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1987.—Both directly acting (GABA , and GABA agonists) and indirectly acting GABAergic agents (GABA uptake inhibitors
and GABA-transaminase inhibitors) produce analgesia in a variety of animal test systems. Analgesia produced by GABA ,
agonists is probably due to a supraspinal action, although spinal sites may also play a role. GABA, agonist analgesia is
insensitive to naloxone, bicuculline, picrotoxin and haloperidol, but is blocked by atropine, scopolamine and yohimbine
suggesting a critical role for central cholinergic and noradrenergic pathways in this action. The lack of blockade by the
GABA , antagonist bicuculline is difficult to explain. Both bicuculline and picrotoxin have intrinsic analgesia actions which
may not necessarily be mediated by GABA receptors. The GABA agonist baclofen produces analgesia by actions at both
spinal and supraspinal sites. Baclofen analgesia is insensitive to naloxone, bicuculline and picrotoxin, and blockade by
chlorinergic antagonists occurs only under limited conditions. Catecholamines are important mediators of baclofen
analgesia because analgesia is potentiated by reserpine, a-methyl-p-tyrosine, phentolamine, ergotamine, haloperidol and
chlorpromazine. A role for serotonergic mechanisms is less well defined. Methylxanthines, which produce a clonidine-
sensitive increase in noradrenaline (NA) turnover, increase baclofen analgesia by a clonidine-sensitive mechanism. Both
ascending and descending NA pathways are implicated in the action of baclofen because dorsal bundle lesions, intrathecal
6-hydroxydopamine and medullary Al lesions markedly decrease baclofen analgesia. However, simultaneous depletion of
NA in ascending and descending pathways by locus coeruleus lesions potentiates baclofen analgesia suggesting a func-
tionally important interaction between the two aspects. Baclofen analgesia within the spinal cord may be mediated by a
distinct baclofen receptor because GABA does not mimic the effect of baclofen and the rank order of potency both of close
structural analogs of baclofen as well as antagonists differs for analgesia and GABAg systems. The spinal mechanism may
involve an interaction with substance P (SP) because SP blocks baclofen analgesia, and desensitization to SP alters the
spinal analgesic effect of baclofen. GABA uptake inhibitors produce analgesia which is similar to that produced by GABA ,
agonists because it is blocked by atropine, scopolamine and yohimbine. Analgesia produced by GABA-transaminase
inhibitors is similar to that produced by GABA , agonists because it can be blocked by atropine, but it is potentiated by
haloperidol while THIP analgesia is not. Analgesia by GABA-transaminase inhibitors also is similar to baclofen analgesia in
that it is increased by haloperidol and chlorpromazine, but it is inhibited by theophylline while baclofen analgesia is
potentiated. The possibility that indirectly acting GABAergic agents can produce analgesia by mechanisms unrelated to
GABA should be considered.
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THE role of GABA (y-aminobutyric acid), a major inhibitory
neurotransmitter in the mammalian central nervous system,
in analgesic mechanisms has recently emerged as an area of
considerable interest. Firstly, GABA may play a role in
opiate analgesia. Acute administration of morphine alters the
GABA content of discrete brain and spinal cord regions
which are important in processing nociceptive information
[49], while chronic exposure to morphine alters GABA re-
ceptor binding {90]. In addition, systemic administration of
GABAergic agents enhances opiate analgesia (reviewed
[77,92]), although central administration (intracerebroven-
tricular (ICV) [104] or directly into the periaqueductal gray
(PAG) [103] or nucleus raphe dorsalis [73]) paradoxically
reduces morphine analgesia. Secondly, GABAergic agents
themselves produce analgesia (reviewed [19, 77, 921) and this
is of interest because of the possibility of developing novel
non-opioid analgesics. THIP, a GABA, agonist (see below)
has been shown to produce analgesia in human trials [48,54].
Baclofen, a GABA agonist whose major clinical use is as an
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antispastic agent [102], reduces pain associated with spastic-
ity [68], perhaps reflecting a direct as well as an indirect action,
and is useful in the treatment of trigeminal neuralgia [27].
There are a variety of GABAergic agents available both
with respect to chemical structures and to sites at which the
activity of GABA in the synapse can be altered. GABA
agonists can be divided into GABA, and GABA} subtypes.
The prototype GABA, agonists muscimol and the bicyclic
analog THIP (4,5,6,7-tetrahydroisoxazdo (5,4-c) pyrindin-
3-ol), activate receptors at which bicuculline is an antagonist
(8]. Baclofen, the prototype GABA ; agonist, activates a dis-
tinct receptor which is stereoselective for the L-isomer, is
insensitive to bicuculline and can be clearly distinguished
from GABA, sites in binding studies [8]. GABA , receptors
are linked to chloride channels [8] while activation of
GABAj receptors reduces calcium currents [20,23], in-
creases potassium conductance [59] and may interact with
the cyclic AMP second messenger system [39,45]. Progabide
(SL 76002) and its active metabolite SL. 75102 bind to
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GABA, and GABAg receptors with a greater potency for
GABA, sites [55]. Inhibitors of GABA-transaminase such a
aminooxyacetic acid (AOAA), y-acetylenic GABA (GAG)
and y-vinyl GABA (GVG) decrease the degradation of
GABA and increase brain GABA levels, while inhibitors of
GABA uptake such as nipecotic acid derivatives, SKF
89976A and SKF-100330A increase the levels of GABA in
the synapse. Agents which decrease the activity of GABA
include the GABA , receptor antagonists bicuculline and pic-
rotoxin (GABAj antagonists are presently being established,
see below) and thiosemicarbazide, a glutamic acid decar-
boxylase inhibitor which inhibits the synthesis of GABA.

