obtained at 10, 20, 30, 40, 50, and 60 min after
second injection.

Subhypnotic dosage of propofol (40 mg/kg) was
injected intraperitoneally to study its system action on
response of heat noxious stimulation in rats.  To inves-
tigate the effects of propofol on response of heat nox-
ious stimulation at superspinal, particularly vlPAG,
propofol was administrated by icv (100 µg in 10 µL)
and vlPAG (4 µg in 0.4 µL) microinjection.  Intrathecal
injection (100 µg in 10 µL, it) was used to assess the
antinociceptive effect of propofol at spinal level.
Bicuculline was injected (10 ng in 0.4 µL vlPAG, 0.1 µg
in 10 µL icv, 0.1 µg in 10 µL ith) to determine the action
of GABAA receptor in the above effects.  The animal
received firstly either bicuculline or ACSF by icv, ith,
or vlPAG microinjection as injection A.  Five minutes
later, they received either propofol or intralipid at same
or another site as injection B.  Hot-plate latency (HPL)
was measured at 5, 10, 20, 30, 40, 50, and 60 min after
injection B.

Section two: formalin test  The inflammation
noxious responses were assessed using formalin test in
three experiments.  Formalin test was carried out in
clear Plexiglas cubicles.   Formalin 2.0 % 100 µL was
injected into the plantar surface of one hindpaw.  Pain-
induced behaviors were rated as follows: 0 corresponds
to normal weight bear on the injected paw, 1 to favoring,
2 to lifting with toes touching the foot at most, and 3 to
licking or biting the affected paw[29,30].

To investigate the effects of propofol on response
of inflammation noxious stimulation at vlPAG or spinal
level, the animal received firstly injection of bicuculline
(10 ng in 0.4 µL-1 vlPAG, 0.1 µg in 10 µL-1 ith) as injec-
tion A.  Five minutes later, they received propofol (4 µg
in 0.4 µL-1 vlPAG, 100 µg in 10 µL-1 ith) at same site as
injection B.  The effects of propofol system adminis-
tration were investigated by 40 mg/kg ip.  Bicuculline
was used to determine the action of GABAA receptor in
the above effects.  ACSF and intralipid were used as
control.  Formalin was injected 5 min after injection B.
Pain score were evaluated at 1, 5, 10, 20, 30, 40, 50,
and 60 min after formalin injection.

Statistical analysis  All data were expressed as
mean±SD. The difference between baseline and postdrug
was analyzed by paired t-test.  The difference between
groups was analyzed by one-way analysis of variance
(ANOVA) or unpaired t-test as appropriate.  P<0.05 was
considered statistically significant.

RESULTS

Hyperalgesia produced by propofol microinjec-
tion into vlPAG and icv  Compared to baseline, HPL
was decreased by 18.0 %, 25.1 %, and 24.0 % respec-
tively at 10, 20, and 30 min after microinjection of
propofol (100 µg, icv) (P<0.01), but could not be an-
tagonized by either icv or vlPAG injection of bicuculline
(Fig 1A, 1B).

HPL was decreased by 23.5 %, 29.1 %, and 25.4 %
respectively at 10, 20, and 30 min after microinjection
of propofol (4 µg, vlPAG) compared to baseline (P<
0.01).  The above effects were antagonized by 69.8 %,
71.2 %, and 98.8 %, respectively at 10, 20, and 30 min
timepoint after microinjection of bicuculline (10 ng,
vlPAG) (P<0.01).  The single injection of bicuculline
(10 ng, vlPAG) did not affect the rat HPL (Fig 2A).

A biphasic behavioral response was produced af-
ter intraplantar injections of formalin.  The first phase
occurs about 0-10 min after the injection, and then a
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cent period.  Formalin pain scores were increased by
35.3 %, 120.0 %, 80.0 %, and 140.0 % at 5, 10, 50,
and 60 min after microinjection of propofol (4 µg,
vlPAG) (P<0.01 vs control).  The increased formalin
pain score were antagonized by 57.1 % by bicuculline
(10 ng, vlPAG) (P<0.05) at 60 min after formalin
injection.  The single injection of bicuculline (10 ng,
vlPAG) did not affect the formalin pain score, which
suggested that the hyperalgesia produced by propofol
microinjection into vlPAG in formalin test was mainly
mediated by GABAA receptor at vlPAG (Fig 2B).

