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A Selective AMPA Antagonist, LY293558,
Suppresses Morphine Withdrawal-Induced
Activation of Locus Coeruleus Neurons and
Behavioral Signs of Morphine Withdrawal

Kurt Rasmussen, Ph.D., William T. Kendrick, B.A., Jeffrey H. Kogan, Ph.D.,

and George K. Aghajanian, M.D.

The glutamate receptor subtype that mediates the morphine
withdrawal-induced activation of locus coeruleus (LC)
neurons was examined in this study using in vitro and in
vivo single-unit electrophysiologic recordings. For LC
neurons recorded in vitro in rat brain slices, the selective
a-amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid
(AMPA) antagonist, LY293558, showed a greater than 10-
fold selectivity for inhibiting the excitatory effects of AMPA
vs kainate, and a greater than 30-fold selectivity for
inhibiting the excitatory effects of AMPA vs NMDA.
LY293558 also greatly reduced the response of LC neurons
to glutamate in a concentration-dependent manner. In in
vivo recordings in anesthetized rats, pretreatment with
LY293558 (0.1 to 10 mg/kg, IP) dose dependently

suppressed the morphine withdrawal-induced activation of
LC neurons. In unanesthetized, morphine-dependent
animals, pretreatment with LY293558 (1 to 30 mg/kg, IP)
dose dependently suppressed naltrexone-precipitated
morphine withdrawal signs. These results indicate: (1)
AMPA receptors mediate a large component of the excitatory
effects of glutamate on LC neurons; (2) activation of AMPA
receptors plays an important role in the morphine withdrawal—
induced activation of LC neurons; (3) AMPA antagonists
can suppress many signs of morphine withdrawal in awake
animals; and (4) AMPA antagonists may have therapeutic
effects in humans for the treatment of opiate withdrawal.
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The locus coeruleus (LC) is the largest cluster of norad-
renergic neurons in the mammalian brain (Dahlstrom
and Fuxe 1965; Foote et al. 1983). Whereas the cell bod-
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ies are confined to a small area in the pons, LC neurons
send extensive projections to most other regions of the
central nervous system, including the cerebral cortex,
hippocampus, cerebellum, and spinal cord (Jones and
Moore 1977; Nygren and Olson 1977). Due to these
wide-ranging projections, the LC is in a position to in-
fluence the activity of many parts of the neuraxis simul-
taneously and has been hypothesized to play a role in a
great number of behaviors, physiologic processes, and
disease states.

The LC receives afferent projections from a number
of sites, including the nucleus paragigantocellularis
(PGi), the prepositus hypoglossi, subregions of the hy-
pothalamus, the Kolliker-Fuse nucleus, the periaqua-
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ductal gray, and the mesencephalic reticular formation
(Cedarbaum and Aghajanian 1978; Aston-Jones et al.
1986; Luppi et al. 1995). The projection to the LC from
the PGi has been hypothesized to have an important in-
fluence on the activity of LC neurons and has been
demonstrated to provide both inhibitory and excitatory
inputs to the LC. The inhibitory inputs from the PGi are
mediated, at least in part, via noradrenergic and en-
kephalinergic projections (Aston-Jones et al. 1992).
These inhibitory inputs to the LC from the PGi have
been hypothesized to play a role in the inhibition of the
LC during REM sleep (Luppi et al. 1995). The excitatory
input from the PGi is mediated, at least in part, via
glutamatergic projections (Ennis and Aston-Jones 1988)
and has been shown to play an important role in the ac-
tivation of the LC observed during morphine with-
drawal (Rasmussen and Aghajanian 1989).

