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(1) 255–262, 1998.—Excitatory amino acids release during
morphine or naloxone administration was studied in rats. Microdialysis in freely moving animals and capillary electrophoresis
with laser-induced fluorescence detection were used to measure several amino acids including glutamate and aspartate in the
extracellular fluid at the nucleus accumbens. Perfusion with a calcium-free Ringer’s solution decreased glutamate and aspar-
tate in nucleus accumbens dialysates to 35% of its baseline levels, suggesting partial synaptic origin of these amino acids. The
first morphine injection decreased glutamate and aspartate to 50% of its baseline level. After repeated morphine injections
this effect disappeared, suggesting tolerance. Naloxone injections to morphine-dependent rats increased 300% glutamate and
aspartate release; these experiments suggest that excitatory amino acid release in the nucleus accumbens might play a role in
morphine withdrawal. © 1998 Elsevier Science Inc.
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Microdialysis

 

NALOXONE injections increase glutamate and aspartate re-
lease in the locus coeruleus in morphine-dependent rats (1,9,
34). Systemic and intracerebroventricular injections of
NMDA and non-NMDA glutamate receptor blockers prevent
some features of the morphine withdrawal syndrome (4,24,25,
27,28,32) and intracerebroventricular injections of glutamate
dose dependently induce withdrawal symptoms in morphine
dependent rats (26); therefore, it has been proposed that exci-
tatory amino acids give rise to the morphine withdrawal syn-

drome. However, most of this research has pointed out the
pivotal role of the locus coeruleus in morphine dependence,
although some evidences suggest that other brain areas might
be involved as well (1). For instance, while NMDA receptor
antagonists suppress several symptoms of the morphine with-
drawal syndrome, the glutamate receptors of locus coeruleus
neurons are not of the NMDA type (3). This incongruity ex-
plains why the naloxone-induced increase in norepinephrine
turnover and locus coeruleus neuronal firing is not reversed
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by NMDA receptor antagonists (21). Therefore, it has been
proposed that excitatory amino acid release in the locus coer-
uleus as well as elsewhere in the brain might mediate the mor-
phine withdrawal syndrome (1).

Besides the locus coeruleus, the nucleus accumbens might
be another substrate for the aversiveness of opiate withdrawal
(11,23). Neurochemical changes in the nucleus accumbens fol-
lowing morphine or naloxone administration have been re-
ported. Acute injections of morphine increase dopamine but
decrease acetylcholine in nucleus accumbens dialysates (19,
20,32). Naloxone injections in morphine-dependent rats de-
crease dopamine and increase acetylcholine (17,19). Mor-
phine injections increase the expression of the immediate
early genes c-

 

fos

 

 and 

 

jun

 

-B in several brain areas including
the nucleus accumbens (5,12) and chronic morphine adminis-
tration augmented chronic Fos-related antigens and de-
creased Cyclic AMP responsive element binding protein in
the nucleus accumbens in rats (18,29). The mRNA for mu opi-
oid receptor expresses in the nucleus accumbens, indicating
the presence of morphine-sensitive receptors in the nucleus
accumbens (33). All these experiments suggest that the nu-
cleus accumbens might play a role in the neurochemical
events triggered by morphine addiction. To our knowledge,
the release of excitatory amino acids in the nucleus accum-
bens has not been studied in morphine-dependent animals. In
the present series of experiments we combined microdialysis
in freely moving animals and capillary zone electrophoresis
with laser-induced fluorescence detection to study the effect
of morphine and naloxone injections on excitatory amino ac-
ids (glutamate and aspartate) in the nucleus accumbens.

 

METHOD

 

Subjects

 

Male albino rats of the Wistar strain weighing between 250
and 310 g were individually housed with food and water ad lib
and a 12 D:12 L cycle.

 

Surgery

 

Under ketamine (Ketalar, Parke Davis, Venezuela) anes-
thesia (intraperitoneal injection at the dose of 100 mg/kg) bi-
lateral guide cannula (made of 10-mm long pieces of 21 gauge
stainless steel tubing) were stereotaxically implanted at the fol-
lowing coordinates: A: 1.0 mm rostral to bregma, L: 1.2 mm
lateral to the midsagital suture, and V: 4.0 mm ventral to the
surface of the leveled skull. These coordinates place the tip of
the guide cannula 2 mm above the nucleus accumbens (16).
After surgery, 200,000 units of penicillin were administered in-
tramuscularly and at least 7 postsurgical days were allowed be-
fore starting experiments. This surgical procedure has been ap-
proved by the Bioethic Committee of Los Andes University.