Analgesia produced by propofol ith  Propofol
ith significantly increased the pain threshold in rats.  Com-
pared to baseline, HPL was increased by 19.6  %, 25.8 %,
31.9 %, and 23.3 % at 10, 20, 30, and 40 min after
injection of propofol (100 µg, ith) (P<0.01).  Analgesia
induced by injection of propofol (100 µg, ith) was an-
tagonized by 81.3 % (P<0.05), 54.8 % (P<0.05), 80.8 %
(P<0.01), and 97.4 % (P<0.01) at 10, 20, 30, and 40
min after injection of bicuculline (0.1 µg, ith) (Fig 3A).
Injection of bicuculline (0.1 µg, ith) did not affect the
rat baseline HPL.

Formalin pain scores were decreased by 47.1 %,
30.4 %, 42.9 % and 50.0 % at 5, 20, 30 and 40 min

Fig 1.  Time course of propofol icv and bicuculline icv (A) or
vlPAG (B) microinjection in hot plate test in rats.  n=8.
Mean±SD.  bP<0.05, cP<0.01 vs baseline.

Fig 2.  Effects of propofol and bicuculline vlPAG microinjec-
tion in hot plate (A) and formalin test (B) in rats.  n=8.
Mean±SD.  bP<0.05, cP<0.01 vs control.  eP<0.05, fP<0.01 vs
ACSF+Pro 4 µg.

Fig 3.  Effects of propofol and bicuculline ith in hot plate (A)
and formalin test (B) in rats.  n=8.  Mean±SD.  bP<0.05,
cP<0.01 vs baseline.  eP<0.05, fP<0.01 vs ACSF+Pro 100 µg.

second phase appeared from 20 to 60 min after a quies-
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after microinjection of propofol (100 µg, ith) (P<0.01).
The decreased formalin pain score were antagonized
about 66.7 % by bicuculline (0.1 µg, ith) (P<0.01) at
30 min after formalin injection.  The single injection of
bicuculline (0.1 µg, ith) did not affect the formalin pain
score.  These results suggested that the analgesia pro-
duced by propofol ith in formalin test was mainly medi-
ated by GABAA receptor at spinal cord.  (Fig 3B).

Effects of systemic administration of propofol
Systemic administration of propofol (40 mg·kg-1, ip)
induced hyperalgesia (P<0.01).  Compared to baseline,
HPL was decreased by 26.5 %, 40.1 %, 42.6 %, and
30.2 % at 10, 20, 30, and 40 min after propofol ip (P
<0.01).  Microinjection of bicuculline (10 ng, vlPAG)
could not antagonize the hyperalgesia induced by sys-
temic administration (ip) of propofol (Fig 4A).  In our
preliminary experiments, we found that hyperalgesia
could not be detected in the high doses of propofol
(>40 mg/kg)-induced sedative rats.

Systemic administration of propofol (40 mg/kg,
ip) also induced hyperalgesia in formalin test.  Com-
pared to control group, formalin pain scores were in-
creased by 31.3 % (P<0.05), 120.0 % (P<0.01), 58.3 %
(P<0.05), and 250.0 % (P<0.01) at 5, 10, 50, and 60

min after intraperitoneal administration of propofol (40
mg/kg, vlPAG).  The increased formalin pain scores
cannot be antagonized by bicuculline (10 ng, vlPAG) at
any time point after formalin injection.  These results
suggested that GABAA receptor at vlPAG did not medi-
ate the hyperalgesia induced by systemic administra-
tion of propofol (40 mg/kg, ip) (Fig 4B).

DISCUSSION

In agreement with Ewen and Petersen-Felix’s re-
ports[6-8], we found that intraperitoneal administration
of subhypnotic dosage propofol produced significantly
hyperalgesia assessed by the hot plate test and formalin
test in conscious rats.  Further, we found that propofol
icv and vlPAG microinjection also produced significantly
hyperalgesia.  The hyperalgesia produced by propofol
vlPAG microinjection could be partly antagonized by
microinjection of bicuculline at same site.  But the hy-
peralgesia induced by injection of propofol at intra-
cerebroventricular and intraperitoneal could not be an-
tagonized by injection of bicuculline at neither
intracerebroventricular nor vlPAG.

