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Increased Probability of GABA Release during Withdrawal

from Morphine
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Opioid receptors located on interneurons in the ventral tegmen-
tal area (VTA) inhibit GABA ,-mediated synaptic transmission to
dopamine projection neurons. The resulting disinhibition of
dopamine cells in the VTA is thought to play a pivotal role in
drug abuse; however, little is known about how this GABA,
synapse is affected after chronic morphine treatment. The reg-
ulation of GABA release during acute withdrawal from morphine
was studied in slices from animals treated for 6-7 d with
morphine. Slices containing the VTA were prepared and main-
tained in morphine-free solutions, and GABA, IPSCs were
recorded from dopamine cells. The amplitude of evoked IPSCs
and the frequency of spontaneous miniature IPSCs measured
in slices from morphine-treated guinea pigs were greater than
placebo-treated controls. In addition, activation of adenylyl

cyclase, with forskolin, and cAMP-dependent protein kinase,
with Sp-cAMPS, caused a larger increase in IPSCs in slices
from morphine-treated animals. Conversely, the kinase inhibi-
tors staurosporine and Rp-CPT-cAMPS decreased GABA IP-
SCs to a greater extent after drug treatment. The results indi-
cate that the probability of GABA release was increased during
withdrawal from chronic morphine treatment and that this effect
resulted from an upregulation of the cAMP-dependent cas-
cade. Increased transmitter release from opioid-sensitive syn-
apses during acute withdrawal may be one adaptive mecha-
nism that results from prolonged morphine treatment.
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Chronic use of opioids results in tolerance to and dependence on
the drug. One of the most widely accepted mechanisms for the
cellular basis of tolerance is an uncoupling of the opioid receptor
from the effector so that a greater receptor occupancy is required
to obtain a given response (Law et al., 1982; Chavkin and Gold-
stein, 1984; Puttfarcken et al., 1988). Dependence is defined by a
number of abnormal responses after the abrupt withdrawal of
drug (Johnson and Flemming, 1989). The expression of depen-
dence, or withdrawal, is thought to result from the development of
adaptive changes that occur in the continued presence of agonist.
The first adaptive response to be recognized at the cellular level
was an upregulation of adenylyl cyclase (Sharma et al., 1975).
Acutely, opioids inhibit the activity of adenylyl cyclase. However,
in the continued presence of agonist the inhibition declined until
the activity in the presence of agonist was not different from
control. Adenylyl cyclase activity measured after the removal of
opioid was increased above control. This rebound increase was
thought to represent a cellular expression of opioid withdrawal.
Much of what is known about the cellular basis for tolerance and
dependence to opioids has come from studies on the opioid
regulation of adenylyl cyclase in cell lines, although the cellular
basis for the upregulation is not understood (Sharma et al., 1975;
Law et al., 1982; Puttfarcken et al., 1988).

The electrophysiological approach has been used successfully to
demonstrate tolerance to opioids; however, the cellular expres-
sion of withdrawal has been much more difficult to identify
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(Christie et al., 1987; Wimpey et al., 1989; Kennedy and Hender-
son, 1991, 1992). In the locus coeruleus (LC), for example, toler-
ance to the opioid-induced inhibition in firing and the associated
increase in potassium conductance has been demonstrated both in
vivo and in vitro (Aghajanian, 1978; Christie et al., 1987). After
withdrawal, however, the increased firing rate of LC neurons
resulted primarily from augmented excitatory afferent drive (Tung
et al., 1990; Akaoka and Aston-Jones, 1991).

The ventral tegmental area (VTA) is part of the endogenous
reward circuit that is thought to be activated by many drugs of
abuse, including opioids (Bozarth and Wise, 1981; Wise and
Rompre, 1989). Within the VTA, GABA ,-mediated IPSPs re-
corded in dopamine cells were thought to arise from excitation of
local interneurons (Johnson and North, 1992a). As has been
observed in many areas of the CNS, opioids directly inhibit these
interneurons through activation of a potassium conductance
(Nicoll et al., 1980; Madison and Nicoll, 1988; Wimpey and
Chavkin, 1991; Johnson and North, 1992a). Thus, acute activation
of opioid receptors within the VTA indirectly increased the ac-
tivity of dopamine cells by removing GABA-mediated inhibition
(Gysling and Wang, 1983). The purpose this study was to examine
the GABA , IPSC during acute withdrawal from morphine and to
identify potential second-messenger pathways that mediate al-
tered function.