GABAergic agents produce analgesia in a wide variety of
animal test systems. The purpose of the present review is to
provide an updated understanding of the mechanisms by
which GABA, and GABAjg agonists, GABA uptake in-
hibitors and GABA-transaminase inhibitors produce
analgesia. Both receptor types activated by these agents and
endogenous substrates mediating their actions will be the
focus of attention.

GABA, AGONISTS: ANALGESIA AND SITES OF ACTION

Systemic injection of muscimol or THIP produces
analgesia in the tail flick, tail immersion, hot plate, paw pres-
sure, arthritis pain, writhing, grid shock and shock titration
tests [3, 11, 40, 46, 83, 91, 97]. With both muscimol [83] and
THIP [97], the doses required to produce analgesia and se-
dation, as indicated by an impairment of rotorod perform-
ance, do not appear to differ. However, sedation per se is
unlikely to account for analgesic properties of these drugs
because systemic injection of profoundly sedating drugs,
such as diazepam and phenobarbital, lack analgesic activity
[50,83]. In addition, the two effects can be separated phar-
macologically because atropine blocks THIP analgesia but
does not alter rotorod performance [97].

The predominant site of action of GABA , agonists appears
to be in brain rather than at spinal sites because spinal tran-
section markedly reduces analgesia by THIP in the tail im-
mersion test [105]. In support of this conclusion is the obser-
vation that the microinjection of THIP into the ventrolateral
PAG, an area important in processing nociceptive informa-
tion, produced analgesia in the hot plate test [72]. However,
analgesia was only observed with a 2 ug dose; higher and
lower doses were without effect. Intracerebroventricular
administration of muscimol (0.1-0.5 ug) produced analgesia
in the pinch vocalization test [52]. Bilateral microinjection of
muscimol (0.6 ug) into the substantia nigra produced
analgesia in both the tail flick and hot plate tests [6], which in
the tail flick test was blocked by lesions to the midbrain
reticular formation suggesting a mediation by descending
pathways [6]. Finally, unilateral injection of muscimol
(0.05-0.1 wg) into the lateral preoptic area increased hot
plate latencies on the side contralateral to injection [53]. It
should be noted that analgesia in the tail flick test was not
observed following injection of muscimol [103] or THIP [72]
into the PAG, or of muscimol ICV [52,104] or into the lateral
preoptic area [53].

Data obtained following intrathecal (IT) injection suggests
an additional spinal site of action. In one study, THIP 5 ug
transiently increased hot plate but not tail flick latencies
while muscimol 0.25-0.5 ug increased tail flick but not hot
plate latencies [34]. The effect of muscimol but not THIP
could be separated from an impairment of motor function
[34]. An earlier study had demonstrated IT injection of both
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THIP and muscimol could produce hot plate analgesia with-
out altering motor function [11] and concluded their site of
action was in the spinal cord. Thus, there appears to be some
evidence for spinal as well as supraspinal sites of action for
GABA, agonists.

Chronic administration of THIP produces tolerance to
THIP analgesia [3] as well as cross tolerance to both mor-
phine [3,97] and baclofen analgesia [97]. Although tolerance
to morphine reduces the analgesia effect of THIP in the hot
plate test [3], the effect of muscimol in the writhing test is not
altered [91]. Whether this reflects a difference in nociceptive
tests, or a difference in the action of THIP and muscimol is
unclear. (THIP and muscimol displayed differential effects in
the tail flick and hot plate tests following IT injection [34].)
The mutual cross-tolerance between THIP and morphine is
thought to reflect a common pathway in the mechanism by
which these agents produce analgesia [3]. However, in view
of the observation that THIP and baclofen produce a mutual
cross tolerance [97] but appear to activate quite dissimilar
central mechanisms (Table 1), this interpretation may re-
quire some refinement.

GABA, ANALGESIA: MODIFICATION BY RECEPTOR
ANTAGONISTS

Opiate Antagonists

Despite the mutual cross-tolerance between morphine
and THIP, naloxone does not block analgesia produced by
THIP or muscimol in the hot plate test [40]. A higher dose of
naloxone (15 mg/kg) reduced the effect of muscimol in the
tail immersion but not the writhing test [91] (Table 1). In
higher doses, the specificity of naloxone as an opiate
antagonist is open to question [85]. It appears that opioids are
not directly involved in analgesia produced by GABA,
agonists, and a relationship between the two systems may be
functional in nature.