 

Microdialysis Probes

 

The probes were made of cellulose tubing with 12,000 mo-
lecular weight cutoff, 200 

 

m

 

m outside diameter and 10 

 

m

 

m
wall thickness (6). A piece of this tube was sealed at one end
with an epoxy plug. The open end was attached to the tip of a
piece of 26 gauge stainless steel tube. A piece of fused silica
capillary tube with polyimide cover (150 

 

m

 

m outside diameter
and 75 

 

m

 

m inside diameter) was inserted into the stainless
steel and cellulose tube.

These probes protruded 5 mm off the guide cannula and
the efficient dialysis length (length of the dialysis section of
the probe) was 2.0 mm. The in vitro recovery of these probes

was assessed by dialysing a 10

 

2

 

6

 

 M glutamate and 10

 

2

 

6

 

 M as-
partate solution. Six probes were calibrated for recovery as
follows. Each probe was connected to a perfusion system and
the dialysis section was immersed in a beaker containing the
standard solution. The probes were perfused at 1 

 

m

 

l/min and
two 20-min samples were collected for each probe (12 samples
total) into 400 

 

m

 

l Eppendorf tubes. Ten aliquots of 20 

 

m

 

l of
standard solutions were pipetted into Eppendorf tubes.

 

Drugs and Reagents

 

Fluorescein Isothiocyanate Isomer I, sodium chloride, po-
tassium chloride, magnesium chloride, sodium bicarbonate,
sodium carbonate, and naloxone were obtained from Sigma
Chemical Co. (Sigma Chemical Co., St. Louis, MO) Acetone
was obtained from J. T. Baker (J. T. Baker Inc., Phillipsburg,
NJ) and morphine hydrochloride was obtained from E. Merck
(E. Merck AG, Darmstadt, Germany).

 

Microdialysis Sessions

 

The probes were connected to a syringe pump and per-
fused at a flow rate of 1 

 

m

 

l/min. The perfusion fluid was a
Ringer solution made of 135 mM NaCl, 3.7 mM KCl, 1 mM
MgCl

 

2

 

, 1.2 mM CaCl

 

2

 

, and 10 mM NaHCO

 

3

 

 at pH 7.4 (ad-
justed with 0.1 N HCl).

 

Neuronal Origin of Glutamate and Aspartate

 

Twelve hours before the experiment, microdialysis probes
were inserted in the nucleus accumbens of four rats. After col-
lecting two baseline samples the perfusion Ringer solution
was disconnected from the microdialysis probe and the perfu-
sion system thoroughly washed with calcium-free Ringer solu-
tion. Then the microdialysis probe was connected to a syringe
pump loaded with calcium-free Ringer, and seven more sam-
ples were collected.

 

Acute Morphine Hydrochloride Administration

 

The animals were not habituated to the injection procedure
prior to this test. Twelve hours before the experiment the mi-
crodialysis probe was inserted in one of the guide shafts (ipsilat-
eral guide shaft). In this experiment the rats received either 10
mg/kg of morphine hydrochloride (

 

n

 

 

 

5

 

 8) or vehicle (

 

n

 

 

 

5

 

 7)
subcutaneously. Microdialysis samples were collected every 30
s (0.5 

 

m

 

l total sample volume) in hematocrit tubes sealed at one
end on a flame. Five baseline samples (2.5 min) were collected
before injection and 10 more samples (5 min) were collected af-
ter injection. Then sample collection stopped and was resumed
25 min later, i.e., 30 min after the injection. Seven more samples
were collected (3.5 min) the microdialysis probes were with-
drawn and the animals returned to their home cage.