In opiate-dependent rats, there is a marked increase
in firing of LC neurons during antagonist-precipitated
withdrawal (Aghajanian 1978; Valentino and Wehby
1989; Rasmussen et al. 1990; Akaoka and Aston-Jones
1991). This increase in activity of LC neurons has been
hypothesized to play an important role in opiate with-
drawal symptoms since: (1) the increased unit activity
correlates temporally with withdrawal behaviors (Ras-
mussen et al. 1990); (2) systemic administration and lo-
cal infusion of clonidine, an a,-adrenergic receptor ago-
nist, into the LC suppresses the increased LC unit
activity (Aghajanian 1978), the increase in norepineph-
rine turnover and release in LC projection areas (Craw-
ley et al. 1979; Laverty and Roth 1980; Done et al. 1992),
and many behavioral symptoms (Tseng et al. 1975;
Gold et al. 1978; Taylor et al. 1988) seen during opiate
withdrawal; (3) destruction of the LC decreases physi-
cal signs of opiate withdrawal (Maldonado and Koob
1993); and (4) the most sensitive site for the induction of
withdrawal signs after the local injection of an opiate
antagonist is the LC (Maldonado et al. 1992). Although
intrinsic factors play a role in the withdrawal-induced
activation of the LC (Rasmussen et al. 1990; Nestler
1992; Kogan et al. 1992), several lines of evidence sup-
port a role for excitatory amino acid afferents in the
withdrawal activation of LC neurons. First, nonselec-
tive excitatory amino acid antagonists, after both ICV
injection or direct infusion into the LC, attenuate the
morphine withdrawal-induced activation of LC neu-
rons (Rasmussen and Aghajanian 1989; Rasmussen et
al. 1991a; Akaoka and Aston-Jones 1991). Second, opi-
ate withdrawal increases glutamate and aspartate efflux
in the LC (Aghajanian et al. 1994; Zhang et al. 1994). In
addition, lesions of the PGi attenuate the morphine
withdrawal-induced activation of LC neurons (Ras-
mussen and Aghajanian 1989).

The receptor subtype that mediates the glutamate
and morphine withdrawal-induced activation of LC
neurons has not been determined. However, it has been
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demonstrated that the receptors that mediate the excita-
tory amino acid input from the PGi are non-N-methyl-
D-aspartic acid (NMDA) glutamate receptors (Ennis
and Aston-Jones 1988). Consistent with this finding are
results indicating that the excitatory amino acid-in-
duced activation of the LC during opiate withdrawal is
not mediated primarily through NMDA receptors, as
NMDA antagonists do not block the morphine with-
drawal-induced activation of the LC (Rasmussen et al.
1991b). However, another study reported that direct in-
jection of an NMDA antagonist into the LC produced a
modest (+20%), but significant, reduction in with-
drawal-induced activation of the LC (Akaoka and As-
ton-Jones 1991). In an effort to evaluate further the sub-
type of glutamate receptor that mediates the glutamate
and/or morphine withdrawal-induced activation of LC
neurons, we examined the effects of the selective
AMPA antagonist LY293558 (Ornstein et al. 1993;
Schoepp et al. 1995) on: (1) glutamate-induced excita-
tion of LC neurons in vitro; and (2) morphine with-
drawal-induced excitation of LC neurons in vivo. We
also examined the effect of LY293558 on morphine
withdrawal signs in awake animals.

MATERIALS AND METHODS

Brain Slice Preparation and In Vitro
Electrophysiologic Recordings

LC brain slices were prepared as previously described
(Kogan et al. 1992). In brief, male Sprague-Dawley rats
(100 to 200 g; obtained from CAMM, Wayne, NJ) were
anesthetized with chloral hydrate (400 mg/kg IP) and
perfused intracardially with 50 ml of ice-cold (-~4°C)
modified artificial cerebrospinal fluid (ACSF) in which
NaCl is replaced by equiosmolar (calculated) sucrose
(sucrose-ACSF). The animals were then decapitated
and the brains rapidly removed and placed into ice-
cold sucrose-ACSF where they were trimmed to a small
block (+-100 mm?) containing the LC. Coronal slices
(600 to 700 wmol /L) were cut in ice-cold sucrose-ACSF
using a vibrating knife microtome (Vibraslice, WPI, Sa-
rasota, FL). Slices containing the LC were transferred
onto the stage of a gas-liquid interface brain slice cham-
ber in which a constant flow of humidified 95% O, /5%
CO, and ACSF (~~1 ml/min) was maintained through-
out the experiment at a temperature of 33 = 0.5°C. The
normal ACSF consisted of (in nmol/L): NaCl, 126; KCl,
3; CaCl,, 2; MgSOy, 2; NaHCO;, 25; NaH,PO,, 1.25; d-
glucose, 10.

The LCs were visually identified by reflected light in
the anterior pons as gray, oval areas on the lateral bor-
ders of the central gray and fourth ventricle immedi-
ately anterior to the genu of the VII nerve. The cells re-
corded in this study all displayed a slow spontaneous
firing rate and regular rhythm (~0.5 to 1 Hz). Single-
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unit extracellular potentials were performed with glass
microelectrodes filled with 2 mol /L NaCl (5 to 10 MQ).
Input voltage was amplified with a high-input imped-
ance amplifier (Axoclamp 2) and monitored by an au-
dioamplifier and an oscilloscope. Firing rates were de-
termined using a window discriminator, and data were
collected on a strip chart recorder as integrated time
histograms (10-second reset interval). ICsg values were
determined using Prism software (Graphpad Software,
Inc.).