GABA , Antagonists

Although both THIP and muscimol are clearly defined as
GABA, agonists and their effects in other systems can be
blocked by bicuculline [8], analgesia is generally reported to
be insensitive to bicuculline [40,97]. There is one report of
antagonism of the effect of muscimol by bicuculline in the
hot plate test [83] and of potentiation of muscimol in the
writhing test [91]. Bicuculline has an intrinisic analgesic ac-
tivity in the writhing [91,93], tail flick [93], tail immersion
[91] and hot plate tests [79] and this could account for poten-
tiation of the action of muscimol. The reason for the inability
of bicuculline to block analgesia by GABA , agonists is not
clear. Invoking intrinsic activity to explain the lack of effect
would require an exact counterbalance between the two ac-
tions over the range of studies, doses and tests examined.
Although subconvulsive doses of bicuculline are necessarily
used, other behavioural effects of THIP [40] are bicuculline-
sensitive at these doses, suggesting inadequate dosage is not
the explanation. In addition, the ability of muscimol to in-
hibit the analgesic effect of morphine following ICV adminis-
tration [104] or microinjection into the PAG [103] is blocked
by bicuculline administered centrally, indicating an involve-
ment of bicuculline-sensitive receptors in this modulatory
effect of muscimol. THIP and muscimol do have some affin-
ity for GABAGg receptor [8], but this is unlikely to account for
analgesia because such activity is only seen with high doses,
while GABA , and GABAj agonists can be differentially al-
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TABLE ¥

EFFECT OF VARIOUS RECEPTOR ANTAGONISTS ON THIP/MUSCIMOL OR
BACLOFEN ANALGESIA

Treatment Dose (mg/kg) THIP/mus Baclofen Reference
naloxone 1.8, 5.6 «——* MHPt [40]
THIP,mus
2 «—> MHP [50]
10,20 «<— MHP [83]
15 | MTI,mus
«—— MW,mus «—> MW [91]
10,50 «— MHP {51
bicuculline 0.56-0.7 «—— MHP [40]
THIP,mus
1 | MHP <« MHP [83]
mus
1 <« MHP «— MHP [97]
THIP
1.5 * MTF, MW 1 MW [o1]
mus
2 «—— MHP 5]
picrotoxin 1 «— MHP «— MHP [83]
mus
1 «— MHP «— MHP [97]
THIP
atropine 1 «— MHP [5]
5,10 | MHP | MHP 97)
48+55°C 55°C only
THIP
scopolamine 2.5 | MHP | MHP [97}
THIP 55°C only
haloperidol 0.5 * RTF,RHP 751
0.5 «—> MHP 1 MHP [97
THIP
chlorpromazine 5 * RTF,RHP [75]
phentolamine 5 1 RTF,RHP [75)
ergotamine 0.5 + MHP [5]
yohimbine 5 | MTI (12
THIP
methysergide 1 1 MHP [5]
5,10 «—> RTF,RHP [75]
cianserin 10 1 RTF,RHP Fig. 1
theophylline 50 + RTF,RHP [75)
caffeine 50 t RTF,RHP [75]

*«— no effect, | increase, | decrease in analgesia.
tDenotes test used. First letter indicates species, M=mouse, R=rat. Subsequent letters
indicate test, HP=hot plate, TF=tail flick, TI=tail immersion, VT=vocalization test,

W=writhing test.

tered by a number of agents indicating distinct mechanisms
of action (Table 1).

Picrotoxin does not influence muscimol or THIP
analgesia [83,97]. As with bicuculline, picrotoxin has intrin-
sic-analgesic activity in the tail flick {93], hot plate [83] and
writhing tests [91,93]. It is unclear whether actions at GABA
receptors are involved in this intrinsic activity of GABA,
antagonists, because agonists for such receptors produce
analgesia. With respect to the mechanism of antagonist
analgesia, spinal transection blocks the analgesic effect of
picrotoxin in the tail flick test [93] suggesting a supraspinal
action, but tolerance to morphine does not alter the activity

of either bicuculline or picrotoxin in the writhing test [91]
suggesting an independence from opioid systems.

Cholinergic Antagonists

Analgesia produce by THIP appears to involve a central
cholinergic link. Thus, analgesia is blocked by atropine and
scopolamine but not by cholinergic antagonists which do not
penetrate the central nervous system {97]. Atropine
produces a parallel shift in the dose-response curve to THIP,
but does not alter the effect of THIP or rotorod performance
suggesting a dissociation of neural mechanisms involved in
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analgesia and motor impairment [97]. Oxotremorine, a mus-
carinic agonist, also produces analgesia [46] which is blocked
by spinal transection [105], but the anatomical location of
cholinergic pathways involved in THIP analgesia remains to
be identified.

Catecholamine Antagonists

Central catecholaminergic pathways are involved in
opiate analgesia (see [43] for review), but a potential role for
these mediators in THIP or muscimol analgesia has received
little attention to date. Yohimbine, an alpha-2 antagonist,
inhibits THIP analgesia [12] suggesting such a role should be
explored. THIP [95], progabide and SL 75102 [89] increase
NA turnover in a number of brain regions supporting a role
for NA in the action of GABA, agonists, while chronic
treatment with THIP alters alpha-2 [12] and S-adrenergic
receptor binding [96]. Progabide decreases dopamine turn-
over in striatum [89], but haloperidol does not influence
THIP analgesia [97].