MATERIALS AND METHODS

Whole-cell recordings of membrane current were made from dopamine
neurons in horizontal slices of guinea pig midbrain. Preparation of slices
has been described previously (Cameron and Williams, 1994). Briefly,
guinea pigs (300—400 gm) were anesthetized with halothane and killed.
The midbrain was sliced (250 wm) in the horizontal plane using a
vibratome. Slices (up to 3) containing the VTA were stored before being
placed in the recording chamber and superfused (1.5 ml/min) with
warmed (35°C) Krebs/bicarbonate buffer containing the following (in
mM): NaCl 126, KCI 2.5, NaH,PO, 1.2, MgCl, 1.2, CaCl, 2.4, glucose 11,
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NaHCO; 21.4, saturated with 95% O,/5% CO,. Cells were visualized
using an upright microscope with infrared illumination and recordings
were made with whole-cell electrodes containing the following (mm): KCI
128, NaCl 20, MgCl, 1, EGTA 1, CaCl, 0.3, Mg-ATP 2, GTP 0.25,
buffered with HEPES 10, pH 7.3. Electrode resistance was 2—4 M), and
acceptable access resistance was <15 M(), which was monitored period-
ically with repetitive 10 mV steps (20 msec duration) from a holding
potential of —60 mV. Series resistance compensation of ~80% was used
during the entire experiment. Identification of dopamine cells was made
based on the physiological properties, including a large I,-current (pre-
viously described by Johnson and North, 1992b). A monopolar glass
stimulating electrode was placed near (30-100 wm) the cell body. Neu-
rons were voltage-clamped at a membrane potential of —60 mV. Spon-
taneous IPSCs were recorded in the presence of TTX (300 nm) using
PClamp (60 sweeps for each condition, 1 sec/sweep), and miniature IPSC
(mIPSC) amplitude was measured for each individual IPSC using Axo-
graph 3.0. To determine accurately the IPSC amplitude, only IPSCs that
were >8 pA were accepted for analysis. Results were plotted as cumu-
lative amplitude and frequency histograms, and the effects of drugs were
tested using the Komolgrov-Smirnov statistical method (Cohen et al.,
1992); p < 0.05 was taken as indicating statistical significance.

Drugs were applied in known concentrations to the superfusion me-
dium. In experiments examining the GABA, synaptic potential, the
superfusion medium contained 2-amino-5-phosphonopentanoic acid
(AP5; 100 uM), 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline (CNQX; 10
uM), strychnine (1 pm), and eticlopride (100 nM) to block NMDA,
AMPA, glycine, and dopamine D,-mediated synaptic currents, respec-
tively. There was no effect of this solution on the holding current of the
dopamine cells used in the present study. The same observation has been
reported using this mixture of antagonists in guinea pig (Bonci and
Williams, 1996) and rat VTA (Johnson and North, 1992b; Johnson et al.,
1992). AP5 and picrotoxin were obtained from Sigma (St. Louis, MO).
CNQX and eticlopride were obtained from Research Biochemicals
(Natick, MA). Morphine (75 mg morphine/pellet obtained from National
Institute on Drug Abuse) or placebo pellets (5 total) were implanted
subcutaneously in anesthetized guinea pigs, one on day 1 and two on days
3 and 5. Experiments were carried out on days 6 and 7.

Results in the text and figures were presented as the mean = SEM.
Results between groups were compared using an unpaired ¢ test; p < 0.05
was taken as indicating statistical significance.