Drugs were dissolved in ACSF at known concentra-
tions and applied by perfusion through the slice cham-
ber. L-glutamic acid monosodium salt (glutamate) was
obtained from Sigma Chemical Co. (St. Louis, MO).
(*)-a-Amino-3-hydroxy-5-methylisoxazole-4-propionic
acid hydrobromide (AMPA), 2-carboxy-4-(1-methylethe-
nyl)-3-pyrrolidinacetic acid (kainate), and N-methyl-D-
aspartic acid (NMDA) were obtained from Research
Biochemicals Inc., (Natick, MA). LY293558 was ob-
tained from Dr. Paul Ornstein (Eli Lilly and Co.)

Opiate Dependence and Withdrawal

Opiate dependence was induced in male Sprague-Daw-
ley rats (Charles River, 250 to 350 g) by the subcutane-
ous pellet implantation method (Blasig et al. 1973; Way
et al. 1969). While under halothane anesthesia, animals
were implanted with either morphine pellets (NIDA; 75
mg morphine base, 68.5 mg microcrystalline cellulose,
1.5 mg magnesium stearate, 2.5 mg colloidal silicon di-
oxide) or placebo pellets (NIDA; 150 mg Avicel PH-102,
1.5 mg magnesium stearate, 0.75 mg colloidal silicon di-
oxide, 1.75 mg purified water). Two pellets were im-
planted per day for 2 days. Withdrawal was induced 48
hours after the last set of pellets was implanted. To en-
sure steady levels of withdrawal throughout the test pe-
riod, all four pellets were removed 1 to 2 hours before
precipitating withdrawal. Withdrawal was induced by
administering the opiate antagonist naltrexone HCI (10
mg/kg; Sigma) subcutaneously.

Behavioral Ratings

For the behavioral assessment of opiate withdrawal, an-
imals were studied in clear plexiglass cages (18 in X 10
in X 8 in) and remained in these cages for the entire
study. Animals were adapted to the cages for 15 min-
utes and were then administered a pretreatment of ei-
ther LY293558 or saline (1 ml/kg, IP). Naltrexone was
administered 15 minutes after the pretreatment. Thir-
teen previously identified behaviors characteristic of
the rat opiate abstinence syndrome were assessed (see
Himmelsbach et al. 1935; Way et al. 1969; Wei 1973;
Blasig et al. 1973; Aceto et al. 1986). The absolute fre-
quency of eight episodic behaviors was recorded and a
score was calculated based on multiples of five inci-
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dents (0) = no incidents; 1 = 1 to 5 incidents; 2 = 6 to 10
incidents; and 3 = 11 to 15 incidents, etc.). Behaviors
scored in this manner were teeth chatter (separated by
at least 3 seconds), jumping, wet-dog shakes, writhing,
stereotyped head movements, tremor, digging, and
erections. Chewing (without any matter in the mouth)
was similarly scored in multiples of 100 occurrences.
Five withdrawal behaviors could not be defined in dis-
crete episodes, and the severity of these behaviors was
assessed using a 4-point scale: 0 = absent; 1 = mild; 2 =
moderate; 3 = marked. Behaviors rated in this fashion
were lacrimation, ptosis, irritability, diarrhea, and sali-
vation. The amount of weight loss was measured at the
end of the rating period (i.e., one hour after the admin-
istration of naltrexone), and a score was calculated
based on multiples of 5g (0 =noloss; 1 =1to5g;2=6
to10g;3 =11to 15 g, etc.)