BACLOFEN ANALGESIA: SITES OF ACTION

The systemic injection of baclofen produces analgesia in
the tail flick, hot plate, writhing, arthritis pain and shock
titration tests [5, 13, 40, 50, 75, 83, 97]. In contrast to mus-
cimol and THIP, with baclofen there is a clear separation
between doses required to produce analgesia and motor in-
coordination [50,83]. Analgesia is stereoselective for the
L-isomer [4,82] and insensitive to bicuculline (Table 1) and is
thought to be due to activation of central GABAj receptors.
However, baclofen appears to activate a separate population
of receptors in the spinal cord (see below), and a clear reso-
lution of receptor types occupied by baclofen will require the
use of specific antagonists.

Baclofen produces analgesia by actions at both spinal and
supraspinal sites. Thus, intrathecal injection of 0.1-1 ug
produces analgesia in the tail flick and hot plate tests [34, 81,
100]. Supraspinally, the ICV injection of baclofen 0.1-1 ug
reduces the vocalization response to pinch but does not af-
fect tail flick latency [52]. Microinjection of baclofen 1.5 ug
into the caudal PAG and into lateral brainstem sites in and
near the nucleus gigantocellularis (but not the nucleus raphe
magnus) produces tail flick analgesia [S1]. Unilateral micro-
injection of 2 ug baclofen in the lateral preoptic area
produces analgesia in the hot plate test [53]. Although the
sensitivity of spinal and supraspinal sites is comparable, spi-
nal transection reduces baclofen analgesia in the rat tail flick
test [71] and mouse tail immersion test [105] suggesting a
predominant supraspinal action following systemic injection.
However, the possibility of a significant interaction between
these sites, as seen with morphine [101], remains to be in-
vestigated.

Baclofen analgesia is independent of opioid systems be-
cause it is not blocked by naloxone (2-50 mg/kg, Table 1) and
cross-tolerance between baclofen and morphine does not
occur [50,97]. Although there are some reports of bicuculline
sensitive actions of baclofen [26, 37, 42] and baclofen can
bind to GABA, receptors in high concentrations [64,98],
neither bicuculline nor picrotoxin alter baclofen analgesia
(Table 1). Central cholinergic mechanisms do not appear to
be major mediators of baclofen analgesia because atropine
only reduces analgesia when hot plate temperatures are used
to 55°C where baclofen is a less potent analgesic than at 48°C
[97]. In addition, blockade with atropine is non-competitive, in
contrast to the competitive blockade observed with THIP [97].
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FIG. 1. Effect of monoamine depletors (A,C) and monoamine
antagonists (B,D) on baclofen analgesia in the rat tail flick test. In all
experiments, baclofen 10 mg/kg was injected after a baseline reading
was made, and tail flick latencies determined 30, 60, 90 and 120
minutes later. The analgesic index is the sum of each of these
readings minus the baseline value and represents an approximate
area under the curve. Bef=baclofen, aMPT=a-methyl-p-tyrosine,
Res=reserpine, PTA=phentolamine, CPZ=chlorpromazine,
HAL=haloperidol, Pcpa=p-chlorophenylalanine, MSG=methy-
sergide, CIN=cinanserin. Values are mean=s.e.m. for number indi-
cated in columns. Identical interactions were observed in the hot
plate test which was run in tandem with the tail flick test. *p<0.05,
**p<0.01 compared to corresponding control group by Student’s
t-test. Data derived from [75].

ROLE OF MONOAMINES IN BACLOFEN ANALGESIA
Effect of Antagonists and Depletors

Monoamines appear to play a critical role in baclofen
analgesia. Analgeisa is potentiated by depletion of
monoamines Wwith reserpine or of catecholamines with
a-methyl-p-tyrosine («MPT) in the rat tail flick and hot plate
tests (Fig. 1, Table 1, [75]). Systemic but not intrathecal
baclofen is enhanced by these agents [75]. Pretreatment with
the alpha receptor antagonists phentolamine [75] and er-
gotamine [5] and the dopamine receptor antagonists haloper-
idol and chlorpromazine also potentiates baclofen analgesia
(Fig. 1, Table 1, [75, 94, 97]) suggesting both noradrenergic
and dopaminergic systems are involved. Although
serotoninergic mechanisms are involved in other forms of
analgesia, they are not critical to the action of baclofen. Pre-
treatment with p-chlorophenylalanine, a tryptophan hy-
droxylase inhibitor which depletes serotonin levels, does not
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FIG. 2. Effect of lesions to ascending and descending noradrenergic
pathways on NA levels in brain and spinal cord. NA was determined
by HPLC [87]. CTX=cortex, HIPP=hippocampus, HYP=hypothala-
mus, MB=midbrain, PM=pons/medulla, TSC=thoracic spinal cord,
LSC=lumbar spinal cord, extracted 12-16 days post lesion. (O)
Dorsal bundle (DB) lesion (A +2.6 mm, L +1.1 mm, V +3.7 mm
from interaural line, incisor bar +5.0 mm), (O) locus coeruleus (LC)
lesion (A —1.4 mm, L +0.4 mm, V +1.0 mm), (@) medullary Al
lesion (A ~6.0 mm, L £2.0 mm, V —3.2 mm). In all cases, 6-OHDA
4 ug/2 pl was injected bilaterally in 0.2 mg/ml ascorbic acid. (4)
Intrathecal (IT) injection of 20 ug/10 ul 6-OHDA. In all experiments,
controls received identical injections of vehicle only. *p<0.05,
*%p<0.01 compared to corresponding controls. Data for DB, LC and
IT lesion from [86]. Data for Al lesion unpublished.