RESULTS

Whole-cell recordings were made from dopamine cells in guinea
pig brain slices that were identified as cells with a prominent
hyperpolarization-induced inward current (,)) when the holding
potential was stepped from —60 mV to more negative potentials
(Johnson and North, 1992b). Electrically evoked GABA , IPSCs
were inward at a membrane potential of —60 mV and were
completely blocked by picrotoxin (100 uM). In all experiments,
other synaptic currents were blocked with receptor antagonists
(see Materials and Methods). Slices from both placebo- and
morphine-treated animals were prepared and maintained in
morphine-free solution. The opioid agonist normorphine de-
pressed the amplitude of these GABA ,-mediated IPSCs (Fig.
14). In control, the ECs, of normorphine was 180 = 83 nm and
the peak inhibition was 83 = 8% (n = 4). After chronic morphine
treatment, the normorphine-induced inhibition of IPSCs had an
EC;, of 380 = 60 nM and the peak inhibition was 70 *= 3% (n =
4). These initial experiments demonstrate that this commonly
used treatment protocol was sufficient to cause some tolerance to
opioids in the VTA.

Morphine withdrawal augments GABA release

All experiments were carried out in morphine-free solutions at
least 1 hr and as long as 8 hr after preparation of the brain slice.
Characterization of GABA release after withdrawal from chronic
morphine treatment was studied using two methods. The first
method used a paired-pulse protocol, in which two stimuli were
applied at an interval of 50 msec. In slices from the placebo-
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treated group, the second pulse evoked an IPSC that was gener-
ally larger than the first pulse (Fig. 1B). That is, facilitation of
transmitter release was observed in 78% of cells in control (s2/
sl = 1.18 = 0.07, n = 41). In morphine-withdrawn slices, the
second stimulus evoked a smaller IPSC in 80% of cells tested
(s2/s1 = 0.60 £ 0.14, n = 41). Thus, during morphine withdrawal
the paired-pulse protocol resulted in depression. The numbers of
cells showing facilitation and depression using the paired-pulse
protocol are illustrated in Figure 1C and indicate that depression
was observed most often during morphine withdrawal. Facilitation
or depression was not dependent on the size of the initial IPSC
(Fig. 1B) and was not affected by changing the stimulus intensity
(Fig. 1D). Manipulations that increase transmitter release in
many sites have been found to result in a shift in the paired-pulse
ratio toward depression (Mennerick and Zorumski, 1995; Salin et
al., 1996). The present results suggest that the probability of
GABA release was augmented during morphine withdrawal.
Paired-pulse depression during morphine withdrawal was rela-
tively persistent, because it was observed in slices as early as 1 hr
and up to 8 hr after the slice was placed in morphine-free solution.

One possible explanation for the depression found during mor-
phine withdrawal was that the GABA, receptors may be more
likely to desensitize. Direct application of GABA using ionto-
phoresis was used as a postsynaptic control to test this possibility.
GABA (50-150 nA) was applied at a distance of 3-10 um from
the dopamine cell body. Two pulses of GABA (10-20 msec) were
applied 100 msec apart. The amplitude of the inward current
among different cells ranged from 27 pA to 4 nA, and the duration
ranged from 50 to 100 msec. There was no consistent difference
between the amplitude of the first and second pulses in slices from
morphine-treated animals (n = 5, data not shown).

The frequency and amplitude of spontaneous mIPSCs (in 500
nM TTX) comprised the second method used to identify altered
regulation of GABA release during morphine withdrawal. The
rate of spontaneous mIPSCs was significantly greater in
morphine-withdrawn slices [control, 24 = 13 Hz (n = 8);
morphine-withdrawn, 9.3 = 2.8 Hz (n = 7, p < 0.05)]. There was
no significant difference in the amplitude distribution of sponta-
neous mIPSCs in the two groups. The mean amplitude of spon-
taneous mIPSCs was 36.4 = 2.8 pA in control and 35.6 = 4.1 in
morphine-withdrawn slices. Therefore, both the paired-pulse pro-
tocol and the increase in frequency of spontaneous events sug-
gested that the probability of GABA release in the VTA was
increased during withdrawal from morphine.