 

Chronic Morphine Administration

 

The same animals (except one of the morphine hydrochlo-
ride group that was excluded because rejected the head as-
sembly) received 20 mg/kg of morphine twice a day for 2 days,
after which the dose was increased to 30 mg/kg twice a day for
days 3 and 4, and to 40 mg/kg twice a day for days 5 and 6. On
day 6 the microdialysis probe was inserted in the contralateral
guide shaft to avoid probe reinsertion in the same tissue. The
next day, i.e., on day 7, the injection of morphine (this time 20
mg/kg) or saline was repeated and sample collection was done
following the same protocol as in the first day. Six hours later
the animals received an intraperitoneal injection of 5 mg/kg of
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naloxone or saline. Sample collection was carried out as in the
first experiment (5 samples before injection, 10 samples im-
mediately after injection, and 7 samples starting 30 min after
the injection). Each animal was used only once, either for
morphine and naloxone treatment or as a control. This sam-
pling procedure was adopted after pilot experiments showed
that the main changes of glutamate and aspartate were ob-
served in the first 5 min after the injection.

 

Derivatization Procedure

 

The samples of the in vitro recovery experiment were re-
acted with 4 

 

m

 

l of a solution made of equal volumes of 20 mM
carbonate buffer at pH 9.6 and 4 

 

3

 

 10

 

2

 

4

 

 M fluorescein isothio-
cyanate in acetone. The samples were reacted with 0.2 

 

m

 

l of
this buffer–FITC solution. After 16 h of reaction in the dark
the mixtures were diluted 10 times with carbonate buffer and
injected into a home-made capillary electrophoresis laser-
induced fluorescence detection instrument. As a standard so-
lution a glutamate and an aspartate 1 mM solutions were pre-
pared and 1 ml of these solutions was reacted with 20 

 

m

 

l of
4 

 

3

 

 10

 

2

 

6

 

 M Fluorescein isothiocyanate in acetone solution.
After 16 h of reaction in the dark, this mixture was used for
spiking the samples. For this purpose 9 

 

m

 

l of the amino acid
solution were mixed with the sample and analyzed with the
capillary electrophoresis laser-induced fluorescence detec-
tion instrument.

 

Capillary Electrophoresis

 

The instrument is made of a fused silica capillary (150 

 

m

 

m
outside diameter and 25 

 

m

 

m inside diameter) filled with car-
bonate buffer. The ends of the capillary are immersed in
buffer reservoirs. Each reservoir has an electrode made of Pt-
Ir wire connected to a high-voltage power supply. A 5 mm
window is opened in the capillary by burning the polyimide
cover. The detector is a collinear one described elsewhere (7).
Briefly, the 488 nm line of a tunable Argon-ion laser is re-
flected by a dichroic mirror and focused on the window of the
capillary through a 0.85 NA microscope objective. The same
objective collects the fluorescence and after proper filtering
and with the aid of an eyepiece the fluorescence is focused on
the light sensitive window of a model 928, Multialkali,
Hamamatsu photomultiplier tube operated at 700 V. The sig-
nal generated by the PMT was sent to a 386 PC for data acqui-
sition with Maxima software from Waters Co. This instrument
had a mass sensitivity for FITC-amino acids in the zeptomole
range (10

 

2

 

21

 

 mol) and a concentration sensitivity of 10

 

2

 

12

 

 M.
The sample was hydrodinamically injected into the anodic
end of the capillary by applying a 

 

2

 

19 psi pulse of 0.3 s dura-
tion at the cathodic end. Electrophoresis was carried out at 20
KV. The peaks were identified by migration time and by spik-
ing of the sample with standard solutions.

 

Histological Studies

 

After the experiments the animals were sacrificed with an
overdose of chloroform and their brain perfused through the
heart. The brains were then dissected out and fixed in forma-
line for 5 days. The brains then were frozen and sectioned in
40 

 

m

 

m thick slices. Then the slices were set on a macrophotog-
raphy stage and transilluminated. The brain structures were
distinguished by the contrast due to the low refringency of the
lipids and the high transparency of the cell bodies (birefrin-
gency method). The probe tracts were easily localized by this
method.

 

Statistical Analysis

 

The data were analyzed by two-way ANOVA with drug
condition as between subjects factor and time as within-
subjects factor.