The cause of the hyperalgesia may be the inhibi-
tion by propofol on the endogenous pain descending
inhibition (DI) system at superspinal level.  Endogenous
pain modulation system mainly consisted of hypo-
thalamus, parabrachial nucleus (PBN), nucleus tractus
solitarius (NTS), rostroventromedial medulla (RVM),
dorsal reticular nucleus of the medulla, and periaque-
ductal gray (PAG).  PAG and RVM play a more impor-
tant role in pain modulation.  A sheer abundance and
ubiquity GABAergic neurons at the superspinal level
contribute to pro- and anti-nociceptive effects.  Endog-
enous descending inhibition system derived from or
relay at PAG and RVM are under tonic inhibitory con-
trol of GABAergic neurons.  Application of GABAA

receptor blocker, bicuculline, into both the ventrome-
dial medulla[21,31] and the PAG[32-34] can disinhibit, acti-
vate neurons and produce antinociception.  In contrast,
inhibition of neurons in the ventromedial medulla[33,35]

or vlPAG[36,37] by microinjection of the GABAA agonist
muscimol or THIP can produce hyperalgesia.  The
propofol-induced hyperalgesia may result from activa-
tion of GABAA receptors or increase of GABA-activated
currents[11-13] on DI system at the superspinal level, par-
ticularly at vlPAG.

Bicuculline is a competitive antagonist of GABAA

receptor, the behavioral effects of bicuculline adminis-
tration can only be due to reversal of GABA-mediated

Fig 4.  Effects of propofol ip and bicuculline vlPAG microin-
jection in hot plate (A) and formalin test (B) in rats.  n=8.
Mean±SD.  bP<0.05, cP<0.01 vs baseline.
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inhibition.  In other word, the dimension of the observed
behavioral effect of bicuculline should be proportional
to the occupancy of GABAA receptors by GABA.
Bicuculline 10 ng vlPAG microinjection had no signifi-
cant effects on pain threshold baseline in rats, but can
significantly antagonize the hyperalgesic effects of
propofol vlPAG microinjection.  It suggested that the
hyperalgesia induced by injection of propofol at vlPAG
was at largely mediated by GABAA receptor.

Why bicuculline cannot antagonize the hyperalge-
sia of propofol ip and icv?  We supposed that adminis-
tration of propofol by ip and icv also affected GABAA

receptors in other regions (eg RVM) of the DI system
except PAG.  The difference of solubility and diffusivity
between propofol[38] and bicuculline and the complicated
interaction between nucleuses[39] could contribute to the
failure of antagonism. It was also possible that other
transmitter/receptor systems were involved in propofol-
induced hyperalgesia.

Several studies reported that system administra-
tion of subhypnotic dosage of propofol produced hy-
peralgesia effects[6,7,37] and large dosage, which made
loss of right reflex[4,5], produced analgesia effects.  We
considered that the low concentration of propofol
(presumably subhypnotic dosage) preferential activated
the GABAA receptor in the endogenous pain DI system
at superspinal level, thus produced hyperalgesia.  The
large concentration of propofol (presumably anesthesia
dosage) depressed ascending nociceptive signal from
DH, thus produced analgesia.

GABAA receptor is enriched in the spinal dorsal
horn (DH), especially in superficial laminae, wherein
they are localized on the terminals of small and large
diameter primary afferent fibres (PAFs)[40].  In addition,
they occur on intrinsic DH neurons, including the pro-
jection neurons (PNs)[41].  GABAergic inhibitory inter-
neurons (ININs) play a critical tonically inhibitory role
in antinociceptive processes in the spinal cord[42].  In-
trathecal administration of GABA or GABAA receptor
agonists can produce analgesia effects at variety of ani-
mals[22-24].  Propofol could depress nociceptive trans-
mission in the rat spinal cord in vitro[2,3] or in vivo[4,5] in
previous study.  In present study, our results demon-
strate that intrathecal injection of propofol in conscious
rats could produce the analgesic effects, which could
be partially antagonized by bicuculline.  It suggested
that GABAA receptor mediated the analgesic effects of
propofol at spinal cord level.

In conclusion, GABAA receptor partly mediated

propofol-induced hyperalgesia at superspinal and anal-
gesia at spinal cord in rats.

REFERENCES

1 James R, Glen JB.  Synthesis, biological evaluation, and pre-
liminary structure-activity considerations of a series of
alkylphenols as intravenous anesthetic agents.  J Med Chem
1980; 23: 1350-7.

2 Jewett B, Gibbs L, Tarasiuk A, Kendig J.  Propofol and
barbituarate depression of nociceptive neurotransmission.
Anaesthesiology 1992; 77: 1154-84.