It was possible that the difference in GABA release between the
two groups of animals resulted indirectly from activation of pre-
synaptic receptors in response to a second transmitter. Potential
candidates include GABA itself, adenosine, and 5-HT, all of
which are present and have been shown to cause potent presyn-
aptic inhibition of GABA release (Johnson et al., 1992; Wu et al.,
1995). The amplitude of the IPSC (S1) was measured in the
presence of both the GABAj receptor antagonist CGP35348 (100
uM) and the Al antagonist DPCPX (1 um). In DPCPX, the
amplitude of the IPSC was increased in both groups of animals to
the same extent [11 = 7.8% in control (n = 7) and 12.3 £ 7.3 in
morphine-withdrawn slices (n = 7)]. The IPSC was not affected by
CGP35348 (control, n = 3; morphine-withdrawn, n = 4). Al-
though 5-HT caused a potent presynaptic inhibition of the
GABAg IPSP, it had no effect on the GABA, IPSP in rat
(Johnson et al., 1992). There was no effect of the nonselective
5-HT, agonist 5-CT (1 um) on the GABA, IPSC in slices from
control and morphine-treated guinea pigs (n = 5 for each group).
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IPSCs from morphine-treated animals show paired-pulse depression, unlike those from controls, which show paired-pulse facilitation. A4,

Recording of GABA ,-mediated IPSCs from a control slice using the paired-pulse protocol (left trace). Normorphine (1 um) depressed the IPSC (middle
trace), and that inhibition was reversed by the addition of naloxone to the normorphine-containing solution (right trace). B, Examples from three different
cells in slices from both placebo- and morphine-treated animals. C, Cumulative results showing the distribution of paired-pulse ratio for many cells in slices
from placebo (n = 41)- and morphine (n = 41)-withdrawn slices. D, The paired-pulse ratio is independent of the stimulus strength. These results are the

average from four cells in each group of animals.

Because the amplitude of the IPSC was not selectively affected by
any of these manipulations in cells from morphine-withdrawn
slices, the results suggest that the increase in GABA, IPSC
observed in morphine-treated animals did not result from altered
sensitivity to endogenous adenosine, GABA, or 5-HT.

cAMP-dependent modulation of GABA release

It has been known for many years that chronic morphine treat-
ment augments adenylyl cyclase activity in cell lines and various
parts of the CNS (Johnson and Flemming, 1989). In addition,
forskolin stimulation of adenylyl cyclase has been shown to in-

crease release of both GABA and glutamate in a variety of
preparations including the VTA (Cameron and Williams, 1993;
Rosenmund et al., 1994; Bonci and Williams, 1996; Salin et al.,
1996). Forskolin produced a concentration-dependent increase in
the amplitude of the GABA 4 IPSC in both control and morphine-
withdrawn slices (Fig. 2). The forskolin-induced increase in
morphine-withdrawn slices was significantly larger and longer
lasting than that in controls (Fig. 2B,C). The sensitivity to fors-
kolin was not changed, but the maximum effect was increased
(ECsp 1.8 uM in control, 1.5 pum in withdrawn slices, maximum
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Figure 2. Forskolin augments the IPSC. This augmentation is signifi-
cantly larger in morphine-withdrawn slices than in the placebo controls
(p < 0.05). A, Examples of experiments from placebo- and morphine-
treated animals. B, The amplitude of the first IPSC is plotted as a function
of time in cells from placebo (open circles)- and morphine (solid circles)-
withdrawn slices. Results are from four slices for each group. Forskolin (10
uM) increased the amplitude of the IPSC to a greater extent and for a
more prolonged period in morphine-withdrawn slices than in controls. C,
The concentration response to forskolin. The amplitude of the first IPSC
in the paired-pulse protocol is plotted as a function of the concentration
of forskolin. The amplitude was normalized against the mean of the first
10 IPSCs for each cell. Results were obtained from four cells from four
different animals in each group. The data were fit with a least-squares
regression from a logistic equation and gave estimates of the ECs, and
maximum effect of forskolin of 1.8 um and 66% increase in control and 1.5
uM and 125% increase in morphine-withdrawn slices.

augmentation 66% in control and 125% in withdrawn slices; Fig.
2C). The inactive analog of forskolin, dideoxyforskolin (10 um),
had no significant effect on the IPSC (percent change from con-
trol, 4.3 = 5.1% in placebo, 5.1 = 6.2 in morphine-withdrawn, n =
4 cells each).