affect baclofen analgesia (Fig. 1, [75]). Results with seroto-
nin antagonists are more equivocal because methysergide
had no effect (Fig. 1, Table 1, [75]) or increases baclofen
analgesia (Table 1, {5]) while cinanserin increases baclofen
analgesia (Fig. 1). The depletion of spinal cord serotonin
with §, 6-dihydroxytryptamine produces a modest increase
in baclofen analgesia in the tail flick but not the hot plate test
[80]. In contrast, intrathecal methysergide reduces the effect
of systemic baclofen in high doses (50-100 wg), an action
perhaps due to an antagonist action at NA receptors at these
doses [80]. The role of descending NA pathways in baclofen
analgesia is considered below.

Role of Catecholamines in Baclofen Analgesia

Baclofen appears to interact with central noradrenergic
pathways in a number of ways. It inhibits firing of neurons in
the locus coeruleus [33], decreases the release of 3H-
noradrenaline (NA) from brain slices [9] and synaptosomes
[25], and in high doses directly activates alpha-2 receptors
[28]. Additional interactions at postsynaptic sites are possi-
ble because baclofen potentiates the increase in cyclic AMP
produced by NA in brain slices [39,45]. The effects of baclo-
fen on NA turnover are controversial. Thus, an increase in
turnover in various brain regions is reported for 10-50 mg/kg
using the a-MPT-induced depletion method [87] and in whole
brain for 20 mg/kg by monitoring the accumulation of
MOPEG, a major metabolite of NA [16]. However, an inhi-
bition of metabolite production in cortex (but not hippocam-
pus) has been reported for 10 mg/kg [95]. The observed in-
crease in turnover is difficult to directly reconcile with inhi-
bition of firing of neurons in the locus coeruleus and the
antirelease effect of baclofen on NA, and suggests an indi-
rect action of baclofen on noradrenergic neurons via other
neurotransmitter systems rather than a direct action. A simi-
lar indirect action has been proposed for the effect of
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FIG. 3. Effect of dorsal bundle lesions on baclofen analgesia in the
tail flick test on indicated days post-lesion. In A-C, baclofen 12.5
mg/kg injected after a baseline reading at t=0. (®) Vehicle-, (O)
6-OHDA -pretreated groups. Panels D-F represent data converted to
an index score. Open columns vehicle-pretreated rats; hatched col-
umns 6-OHDA-pretreated rats (mean+s.e.m. for number in col-
umns). *p<0.05, **p<0.01. Figure from [86] with permission from
publishers.

progabide, a mixed GABA, and GABA; agonist, on NA
turnover [89].

Baclofen inhibits dopamine turnover in striatum using the
aMPT method {2,87] and by measuring the accumulation of
metabolites [16,30]. This action could be due to an inhibition
of firing of cells in the substantia nigra {63] and the inhibition
of 3H-dopamine release from striatal slices [8]. The potentiat-
ing effect of haloperidol and chlorpromazine on baclofen
analgesia noted above suggests this inhibition of function
may contribute to analgesia. However, clonidine reverses
the effect of baclofen on DA turnover in the striatum [87] but
does not reverse the effect of a DA antagonist on baclofen
analgesia [94].

Another class of compounds, the methylxanthines, also
potentiate baclofen analgesia [76]. Although these agents
have a number of pharmacoigical properties including
adenosine receptor antagonism, phosphodiesterase inhibi-
tion, calcium mobilization and increasing NA turnover, it is
likely that this latter action is responsible for the interaction
with baclofen. Methylxanthines increase NA turnover [7,44]
by stimulating the firing of neurons in the locus coeruleus
[32]. Both the increase in NA turnover [29] and activation of
neural firing [32] are blocked by clonidine, an alpha-2
agonist. Clonidine also reverses the potentiation of baclofen
analgesia produced by theophylline and isobutylmethylxan-
thine [94]. Although clonidine reverses the effect of baclofen
on NA turnover [87] it does not reverse baclofen analgesia
[94], suggesting the critical effect of baclofen on NA systems
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FIG. 4. Effect of lesioning descending NA pathways with 6-OHDA
injected intrathecally (IT) via a chronic indwelling cannula or micro-
injected into the medullary Al region on baclofen analgesia. Baclofen
(8 mg/kg IT experiment, 12.5 mg/kg A1 experiment) administered
11-13 days post-lesion. Hollow columns vehicle-pretreated rats,
hatched columns 6-OHDA-pretreated rats. *p<0.05, **p<0.01.
Data compiled from [80] (IT experiment) and unpublished data (Al
experiment).

relating to analgesia is more complicated than simply in-
creasing NA turnover. Indeed, clonidine decreases NA
turnover [1] while producing analgesia in a variety of test
systems (see [24]).