In Vivo Electrophysiologic Recordings

For unit recording, the animals were anesthetized with
chloral hydrate (400 mg/kg, IP); supplemental doses of
anesthetic were administered through a lateral tail vein
as needed. Body temperature was maintained at 35 to
37°C by a heating pad. Rats were mounted in a stereo-
taxic apparatus, and a cisternal drainage was per-
formed to help prevent tissue swelling. A burr hole was
made 1.2 mm posterior to lambda and 1.1 mm lateral to
the midline. The recording electrodes were single-bar-
rel glass micropipettes, broken back to a tip diameter of
2 to 3 um, and filled with a 2 mol/L NaCl solution. Ex-
tracellular single-unit recordings were made in the LC
as described previously (Rasmussen et al. 1990). Briefly,
LC cells were encountered 5.5 to 6.0 mm below the du-
ral surface (at the above coordinates), just ventral to a
zone of relative electrical silence (corresponding to the
IVth ventricle), and just medial to cells of the mesen-
cephalic nucleus of the Vth nerve (which could be acti-
vated by depression of the mandible). LC cells were
identified by their long duration action potential (>2
mseconds), characteristic positive-negative waveform,
slow and somewhat regular firing pattern (0.5 to 5 Hz),
and short-latency burst of excitation followed by an ex-
tended (1 to 2 second) quiescent period after compres-
sion of the contralateral hindpaw. Recordings of stable,
spontaneous firing rates were obtained from each neu-
ron for at least 3 minutes. The spontaneous rate of differ-
ent cells was sampled throughout the LC for 15 minutes
before and after the administration of LY293558 and for
90 minutes after the administration of naltrexone.

Statistical Analysis

Results were analyzed with one-way analysis of vari-
ance coupled with Dunnett’s post-hoc test or a two-way
analysis of variance.
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RESULTS
In Vitro Elecrophysiologic Recordings

As illustrated in Figure 1, LY293558 produced a concen-
tration-dependent block of the excitatory effect of
glutamate upon LC neurons. The ICs, values for the
blockade of excitatory responses to glutamate (1 mmol/
L), AMPA (3 pmol/L), kainate (6 pmol/L), and NMDA
(100 wmol/L) were determined individually in this
manner. As can be seen from Table 1, LY293558 was ap-
proximately 13-fold more potent in blocking AMPA
than kainate and 30-fold more potent in blocking
AMPA than NMDA. Figure 1 illustrates the selectivity
of LY293558 when tested at a single low concentration
(3 nmol/L) against all four excitatory amino acids in
the same cell; the response to AMPA was almost totally
blocked whereas the responses to NMDA and kainate
were virtually unaffected. Thus, in LC neurons, as pre-
viously reported in cortical slices (Schoepp et al. 1995),
L.Y293558 or its racemate have selectivity in antagoniz-
ing AMPA compared with NMDA and kainate.

In Vivo Electrophysiologic Recordings

Pretreatment with LY293558 antagonized the increase
in LC activity caused by the administration of naltrex-
one in morphine dependent rats (ANOVA; F = 4.47,p <
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.0001; Figure 2). The firing rates of LC neurons in ani-
mals treated with morphine pellets were significantly
lower (p < .05) than in animals receiving sham pellets,
indicating an incomplete development of tolerance at
this time point (Figure 2; baseline). Pretreatment with
LY293558 did not change the firing rates of LC neurons
in animals receiving either morphine or sham pellets
(Figure 2; 0 minutes post naltrexone). After the admin-
istration of naltrexone, the firing rates of LC neurons
were significantly elevated (p < .05) in saline-pretreated,
morphine-pelleted animals at 30, 60, and 90 minutes
post naltrexone, but not in animals receiving sham pel-
lets (Figure 2). In animals pretreated with 0.1 or 1.0 mg/
kg LY293558, the firing rates of LC neurons were signif-
icantly lower (p < .05) than saline-pretreated, morphine-
pelleted animals at 30 minutes, but not at 60 and 90 min-
utes, post naltrexone. In animals pretreated with 10.0 mg/
kg LY293558, the firing rates of LC neurons were signif-
icantly lower (p < .05) than saline-pretreated, morphine-
pelleted animals at 30, 60, and 90 minutes post naltrexone
and were not significantly different from sham-pelleted
animals at 30, 60, and 90 minutes post naltrexone.

Behavioral Ratings

Pretreatment with LY293558 antagonized morphine
withdrawal signs caused by the administration of nal-
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Figure 1. Top: Firing rate histogram from an extracellular recording of a locus coeruleus neuron in a brain slice showing the
concentration-dependent effect of LY293558 on glutamate (G) responses. As illustrated in the first two responses, repeated
1-minute glutamate applications (1 mmol/L) did not cause any decrement in the response by itself. LY293558, bath applied
at progressively higher concentrations, greatly reduced the glutamate response. After a 4-minute washout of LY293558, the
glutamate response largely recovered. Each vertical line of the rate histogram represents the integrated firing rate, counted
as spikes per 10 seconds, and displayed on a chart recorder. Bottom: Firing rate histogram from an extracellular recording of
a locus coeruleus neuron in a brain slice showing the selectivity of LY293558 antagonism. 1-minute applications of glutamate
(G: 1 mmol/L), AMPA (A: 3 pmol/L), NMDA (N: 100 wmol/L), and kainate (K: 6 pmol/L) elicited robust responses. Bath
application of LY293558, at an intermediate concentration of 3 pmol/L (see Table 1) caused almost a complete block of the
AMPA response, whereas the NMDA and kainate responses were virtually unaffected. The glutamate response was reduced by
about 30%.
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Table 1. ICs, Values for the Antlagonism of Excitatory Amino Acid Responses on Locus
Coeruleus Neurons in Rat Brain Slices by LY293558