The frequency of spontaneous mIPSCs was also significantly
increased by forskolin (10 uM) in morphine-withdrawn slices
(from 9.3 = 2.8 to 23.6 = 3.5 Hz, n = 7) animals as compared to
controls (2.4 = 1.3 to 3.2 = 1.2 Hz, n = §; Fig. 3). There was no
significant difference in the amplitude of the mIPSCs in the
absence and presence of forskolin in slices from either group of
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animals. In slices from control animals the mean amplitude was
36.4 = 2.8 pA in control and 37.9 = 4.3 pA in forskolin (10 um),
and in slices from morphine-withdrawn animals the mean ampli-
tude was 35.6 = 4.1 pA in control and 34.4 * 3.2 pA in forskolin.
An upregulation of adenylyl cyclase could account for the increase
in probability of GABA release as determined by the depression
of the paired-pulse ratio and the increase in spontaneous mIPSCs
in morphine-withdrawn slices.

Kinase-dependent modulation of GABA release

Superfusion with the cAMP analog Sp-cAMPS (100 uM, 15 min)
had little or no effect on the amplitude of the IPSC (9.2 * 3.7%,
n = 3; Fig. 4); however, the same protocol caused a significant
augmentation in the IPSC amplitude in withdrawn slices (46 =
11%, n = 3, p < 0.05; Fig. 4). This experiment suggested that the
forskolin-induced increase in GABA , IPSCs may involve cAMP-
dependent kinase.

The nonselective kinase inhibitor staurosporine (300 nm)
caused a decrease of 45 = 4.3% (n = 4) in the amplitude of the
IPSC in morphine-withdrawn slices. This inhibition was larger
than that found in slices from control animals (26 * 4.3% of
control, n = 4, p < 0.05; Fig. 5). The ratio of IPSC amplitudes
found using the paired-pulse protocol was not changed by stau-
rosporine in control (1.41 = 0.1 in control to 1.42 * 0.2 in
staurosporine, n = 4) but was increased in withdrawn slices
(0.58 = 0.07 in control, 1.66 = 0.2 in staurosporine). In addition,
the frequency but not the amplitude of spontaneous IPSCs was
also decreased by staurosporine, an effect that was significantly
greater in withdrawn slices (from 8.9 * 1.8 Hz in control to 2.7 =
0.8 Hz in staurosporine, » = 6) than in controls (from 2.1 = 0.3 Hz
in control to 2.0 £ 0.4 Hz in staurosporine, n = 6; Fig. 6). Finally,
the forskolin-induced increase in IPSCs was blocked by pretreat-
ment with staurosporine (Fig. 5).

To characterize further the kinase involved in the regulation of
GABA release, Rp-CPT-cAMPS, a relatively selective blocker of
cAMP-dependent kinase, was used. Superfusion with Rp-CPT-
cAMPS (100 um) significantly reduced the amplitude of the IPSC
(p < 0.05; Fig. 5), blocked the effect of forskolin (Fig. 5), and
caused a shift of the paired-pulse ratio toward facilitation in
morphine-withdrawn slices (s2/s1 from 0.6 = 0.2to 1.25 = 0.2,n =
3). The same protocol had no effect in slices from control animals
(s2/s1 from 1.41 * 0.03 to 1.42 = 0.1, n = 3). These observations
suggest that the activity of cAMP-dependent kinase was higher in
morphine-withdrawn slices from drug-treated animals than in
controls and that the increased activity was responsible for the
augmented GABA release.