3 Dong XP, Xu TL.  The Actions of propofol on γ-amino-
butyric acid-A and glycine receptors in acutely dissociated
spinal dorsal horn neurons of the rat.  Anesth  Analg 2002;
95: 907-14.

4 Gilron I, Quirion R, Coderre T.  Pre- versus postinjury ef-
fects of intravenous GABAergic anesthetic on formalin-in-
duces Fos immunoreactivity in the rat spinal cord.  Anesth
Analg 1999; 88: 414-20.

5 Anker-Moller E, Spangsberg N, Arendt-Nielsen L, Schultz P,
Kristensen MS, Bjerring P.  Subhypnotic doses of thiopen-
tone and propofol cause analgesia to experimentally induced
acute pain.  Br J Anaesth 1991; 66: 185-8.

6 Xu AJ, Duan SM, Zen YM.  Effects of intrathecal NMDA
and AMPA receptors agaonists or antagonists on antinocicep-
tion of propofol.  Acta Pharmacol Sin 2004; 25:9-14.

7 Petersen-Felix S, Arendt-Nielsen L, Bak P, Fischer M, Zbinden
AM.  Psychophysical and electrophysiological responses to
experimental pain may be influenced by sedation: compari-
son of the effects of a hypnotic (propofol) and an analgesic
(alfentanil).  Br J Anaesth 1996; 77: 165-71.

8 Goto T, Marota JJA, Crosby G.  Pentobarbitone, but not
propofol, produce pre-emptive analgesia in the rat formalin
model.  Br J Anaesth 1994; 72: 622-67.

9 Luo A, Sugiyama K.  Propofol combined with diazepam syn-
ergistically potentiates the GABA-activated chloride current
in rat sensory neurons.  Chin Med J 2000; 113: 840-3.

10 Bali M, Akabas MH.  Defining the propofol binding site
location on the GABAA receptor.  Mol Pharmacol 2004; 65:
68-76.

11 Lam DW, Reynolds JN.  Modulatory and direct effects of
propofol on recombinant GABAA receptors expressed in
Xenopus oocytes: influence of α- and γ2-subunits.  Brain
Res 1998; 16: 179-87.

12 Sanna E, Mascia MP, Klein RL, Whiting PJ, Biggio G, Harris
RA.  Actions of the general anesthetic propofol on recombi-
nant human GABAA receptors: influence of receptor subunits.
J Pharmacol Exp Ther 1995; 274: 353-60.

13 Orser BA, Wang LY, Pennefather PS, MacDonald JF.
Propofol modulates activation and desensitization of GABAA

receptors in cultured murine hippocampal neurons.  J
Neurosci 1994: 14: 7747-60.

14 Behbehani MM.  Functional characteristics of the midbrain
periaqueductal gray.  Prog Neurol 1995; 46: 575-605.

15 Mugnaini E, Oertel WH.  An atlas of the distribution of
GABAergic neurons and terminals in the rat CNS as revealed



· 1625 ·Wang QY  et al / Acta Pharmacol Sin  2004 Dec; 25 (12): 1619-1625

by GAD immunohistochemistry.  In: Bjorklund A, Hokfelt
T, editors. Handbook of chemical neuroanatomy 4: GABA
and Neuropeptides in the CNS, Part 1.  Amsterdam: Elsevier;
1985.

16 Reichling DB.  GABAergic neuronal circuitry in the peria-
queductal gray matter.  In:  Depaulis A, Bandler R, editors.
The midbrain periaqueductal gray matter.  New York: Plenum;
1991.

17 Sandkuhler J, Willmann E, Fu QG.  Characteristics of mid-
brain control of spinal nociceptive neurons and nonsomato-
sensory parameters in the pentobarbital-anesthetized rat.  J
Neurophysiol 1991; 65: 33-48.

18 Chu CDM, Albin RL, Young AB, Penney JB.  Distribution
and kinetics of GABAB binding sites in rat central nervous
system: a quantitative autoradiographic study.  Neuroscience
1990; 34: 341-57.

19 Cameron AA, Khan IA, Westlund KN, Willis WD.  The ef-
ferent projections of the periaqueductal gray in the rat: a
phaseolus vulgaris-leucoagglutinin study.  ii.  descending
projections.  J Comp Neurol 1995; 351: 585-601.

20 Yaksh TL, Rudy TA.  Narcotic analgesics: CNS sites and
mechanisms of actions as revealed by intrathecal injection
technique.  Pain 1978; 4: 299-359.