95% Confidence Interval

Agonist n IC5p (mol/L) IC5p (umol/L)
AMPA (3 pmol/L) 5-6 0.8 0.7t0 0.9
Glutamate (1 mmol/L) 5 4.8 3.8t0 6.0
Kainate (6 umol /L) 5 10.5 4810229
NMDA (100 pmol/L) 4 247 19.0 to 32.0

trexone in morphine dependent rats as reflected in the
composite withdrawal score (ANOVA; F = 393, p <
.0001; Figure 3). A significant reduction of many of the
individual symptoms that contributed to the overall
withdrawal score was also observed. Pretreatment with
LY293558 led to a significant (p < .05) reduction in
writhes, wet-dog shakes, stereotyped head movements,
ptosis, lacrimation, salivation, diarrhea, and chews,
whereas there was no significant change in the occur-
rence of teeth chatter, jumps, tremor, irritability, erec-
tions, digging, and the amount of weight loss (Table 2).
The doses of 1Y293558 used in this study had no signif-
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Figure 2. The activity of locus coeruleus (LC) neurons dur-
ing naltrexone-induced withdrawal in morphine(Mor)-
dependent, anesthetized rats pretreated with saline (Sal)
(Mor/Sal; open squares), 0.1 mg/kg LY293558 (LY;IP) (Mor/
0.1 LY; open circles), 1.0 mg/kg LY (Mor/1.0 LY, closed
squares), or 10 mg/kg LY (Mor/10 LY; closed circles). The
activity of LC neurons in animals receiving placebo (Pla) pel-
lets and treatment with 10 mg/kg LY followed by naltrexone
is also shown (Pla/10 LY; closed triangles). Values are
expressed as mean * SE (some error bars omitted for clarity;
n = 2 to 26 neurons at each time point). See test for signifi-
cant differences.

icant effect on locomotor activity or the righting reflex.
At doses of 50 mg/kg and above, animals displayed an
impaired gait and a delayed righting reflex (data not
shown).

DISCUSSION

For LC neurons recorded in brain slices, LY293558
showed a greater than 10-fold selectivity for inhibiting
the excitatory effects of AMPA vs kainate, and a greater
than 30-fold selectivity for inhibiting the excitatory effects
of AMPA vs NMDA. These results are similar to those
obtained with LY293558 (and its racemate LY215490) in
antagonizing the effects of AMPA, kainate, and NMDA
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Figure 3. Effects of pretreatment with saline (open squares;
n= 12) or 1.0 mg/kg LY293558 (LY; IP) (1.0 LY; closed
squares; n = 10), 10.0 mg/kg LY (10 LY; open circles; n = 10),
or 30 mg/kg LY (30 LY; closed circles; n = 11) LY293558 (LY;
IP) on naltrexone-precipitated withdrawal signs in mor-
phine-dependent rats. Values are expressed as mean = SE
{some error bars omitted for clarity). See text for significant
differences.
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nificant decrease in the occurrence of digging that did
not reach significance was also observed (Table 2). No
significant change in the occurrence of teeth chatter, ir-
ritability, erections, or the amount of weight loss was
observed. No significant changes in the occurrence of
jumps and tremors were observed either; however,
these two signs occurred with such a low frequency as
to make a significant reduction difficult to achieve. It is
unlikely that the blockade of withdrawal symptoms
produced by LY293558 is due to a nonspecific depres-
sant action, as the doses used in this study did not affect
the animals’ locomotor activity or righting reflex.
Whether higher doses of LY293558 would have had sig-
nificant effects on additional withdrawal signs is diffi-
cult to determine, as higher doses of LY293558 (=50
mg/kg) produced impairment of motor activity.