The augmentation of IPSCs induced by phorbol dibutyrate
(PDBU; 300 nMm), a phorbol ester, was examined in slices from
control and morphine-treated animals as a test for the selectivity
of the cAMP-dependent augmentation of GABA release. Al-
though PDBU increased the amplitude of the IPSC in both groups
[control 38.5 * 4.3% (n = 4), morphine 44.8 = 6.7% (n = 3)], the
augmentation was the same in each. A small depression of the
paired-pulse ratio (s2/s1) was caused by PDBU in each group
[control from 1.39 £ 0.1t0 0.9 = 0.1 (n = 4), morphine-withdrawn
from 0.6 £ 0.18 to 0.55 = 0.04 (n = 3)]. Thus, it appeared that the
augmentation of transmitter release during morphine withdrawal
may be mediated selectively through a cAMP-dependent pathway.

Experiments aimed at further identification of sites in the
cAMP cascade that were affected by morphine withdrawal were
inconclusive. The adenylyl cyclase inhibitor SQ22356 (300 um to 1
mM) was tested in an attempt to determine whether the basal level
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Figure 3. Forskolin increased the frequency of
spontaneous mIPSCs to a greater extent in
morphine-withdrawn slices than in placebo con-
trols. A, Experiment from a cell in a slice from a
control animal. Top traces show the occurrence of
spontaneous IPSCs in control (left) and after su-
perfusion with forskolin (10 uM, right). The three
plots below the traces show an amplitude histo-
gram (left), a cumulative probability plot of the
amplitude (middle), and a cumulative probability
plot of the frequency of spontaneous IPSCs from
the same cell shown above. In this particular cell,
forskolin had little effect on the rate and ampli-
tude of the spontaneous IPSCs. B, Illustration of
the same experiment in a cell recorded in a slice
taken from a morphine-treated animal. The ini-
tial rate of activity was higher, and forskolin in-
duced a significant increase in the rate of spon-
taneous IPSCs (p < 0.05). All experiments were
carried out in the presence of TTX (500 nm),
CNQX (10 uMm), APV (100 um), strychnine (1
uM), and eticlopride (100 nm).
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of adenylyl cyclase activity was different in the two groups of Tautomycin caused a transient augmentation of the IPSC fol-
tissues. Although this compound caused an initial depression of lowed by total suppression, limiting interpretation of the results.
the IPSC, continued application resulted in a large increase in the

IPSC, such that the result was not interpretable. Initial experi- ~ DISCUSSION

ments with the nonselective phosphatase inhibitor tautomycin Morphine decreased the amplitude of the GABA ,-mediated
(100 nm) were carried out to determine the role of phosphatases. IPSC in the VTA. After chronic treatment with morphine, there
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Figure 5. The protein kinase inhibitors staurosporine
(4, 300 nm) and Rp-CPT-cAMPS (B, 100 um) de-
creased the IPSC in slices from both placebo- and

morphine-treated animals. The inhibition is greater in
morphine-withdrawn slices. In all plots, the IPSC am-
plitudes were normalized to the average determined
over the first 5 min of the experiment. Plots on the left
are from control animals (Placebo), and plots on the
right are from morphine-treated animals (Withdrawn).
A, A low concentration of forskolin (1 um) increased
the amplitude of the IPSC, and staurosporine de-

creased the amplitude of the IPSC and blocked the
forskolin-induced augmentation (n = 4). The plot la-
beled Withdrawn is the same experiment as shown at
the left in slices taken from four morphine-treated