Effects of Lesions to Ascending and Descending NA
Pathways on Baclofen Analgesia

Central NA pathways can be separated into distinct as-
cending and descending systems. The major ascending
pathways are contained in the dorsal bundle (DB), the ven-
tral bundle and the periventricular system [14,57]. The DB
originates mainly in the locus coeruleus (LC) and projects to
the cerebellum, cortex, hippocampus, hypothalamus and
other forebrain structures, while the ventral bundle origi-
nates from more heterogenous cell groups in the pons and
medulla and innervates the hypothalamus and forebrain
structures but not the cortex or hippocampus. Descending
NA pathways originate in the LC [61], as well as medullary
structures [15]. We have examined the effect of lesioning
ascending NA pathways (DB lesions), descending NA path-
ways (IT 6-OHDA and medullary Al lesions) and both (L.C
lesions) by microinjection of 6-OHDA on baclofen analgesia
to clarify the involvement of specific NA pathways in this
action [86]. The effect of lesions on NA levels in brain and
spinal cord are shown in Fig. 2. DB lesions deplete NA in
brain but not spinal cord and almost completely eliminate the
analgesic effect of baclofen in the tail flick test (Fig. 3),
suggesting ascending N A pathways play a critical role in the
action of baclofen. Intrathecal 6-OHDA selectively depletes
spinal cord NA levels and inhibits baclofen analgesia (Fig.
4). Medullary A1 lesions profoundly deplete spinal cord NA
levels (and reduce NA in the pons/medulla and hypothala-
mus to some extent) and also reduce the effect of baclofen in
both tail flick hot plate tests (Fig. 4). These experiments
suggest a critical role for descending NA pathways in baclo-
fen analgesia, a conclusion supported by the observation that
IT phentolamine inhibits analgesia produced by systemic
baclofen [80]. Paradoxically, LC lesions which deplete NA
in both ascending and descending pathways (Fig. 2) poten-
tiates baclofen analgesia (Fig. 5). This result is consistent
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FIG. 5. Effect of locus coeruleus lesions on baclofen analgesia in the
tail flick test. Baclofen 12.5 mg/kg injected after the baseline reading
at t=0. (@) Vehicle- pretreated rats, (l) 6-OHDA-pretreated
groups. Open columns vehicle-pretreated rats, hatched columns
toxin-pretreated rats for indicated number of rats. *p<0.05. Data
from [86].

with that obtained using «MPT which depletes NA in both
ascending and descending systems {87} and also potentiates
the action of baclofen (Fig. 1). This curious observation
suggests there is an important functional interaction between
ascending and descending NA systems in relation to analge-
sic mechanisms.

SPINAL MECHANISMS OF BACLOFEN ANALGESIA

Receptor Types

The criteria required for a pharmacological effect of bac-
lofen to be due to activation of GABAj receptors include
stereoselectivity for the L-isomer, insensitivity to bicucul-
line and mimicry by GABA [8]. In peripheral tissues, block-
ade by 8-aminovaleric acid (5-AV) [58] and 3-aminopropane
sulfonic acid (APS) [31,47] has been demonstrated and such
blockade also could be included in these criteria. Analgesia
followed IT baclofen is clearly stereoselective for the
L-isomer [81,100] and was originally thought to be due to
GABA; receptor activation. However, the results of recent
studies in this laboratory suggest that in the spinal cord,
baclofen interacts with a receptor which is distinct from the
GABAGg receptor in producing spinal analgesia.

The above conclusion is based on the following observa-
tions. (1) GABA (up to 100 ug) does not produce analgesia
following IT administration even in the presence of a GABA
uptake inhibitor or a GABA-transaminase inhibitor [81].
L-Baclofen produces analgesia in the 0.1-1.0 ug range
[81,100]. (2) The rank order of potency of baclofen (p-
chlorophenyl GABA) analogs in producing analgesia differs
from GABAg systems. Following IT injection,
m-chlorophenyl GABA (mCPG) was both more potent (ap-
proximately 30 times) and more efficacious than o-
chlorophenyphenyl GABA (oCPG) in producing analgesia
[81]. This is in contrast to such GABAg systems as inhibition
of *H-NA release from atria and binding studies where oCPG
was 4-25 times more potent than mCPG ([8]. In the mouse
vas deferens, the two analogs were almost equipotent, but
this still differs from the potency separation in analgesia tests
by an order of magnitude. (3) The rank order of potency of
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FIG. 6. Effect of (A) D-baclofen (D-Bcf), (B) 8-aminovaleric acid (8-AV), and (C)
3-aminopropane sulphonic acid (APS) on the analgesic effect of L-baclofen in the tail
flick test. Antagonists were administered after the initial baseline reading and
L-baclofen 15 minutes later (at arrow) after a second tail flick reading. (@) Control
response to L-baclofen 0.5 pg in all panels. (A) L-Bef following (O) 5 ug D-Bcf, (A)
10 ug D-Bcf; (B) L-Bcf following (O) 5-AV 7.5 ug, (4) 5-AV 15 ug; (C) L-Bef
following (A) APS 15 ug. Values depict means (s.e.m.=<0.5 sec) for n=8, 8 and 4 in all

groups in respective panels. Data from [78].