21 Moreau J, fields H.  Evidences for GABA involvement in
midbrain control of medullary neurons that modulate nocice-
ptive transmission.  Brain Res 1986; 397: 37-46.

22 Hammond DL, Drower EJ.  Effects of intrathecally adminis-
tered THIP, baclofen and muscimol on nociceptive threshold.
Eur J Pharmacol 1984; 103: 121-25.

23 Roberts LA, Beyer C, Komisaruk BR.  Nociceptive responses
to altered GABAergic activity at the spinal cord.  Life Sci
1986; 39: 1667-74.

24. Lin Q, Peng YB, Willis WD.  Role of GABA receptor sub-
types in inhibition of primate spinothalamic tract neurons:
differences between spinal and periaqueductal gray inhibition.
J Neurophys 1996; 75: 109-23.

25 Paxinos G, Watson C.  The rat brain in stereotaxic co-ordinates,
2nd edition.  Sydney: Academic Press; 1986.

26 Hylden JL, Wilcox GL.  Intrathecal morphine in mice: a new
technique.  Eur J Pharm 1980; 67: 313-6.

27 Mestre C, Pelissier T, Fialip J, Wilcox G, Eschalier A.  A
method to perform direct transcutaneous intrathecal injec-
tion in rats.  J Pharm Toxicol Meth 1994; 32: 197-200.

28 Kaneko M, Hammond DL.  Role of spinal γ-aminobutyric
acidA receptors in formalin-induced nociception in the rat.  J
Pharmacol Exp Ther 1997; 282: 928-38.

29 Dubuisson D, Dennis SG.  The formalin test: a quantitative

study of the analgesic effects of morphine, mepiridine, and
brain stem stimulation in rats and cats.  Pain 1977; 4: 161-74.

30 Abbott FV, Franklin KBJ, Westbrook RF.  The formalin test:
scoring properties of the first and second phases of the pain
response in rats.  Pain 1995; 60: 91-102.

31 Heinricher MM, Tortorici V.  Interference with GABA trans-
mission in the rostral ventromedial medulla: disinhibition of
off-cells as a central mechanism in nociceptive modulation.
Neuroscience 1994; 63: 533-46.

32 Behbehani MM, Jiang MR, Chandler SD, Ennis M.  The
effect of GABA and its antagonists on midbrain periaqueductal
gray neurons in the rat.  Pain 1990; 40: 195-204.

33 Drower EJ, Hammond DL.  GABAergic modulation of noci-
ceptive threshold effects of THIP and bicuculline microin-
jected into the ventral medulla of the rat.  Brain Res 1998;
450: 316-24.

34 Roychowdhury SM, Fields HL.  Endogenous opioids acting
at a medullary mu-opioid receptor contribute to the behav-
ioral antinociception produced by GABA antagonism in the
midbrain periaqueductal gray.  Neuroscience 1996; 74: 863-
72.

35 Heinricher MM, Kaplan HJ.  GABA mediated inhibition in
rostral ventromedial medulla role in nociceptive modulation
in the lightly anesthetized rat.  Pain 1991; 47: 105-13.

36 Retz KC, Holaday LM.  Analgesia and motor activity folloeing
administration of THIP into the periaqueductal gray and lat-
eral ventricle of rats.  Drug Dev Res 1986; 9: 133-42.

37 Depaulis A, Morgan MM, Liebeskind JC.  Gabaergic modu-
lation of the analgesic effects of morphine microinjected in
the ventral periaqueductal gray matter of the rat.  Brain Res
1987; 436: 223-8.

38 James R, Glen JB.  Synthesis, biological evaluation, and pre-
liminary structure-activity considerations of a series of
alkylphenols as intravenous anesthetic agents.  J Med Chem
1980; 23: 1350-7.

39 Millan MJ.  Descending control of pain.  Prog Neurobiol
2002; 66; 355-474.

40 Carlton SM, Westlund KN, Zhang D, Willis WD.  GABA-
immunoreactive terminals synapse on primate spinothalamic
tract cells.  J Comp Neurol 1992; 322: 528-37.

41 Coggeshall RE, Carlton SM.  Receptor localization in the
mammalian dorsal horn and primary afferent neurons.  Brain
Res Rev 1997; 24: 28-66.

42 Sorkin LS, Puig S, Jones DL.  Spinal bicuculline produces
hypersensitivity of dorsal horn neurons-effects of excitatory
amino acid antagonists.  Pain 1998; 77: 181-90.