animals. The inhibition induced by staurosporine is
significantly larger than in controls ( p < 0.05). B, The
cAMP analog Rp-CPT-cAMPS, a cAMP-dependent
kinase inhibitor, produced a greater inhibition of the
amplitude of IPSCs in slices from both withdrawn
slices than placebo controls (n = 4 for each group; p <
0.05). The same protocol was used as described for 4.
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Figure 6. The frequency of mIPSCs is decreased by
staurosporine (300 nMm). The decrease is greater in
morphine-withdrawn slices than in controls. 4, Experi-
ment from a cell in a slice from a control animal. Top
traces show the occurrence of spontaneous IPSCs in
control (left) and after superfusion with staurosporine
(300 nwm, right). The three plots below the traces show an
amplitude histogram (left), a camulative probability plot
of the amplitude (middle), and a cumulative probability
plot of the frequency of spontaneous IPSCs from the
same cell shown above. Staurosporine had little effect on
the rate and amplitude of the spontaneous IPSCs. B,
Illustration of the same experiment in a cell from a
morphine-withdrawn slice. The initial rate of activity
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was some tolerance to opioids; however, the ability of opioids to
inhibit release was maintained. The results of the present study
demonstrate that during the initial period after withdrawal from
prolonged morphine exposure an upregulation of the adenylyl
cyclase cascade resulted in an increase in the probability of GABA
release from terminals that mediate GABA, IPSCs. This may

J . . . . .
300 was higher, and staurosporine induced a significant de-

10
oney () crease in the rate of spontaneous IPSCs (p < 0.05).

result from an adaptive process at a point beyond the opioid
receptor because all experiments were carried out in the absence
of morphine. The persistence of the augmented release after
withdrawal of morphine for periods of up to 8 hr also suggests that
this adaptive mechanism was not dependent on opioid receptor
activation. It is important to determine how long the augmented
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release persists because the release of GABA acting at GABAg
receptors was depressed 1 week after termination of morphine
treatment (Bonci and Williams, 1996). Our working hypothesis is
that the GABA - and GABAg-mediated synaptic inhibition re-
sults from separate sets of terminals. The augmented GABA ,-
mediated inhibition described here may be a measure of acute
withdrawal from opioids that is relatively short-lived (1-3 d). The
depression of GABAg-mediated inhibition, however, is a long-
term effect of withdrawal from chronic drug treatment that is
either not present or occluded by the augmented GABA, tone
early in withdrawal. In fact, during acute withdrawal from mor-
phine there may be diffusion of GABA between terminals medi-
ating the two synaptic events, as has been reported under certain
conditions in the hippocampus (Isaacson et al., 1993).

Upregulation of adenylyl

cyclase/cAMP-dependent pathway

The present observations are consistent with reports of an in-
creased activity of adenylyl cyclase and cAMP-dependent protein
kinase during acute withdrawal from chronic morphine treatment
in cell lines and in several brain areas (Sharma et al., 1975; Nestler
and Tallman, 1988) (for review, see Johnson and Flemming, 1989;
Nestler et al., 1993). Although biochemical experiments specifi-
cally in the VTA have not demonstrated a rise in cyclase activity
after chronic morphine treatment, the heterogeneity of cell types
in the VTA limits the interpretation of negative data (Terwilliger
et al., 1991). The present study focused on a synapse known to be
opioid-sensitive such that a localized upregulation of the cAMP
system in a small portion of neurons and/or terminals could be
detected.

There were two primary observations that indicate an upregu-
lation of the cAMP-dependent pathway after chronic morphine
treatment. The first was that forskolin caused a significantly larger
increase in GABA, IPSCs in slices from morphine-treated ani-
mals than controls. This effect was mediated by adenylyl cyclase
because dideoxyforskolin, an inactive analog that does not acti-
vate adenylyl cyclase, did not have any effect. The concentration
response to forskolin resulted in an increase in the maximum
response rather than a change in the ECs, The augmented
maximum effect of forskolin could result from a number of mech-
anisms, including an increase in the V,,,, of adenylyl cyclase, a
decline in cAMP-dependent phosphodiesterase activity, or an
upregulation of downstream cAMP-dependent processes. There
is evidence in the literature that all three mechanisms can occur in
response to chronic morphine treatment (Yu et al., 1990; Self and
Nestler, 1995). The increased sensitivity to cAMP during with-
drawal seems selective as suggested by the experiments with the
protein kinase C activator PDBU. Although PDBU increased the
amplitude of GABA, IPSCs, the increase was not different in
slices from control and morphine-treated animals.