Whereas the LC appears to be one site of action for
LY293558 in decreasing morphine withdrawal signs,
AMPA receptors in other brain regions may also play a
role. As a number of brain sites have been hypothesized
to play an important role in the generation of morphine
withdrawal signs, LY293558 may have activity in a
number of additional sites to affect the expression of
morphine withdrawal signs. Other potential brain sites
include those with the highest density of AMPA recep-
tors (i.e., hippocampus, layers I-1II of the cortex, dorsal
lateral septum, striatum, and the molecular layer of cer-
ebellum; Monaghan et al. 1984; Young and Fagg 1990)
and other areas thought to mediate various signs of
morphine withdrawal (i.e,, spinal cord, central gray,
hypothalamus, raphe magnus, and amygdala; Mal-
donado et al. 1992). Studies using local injections of
LY293558 or the blockade of withdrawal-induced c-fos
activation by LY293558 could help determine other
brain sites where AMPA receptors play an important
role in the expression of opiate withdrawal. In addition,
some opiate withdrawal signs have been hypothesized
to be mediated in the periphery (e.g., diarrhea, saliva-
tion, and lacrimation; Bianchetti et al. 1986; Maldonado
et al. 1992). Because AMPA receptors have been local-
ized in at least some peripheral organs (i.e., pancreas—
Bertrand et al. 1993) it is possible that the effects of
LY293558 on some withdrawal signs are due to block-
ade of peripheral AMPA receptors. Whereas these cen-
tral and peripheral AMPA receptors located outside the
LC may contribute to the antagonism of morphine
withdrawal symptoms, they may also contribute to
dose-limiting side effects (e.g., sedation, motor impair-
ment). Thus, clinical trials will be needed to determine
if AMPA antagonists can have therapeutic effects in
opiate-dependent patients at doses that do not produce
significant side effects.

The dose of LY293558 that was able to suppress most
of the withdrawal-induced activation of LC neurons in
anesthetized animals (i.e., 10 mg/kg) only suppressed
the physical signs of opiate withdrawal by about 50%.
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There are several potential explanations for this differ-
ence. One, the elevation in LC activity due to intrinsic
factors cannot be blocked by LY293558 (see Figure 2);
this modest elevation in firing rate may contribute to
the genesis of withdrawal symptoms. Two, it is difficult
to compare the effects of a compound in anesthetized vs
unanesthetized animals. For example, higher doses of the
LY293558 may be required to suppress the activation of
the LC in awake animals. Three, LY293558 can suppress
the signs of morphine withdrawal through actions in
other brain areas in addition to the LC. Indeed, experi-
ments examining c-fos expression during morphine
withdrawal indicate that NMDA antagonists and cloni-
dine may exert some of their suppression of morphine
withdrawal symptoms through actions in the amygdala
and nucleus accumbens (Rasmussen et al. 1995). Four,
the LC activation may contribute to some aspect of mor-
phine withdrawal not measured in this study (e.g., aver-
sive effects—Stinus et al. 1990: Kosten 1994). In addi-
tion, a combination of these explanations is also possible.

If the modest withdrawal-induced elevation of LC
firing rate seen after pretreatment with LY293558
(which may be due to intrinsic changes in the c-AMP
system in LC neurons—Rasmussen et al. 1990; Kogan et
al. 1992; Nestler 1992) contributes to the genesis of with-
drawal symptoms, a blockade of this component of the
increased LC activity may provide a more complete
suppression of opiate withdrawal signs. Clonidine, by
virtue of its activation of ay-adrenergic receptors nega-
tively coupled to G-proteins (and subsequent inhibition
of the c-:AMP system) could provide a suppression of
this “intrinsic” component of the withdrawal-induced
elevation of LC firing. Thus, combined treatment with
clonidine and LY293558 may be able to act synergisti-
cally to suppress the withdrawal-induced elevation of
LC firing and produce a more complete suppression of
morphine withdrawal signs. Furthermore, because both
clonidine and LY293558 produce unfavorable side ef-
fects at high doses, a combination of modest doses of
the two treatments may prove especially useful for the
treatment of opiate withdrawal signs in humans.

In conclusion, these data indicate that the excitatory
effect of glutamate in the LC is mediated largely, but
not completely, through AMPA receptors. This AMPA-
induced excitation of LC cells plays an important role in
the morphine withdrawal-induced activation of LC
neurons. In addition, AMPA antagonists can suppress
many signs of morphine withdrawal and have promise
as a therapeutic for the relief of opiate withdrawal
symptoms in humans.
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