 

RESULTS

 

At least 34 peaks were present in the electropherogram
(see Fig. 1). Glutamate and aspartate were among the last
peaks because of their negative charge at pH 9.6. Glutamate
and aspartate were easily identified by spiking the sample (see
Fig. 2). The in vitro percent recovery was 20 and 15% per mm
of dialysis hollow fiber for glutamate and aspartate, respec-
tively. The RSD of the assay was 7.9% and the confidence
limits 

 

6

 

18.17%. The concentration of glutamate was 0.48 

 

6

 

0.1 

 

m

 

M and aspartate 0.32 

 

6

 

 0.1 

 

m

 

M. The perfusion with cal-
cium-free Ringer solution significantly decreased glutamate
and aspartate, 

 

F

 

(1, 8) 

 

5

 

 15.035, 

 

p

 

 

 

,

 

 0.001) (see Fig. 3). The
result of the injection of 10 mg/kg of morphine hydrochloride
is shown in Fig. 4. Glutamate and aspartate decreased in the
first 5 min after the morphine injection as compared to the ve-
hicle injection [glutamate: 

 

F

 

(1, 15) 

 

5

 

 6.51, 

 

p

 

 

 

,

 

 0.02; aspartate:

 

F

 

(1, 15) 

 

5

 

 9.98, 

 

p

 

 

 

,

 

 0.006]. This decrease did not last for the
seven samples collected between 30 and 33.5 min after the in-
jection because the controls returned to the baseline levels.
Figure 5 shows that the last morphine injection (i.e., the sev-
enth day after the beginning of the chronic treatment) had no
effect on glutamate or aspartate [glutamate: 

 

F

 

(1, 15) 

 

5

 

 0.13,
NS; aspartate: 

 

F

 

(1, 15) 

 

5

 

 0.37, NS]. Naloxone injection in-
duced teeth chattering, hyperactivity, wet dog shakes, rearing,
grooming, sometimes vocalization, jumping, and diarrhea. Of
all these symptoms, hyperactivity was observed from the first
minute after the injection of naloxone. In addition, naloxone
injection significantly increased the two amino acids [glutamate:

 

F

 

(1, 15) 

 

5

 

 5.41, 

 

p

 

 

 

,

 

 0.05; aspartate: 

 

F

 

(1, 15) 

 

5

 

 11.53, 

 

p

 

 

 

,

 

 0.01]
(see Fig. 6). The increase of excitatory amino acids lasted only
5 min. Thirty minutes after the naloxone injection the levels

FIG. 1. Electropherogram of a dialysate. The sample shows 34
peaks. The ones corresponding to glutamate and aspartate migrate
among the last peaks.
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of these amino acids were back to baseline, although the with-
drawal symptoms had not disappeared.

The microdialysis probe tracks were located between
planes 10 and 16 of the Paxinos and Watson atlas. The probes
sampled from the shell and the core on the nucleus accum-
bens. No anatomical response pattern within the nucleus ac-
cumbens was observed.

 

DISCUSSION

 

Both glutamate and aspartate in nucleus accumbens dialy-
sates were calcium-dependent. Perfusion with calcium-free
Ringer solution significantly decreased glutamate and aspar-
tate baseline levels. This suggests that glutamate and aspar-
tate were at least partially of neuronal origin. Several authors
have reported 20% of the glutamate in brain dialysates to be
calcium dependent or no calcium dependency at all (8,15,22,
30). The larger calcium dependency reported here might be
due to several technical differences between our experiment
and others. We used CZE-LIFD, which have larger peak ca-
pacity than HPLC. We also used FITC as a derivatizing agent
rather than Ortophtalaldehide used in other reports. FITC
derivatives tend to be more stable than OPA derivatives. We
carefully washed the perfusion lines to eliminate as much as
possible calcium residues. In any event, comparisons of the
two technical procedures need to be done but they are beyond
the scope of the present report.

The present experiments suggest that morphine effects are
correlated with glutamate and aspartate changes in the nu-

cleus accumbens. The first morphine injection decreased
glutamate and aspartate levels. However, this decrease seems
to be a combination of no significant increase of excitatory
amino acids in the control group and a significant decrease in
the morphine group. Therefore, this decrease might be inter-
preted as less stress in the morphine-injected rats than in the
vehicle-injected rats. Moreover, because the physicochemical
properties of the solutions were different, it is possible that lo-
cal effects of the vehicle and morphine injection could have
been different. For instance, the pH of the vehicle (7,8) and
the morphine hydrochloride solution (4.4) and the osmolarity
as well were different. Therefore, the fast initial decrease of
glutamate and aspartate might be due to sensory phenomena.
If the vehicle injection caused pain and the morphine injec-
tion local anesthesia nucleus accumbens excitatory amino ac-
ids could have changed in opposite direction. In any event,
this issue should be examined with 5-s time resolution mi-
crodialysis to establish the latency of excitatory amino acid
variation after acute morphine administration.