The second observation was that agents that interact directly
with cAMP-dependent kinase had quantitatively different effects
in morphine-withdrawn slices. The stable cAMP analog Sp-
cAMPS caused only a small increase in the IPSC in control (9%)
but had a significantly greater effect in slices from morphine-
treated animals (46%). This experiment suggests that cAMP-
dependent kinase activity was increased during acute withdrawal.
In addition, the results with the kinase inhibitors Rp-CPT-cAMPS
and staurosporine suggested that the basal kinase activity was
elevated in slices from morphine-treated animals. Such an up-
regulation of basal and stimulated kinase activity after chronic
morphine treatment has been reported in cell lines and various
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brain areas (Duman et al., 1988; Nestler and Tallman, 1988;
Nestler et al., 1993).

Morphine withdrawal

There are numerous examples of an increased firing rate after
withdrawal of opioids in experiments done in vivo (Fry et al., 1980;
Johnson and Duggan, 1981). The identification of cellular mech-
anisms of morphine withdrawal has proven difficult in brain slices
(Christie et al., 1987, Wimpey et al., 1989) and in cell lines
(Kennedy and Henderson, 1991, 1992). That is, withdrawal from
morphine has not been observed to cause a rebound effect on
either potassium or calcium conductances. Recently, a subpopu-
lation of neurons in the periaqueductal gray (PAG) from
morphine-dependent animals has been observed to be strongly
depolarized by the addition of naloxone to the superfusion solu-
tion (Chieng and Christie, 1996). This depolarization appeared to
be a direct because it was not affected by a combination of
neurotransmitter receptor antagonists or tetrodotoxin. Although
acute activation of opioid receptors on neurons in the PAG has
been shown to increase potassium conductance (Chieng and
Christie, 1994), the depolarization induced by naloxone in tissue
from morphine-dependent animals resulted from a decrease in
potassium conductance (which may be a reversal of the effect of
morphine contained in the superfusion solution) and another
unidentified mechanism.

Reports on the excitability of neurons in the LC during mor-
phine withdrawal were dependent on the conditions of the exper-
iment. In in vivo experiments, systemic injection of naloxone
caused a marked increase in firing rate in morphine-treated ani-
mals (10-fold) that was largely blocked by glutamate receptor
antagonists (Tung et al., 1990; Akaoka and Aston-Jones, 1991). In
brain slices, the firing rate of LC neurons from morphine-treated
animals has been reported to be unchanged (Andrade et al., 1983)
or increased twofold over controls (Kogan et al., 1992). An in-
creased sensitivity of LC cells to cAMP analogs after chronic
morphine treatment was suggested to account for the increased
firing rate (Kogan et al., 1992); however, experiments were not
done after blockade of glutamate or other neurotransmitter re-
ceptors. The combination of results obtained with in vivo experi-
ments and the increased probability of transmitter release from
opioid-sensitive terminals observed in the present study suggest
that an excitatory synaptic mechanism may be important during
morphine withdrawal.

Significance

Whereas the firing rate of dopamine cells in the VTA was in-
creased acutely by morphine in vivo (Gysling and Wang, 1983),
during withdrawal from morphine, activity was profoundly de-
creased (Diana et al., 1995). In addition, many of the signs and
symptoms of morphine withdrawal were attenuated by activation
of D, dopamine receptors in the nucleus accumbens, suggesting
that dopamine tone was decreased during withdrawal (Harris and
Aston-Jones, 1994). We suggest that the withdrawal inhibition of
dopamine cell firing and decreased dopamine tone in the nucleus
accumbens results from augmented GABA tone. Results with
mIPSCs suggest that the expression of this form of withdrawal
occurred at the terminals of GABA interneurons. The physiolog-
ical consequences resulting from the link between the acute ef-
fects of opioids and cAMP mechanisms has been difficult to
demonstrate; however, the interaction among transmitter release,
cAMP mechanisms, and chronic opioid treatment may prove to be
a general observation. Given the number of opioid-sensitive ter-
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minals, both excitatory and inhibitory, the augmented transmitter
release after chronic morphine treatment has the potential for
widespread consequences.
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