antagonists differs between the spinal cord anaigesia system
and a GABAj system. The analgesic effect of IT L-baclofen
(0.1-0.5 ug) was blocked by pretreatment with D-baclofen
(5-20 ug) [81]. At these doses, D-baclofen had intrinsic ac-
tivity and the effect of L-baclofen was examined in the pres-
ence of a plateau level of activity. However, antagonism was
confirmed using a repurified sample of D-baclofen (Fig. 6A,
[78]). Pretreatment with 8-AV also blocked the effect of
L-baclofen, but APS was ineffective as an antagonist (Fig.
6). D-baclofen was more potent than 8-AV. In an established
GABA; system, the electrically stimulated longitudinal
muscle-myenteric plexus preparation from the guinea pig
ileum, both APS and 8-AV block the action of L-baclofen but
D-baclofen is inactive [78]. Spinal analgesia by baclofen thus
appears to be mediated by a distinct receptor. Table 2 lists
criteria which could be used for determining which particular
receptor type is involved in pharmacological effects of baclo-
fen.

Electrophysiological Approaches

Electrophysiological studies indicate that systemic
[36,67] and intrathecal baclofen [21] can selectively inhibit
afferent input by small diameter fibres to the spinal cord.
This inhibition is believed to be due to a presynaptic action
of baclofen. GABAG receptors have been reported to be con-
centrated in the dorsal horn of the spinal cord [70]. This
binding is reduced 40-50% by neonatal capsaicin treatment,
suggesting about half of GABA, receptors are located on
primary afferent nerve terminals [70]. In dorsal root gangli-
on cells, intracellular recordings from the cell soma indicate
that baclofen decreases a voltage-dependent calcium current
as well as decreasing action potential duration [20,23]. If this
mechanism were to operate on afferent terminals, it could
account for the presynaptic inhibitory effect of baclofen. Fol-
lowing iontophoretic administration baclofen inhibits both
noxious and non-noxious evoked activity in the dorsal horn
of the spinal cord [18], and produces both pre- and
postsynaptic inhibitory effects {17].

Much of the recent electrophysiological literature on bac-

TABLE 2

CRITERIA FOR THE INVOLVEMENT OF GABA; OR BACLOFEN
RECEPTORS IN A PHARMACOLOGICAL EFFECT OF BACLOFEN

GABA; Baclofen
(§))] activated by baclofen
?2) stereoselective for the (—)-isomer
3) insensitive to bicuculline
4) agonists oCPG>mCPG mCPG>oCPG
(&)} antagonists APS=5AV D-Bef>8AV

oCPG=o-chlorophenyl GABA, mCPG=m-chlorophenyl GABA,
APS=3-aminopropane sulfonic acid, §AV==8-aminovaleric acid,
D-Bcef=D-Baclofen.

lofen has assumed that the mechanisms of action of baclofen
involves activation of GABAj; receptors. However, in view
of the possibility that spinal analgesia is mediated by a dis-
tinct receptor type, the relative involvement of GABAj re-
ceptors and baclofen receptors in demonstrated elec-
trophysiological effects of baclofen remain to be determined.
The use of D-baclofen as well as GABAj antagonists should
prove useful in characterizing these effects.

Interactions With Substance P

Substance P (SP) is a putative primary afferent transmit-
ter of noxious information [60], although this role has been
questioned recently [99]. Baclofen inhibits the depolarizing
effect of SP on spinal motoneurons in a relatively specific
manner because the response to L-glutamate was much less
affected [74]. The specificity of the blocking effect on SP has
been questioned when baclofen is applied iontophoretically
[38,69]. However, in in vitro experiments where bath con-
centrations can be maintained in the uM range, the selectiv-
ity of the blockade of SP has continued to be demonstrated
[62,65]. Baclofen does not displace *H-SP fron binding sites
[35], suggesting this action is not directly at receptor sites.
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FIG. 7. Antagonism of the analgesic effect of intrathecal baclofen by
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ministered after the baseline reading at t=0 (n=>5-10 rats per group).

Figure from [84] with permission from publishers.

The results of a number of behavioural experiments also
link SP to the spinal analgesic effect of baclofen. Baclofen
blocks the biting, licking, scratching syndrome produced by
central administration of SP [22]. This effect of SP is be-
lieved to reflect a direct postsynaptic activation of sensory
pathways [66]. In addition, IT coadministration of SP blocks
the antinociceptive effect of baclofen in the tail flick and hot
plate tests (Fig. 7, [84]), suggesting an involvement of SP in
this action of baclofen. Finally, SP receptors in the spinal
cord can be desensitized following the repeated IT adminis-
tration of SP [56]). Both the hyperalgesic response to SP and
the biting, licking, scratching syndrome are reduced under
these circumstances [56]. This effect is probably receptor
mediated because peptides related to SP show cross-desen-
sitization [56] but the hyperalgesic response to amine
antagonists is much less or unaffected [88]. Pretreatment
with desensitizing doses of SP potentiates the analgesic ef-
fect of baclofen when baclofen is injected immediately after
the regimen [88], suggesting additivity between com-
promised SP action by baclofen and desensitization. How-
ever, a subsequent inhibition of the effect of baclofen occurs
if baclofen is injected following a delay [88]. Whether this
reflects a multiplicity of sites for SP action in the spinal cord
is unclear (see discussion, [88]).