Thirty minutes after the injection the glutamate and aspar-
tate levels were similar in both the vehicle and morphine
groups. By this time the controls had returned to baseline lev-
els rendering statistically nonsignificant the difference be-
tween both groups.

The effects of morphine injection on glutamate and aspar-
tate disappeared after repeated administration of morphine,
suggesting tolerance.

Naloxone increased glutamate and aspartate levels in mor-
phine-dependent rats, but this increase lasted shorter than the
withdrawal syndrome. These findings suggest that excitatory
amino acids trigger the morphine withdrawal symptoms but
do not maintain them. Other neurochemical events that last
longer (dopamine decrease and acetylcholine increase among
other neurochemical changes) might maintain the symptoms.
Because NMDA blockers suppress the withdrawal symptoms,
it would be interesting to find out whether or not the injection
of NMDA blockers 5 min after naloxone injection can still
suppress the withdrawal syndrome.

Glutamatergic cell bodies that innervate the nucleus ac-
cumbens are located in the hippocampus and the prefrontal

FIG. 3. Perfusion with a calcium-free Ringer’s solution (horizontal
bar) decreased glutamate in nucleus accumbens dialysates. Data are
plotted as mean 6 standard error of the mean. Asterisks indicate
statistically significant difference at the 0.01 level.

FIG. 2. Spiking the sample with glutamate and aspartate increases
the putative glutamate and aspartate peaks. The electropherogram of
the sample is shown by a dotted line. The electropherogram of the
spiked sample is shown as a continuous line.
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cortex (2,10). Therefore, it is quite possible that the acute in-
jection of morphine inhibits these neurons and that the
chronic administration of morphine induces tolerance as
shown by the lack of excitatory amino acid increase after the

last morphine injection. By contrast, naloxone-induced with-
drawal should activate them. Alternatively, dopamine re-
leased by morphine, or dopamine decreased by naloxone
might presinaptically decrease or increase respectively

FIG. 4. Effect of the first morphine HCl injection (10 mg/kg SC) on glutamate (top) and aspartate (bottom) levels
in nucleus accumbens dialysates. Glutamate and aspartate levels decreased in morphine HCl-injected rats (filled
circles) compared to vehicle-treated rats (open circles). Data are expressed as percent of the mean of the five
preinjection samples 6 standard error of the mean. Asterisks mark the samples of morphine HCl-injected rats
significantly different from the baseline at the p , 0.05 level.
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glutamate and aspartate. An inhibitory action of dopamine on
glutamate and aspartate release in the basal ganglia has been
shown (13,14,31). However, the increase of dopamine after
repeated morphine injections did not show tolerance. In other
words, the last injection of morphine still increased dopamine.
By contrast, in the present study the last morphine injection
did not change glutamate or aspartate release. One possibility

could be that chronic morphine might downregulate dopam-
ine receptors, decreasing dopamine inhibition of glutamate.
In any event, the role of dopamine on excitatory amino acid
release in the nucleus accumbens warrants further research.

In conclusion, we have successfully used CZE-LIFD to im-
prove the time resolution of brain microdialysis. The method
allows simultaneous monitoring of glutamate and aspartate in

FIG. 5. Effect of the last morphine (HCl injection (20 mg/kg SC) on glutamate (top) and aspartate (bottom) levels
in nucleus accumbens dialysates in morphine-dependent rats (filled circles). After chronic administration of
morphine, no statistically significant difference in the concentration of either glutamate or aspartate between
control (open circles) and morphine-dependent rats. Data are plotted as mean 6 standard error of the mean.
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a 30-s frame. The results showed that glutamate and aspartate
decrease for the first 5 min after an acute injection of mor-
phine. This effect showed tolerance. Withdrawal induced by
naloxone increase extracellular glutamate and aspartate in the
nucleus accumbens.
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FIG. 6. Effect of naloxones injection (5 mg/kg IP) on glutamate (top) and aspartate (bottom) levels in morphine-
dependent (filled circles) and control (open circles) rats. Glutamate and aspartate concentration in the dialysates
increased significantly (asterisks indicate statistically significant differences at the p , 0.05 level) in the first 5-min
after injection in morphine-dependent rats. Thirty minutes later glutamate and asparte levels were back to
baseline. After naloxone injection no effect was observed in control rats. Data are plotted as mean 6 standard
error of the mean.
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