In contrast to the postsynaptic interaction with SP, baclo-
fen does not inhibit SP release from spinal cord slices [82].
However, SP is present in only 20% of sensory neurons [41]
and a variety of peptides other than SP are now implicated in
pain pathways [41]. It remains to be seen whether the

presynaptic inhibitory effects of baclofen implicated in elec-
trophysiological studies are manifest in inhibition of release
of other putative afferent transmitters.

MECHANISM OF ACTION OF GABA UPTAKE INHIBITORS AND
GABA-TRANSAMINASE INHIBITORS

Both GABA uptake inhibitors and GABA-transaminase
inhibitors are thought to produce analgesia by virtue of in-
creasing GABA concentrations at central synapses. How-
ever, because analgesia produced by GABA, agonists is
generally insensitive to bicuculline and GABAj; antagonists
which are effective following systemic administration have
not been available, a direct implication of GABA receptor
subtypes in analgesia produced by these agents has had to
rely on less direct approaches. Thus, a comparison between
the effects of various receptor antagonists on mus-
cimol/THIP and baclofen analgesia can provide some
grounds for interpretation (Tables 1 and 3).

Analgesia produced by the uptake inhibitor SKF 89976A
is reduced by spinal transection [105], suggesting a predomi-
nantly supraspinal action. However, ICV administration of
nipecotic acid ethyl ester (NAee) to rats does not produce
analgesia in the tail flick test [104] in a dose which was suffi-
cient to block opiate-induced analgesia. Chronic THIP re-
duces NAee analgesia [3], but it is difficult to interpret this
observation because chronic THIP also reduces analgesia
produced by baclofen and morphine which act via distinct
receptors and mechanisms. NAee analgesia is insensitive to
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TABLE 3

EFFECT OF VARIOUS RECEPTOR ANTAGONISTS ON ANALGESIC EFFECT OF GABA UPTAKE
INHIBITORS AND GABA-TRANSAMINASE INHIBITORS

amn

GABA Uptake GABA-Transaminase
Treatment Dose (mg/kg) Inhibitors Inhibitors Reference
naloxone 2 «—* MTIt [106]
SKF100330A
5 «—> MTI «— MTI [46]
NAee GVG
bicuculline 0.5 | RVT [10]
GVG
1 «—— MTI [106]
SKF100330A
2 «—RTF {791
* RHP
GAG
2 * MHP,RHP [5]
AQAA
atropine 5 | MTI | MTI [46]
NAee GVG
scopolamine 1 | MTI [106]
SKF100330A
chlorpromazine 5 1 RTF,RHP [79]
GAG
haloperidol 0.5 1 RTF,RHP [79]
GAG
phentolamine 10 «— RTF,RHP [79]
GAG
yohimbine 5 { MTI [12]
NAee
. methysergide 10 «— RTF,RHP [79]
GAG
theophylline 50 | RTF,RHP {79]
GAG
| RTF,GVG

*tExplanations as in Table 1. Abbreviations: NAee, nipecotic acid ethyl ester; GAG, y-acetylenic

GABA; GVG, y-vinyl GABA.

naloxone but blocked by atropine {46] and yohimbine {12],
indicating a similarity between the influence of these agents
on THIP and N Aee analgesia. Nevertheless, it has been em-
phasized that GABA uptake inhibitors produce a greater de-
gree of analgesia than a THIP and baclofen combination as
well as a GABA-transaminase inhibitor [106] introducing the
possibility that these agents can produce analgesia by mech-
anisms independent of GABA systems.

Analgesia produced by the GABA-transaminase in-
hibitor AAOA is blocked by spinal transection [93], suggest-
ing a predominant supraspinal action. GAG has been re-
ported to increase tail flick latencies following intrathecal
injection [81], suggesting an action at spinal sites as well. The
effect of GVG in the vocalization test was blocked by
bicuculline {10] but the effect of GAG in the tail flick test was
not [79]. The potentiating effect of bicuculline on GAG
analgesia in the hot plate test is probably due to intrinsic
activity in this test {79]. The pharmacological profile of
GABA-transaminase inhibitors does not parallel that of

either GABA , agonists or baclofen (Tables 1 and 3). Thus,
although atropine inhibits GVG and THIP analgesia [46],
haloperidol potentiates GAG [79] but not THIP [97]. On the
other hand, although chlorpromazine and haloperidol poten-
tiate GAG [79] and baclofen analgesia [75,97], reserpine and
phentolamine do not alter GAG [79] while potentiating baclo-
fen analgesia [75]. Finally, theophylline inhibits GAG and
GVG analgesia [79] while potentiating the action of baclofen
[75]. The possibility that GABA-transaminase inhibitors
produce analgesia by mechanisms unrelated to GABA
should be considered.
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