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Presynaptic Inhibition of GABAg-Mediated Synaptic Potentials in
the Ventral Tegmental Area during Morphine Withdrawal

Yoshihisa Shoji, Jill Delfs, and John T. Williams

The Vollum Institute, Oregon Health Sciences University, Portland, Oregon 97201

Opioids increase the firing of dopamine cells in the ventral
tegmental area by presynaptic inhibition of GABA release. This
report describes an acute presynaptic inhibition of GABAg-
mediated IPSPs by u- and k-opioid receptors and the effects of
withdrawal from chronic morphine treatment on the release of
GABA at this synapse. In slices taken from morphine-treated
guinea pigs after washing out the morphine (withdrawn slices),
a low concentration of a u receptor agonist increased, rather
than decreased, the amplitude of the GABAg IPSP. In with-
drawn slices, after blocking A1-adenosine receptors with
8-cyclopentyl-1,3-dipropylxantine, u-opioid receptor activation
inhibited the IPSP at all concentrations and increased the max-
imal inhibition. In addition, during withdrawal, there was a tonic
increase in adenosine tone that was further increased by fors-
kolin or D1-dopamine receptor activation, suggesting that me-

tabolism of cAMP was the source of adenosine. The results
indicate that during acute morphine withdrawal, there was an
upregulation of the basal level of an opioid-sensitive adenylyl
cyclase. Inhibition of this basal activity by opioids had two
effects. First, a decrease in the formation of cAMP that de-
creased adenosine tone. This effect predominated at low pn
receptor occupancy and increased the amplitude of the IPSP.
Higher agonist concentrations inhibited transmitter release by
both kinase-dependent and -independent pathways. This study
indicates that the consequences of the morphine-induced up-
regulation of the cAMP cascade on synaptic transmission are
dependent on the makeup of receptors and second messenger
pathways present on any given terminal.
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The ventral tegmental area (VTA) is a heterogeneous population
of neurons that plays a role in endogenous reward and is affected
by many drugs of abuse (Bozarth and Wise, 1981; Wise, 1987).
Electrophysiological studies of substantia nigra pars compacta
and the ventral tegmental area in both rats and guinea pigs have
identified neurons that fall into two or three categories (Lacey et
al., 1989; Johnson and North, 1992b; Cameron et al., 1997). Two
groups of neurons are directly hyperpolarized by opioids. The
best characterized are presumed GABAergic interneurons (John-
son and North, 1992a). The second group of cells are distinct in
that they are hyperpolarized by opioids, 5-HT and dopamine
(Cameron et al., 1997). The third group are the dopamine cells.
The membrane potential of dopamine cells is not directly affected
by opioids, but presynaptic inhibition of GABA release onto these
cells increases the firing frequency through disinhibition (Gysling
and Wang, 1983; Johnson and North, 1992a). Although separate
terminals are thought to mediate GABA, and GABAy synaptic
potentials (Johnson et al., 1992; Cameron and Williams, 1993),
both are inhibited by opioids (Johnson and North, 1992a). The
first aim of this study was to characterize the acute presynaptic
effects of opioids on synaptic transmission mediated by GABAy
receptors.

Acutely, opioids are known to inhibit adenylyl cyclase activity,
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and one of the best characterized consequences of chronic mor-
phine treatment is the upregulation of the adenylyl cyclase cas-
cade despite the continued presence of agonist (Sharma et al,,
1975; Law et al., 1982; Avidor-Reiss et al., 1996, 1997; Johnson
and Fleming, 1989). After removal of morphine, adenylyl cyclase
activity increases above normal and is thought to be an important
cellular component of withdrawal. The cAMP cascade is known
to have potent effects on transmitter release at both excitatory and
inhibitory synapses in the CNS (Cameron and Williams, 1993;
Chavez-Noriega and Stevens, 1994; Salin et al., 1996; Bonci and
Williams, 1997; Chen and Regehr, 1997; Chavis et al., 1998§;
Chieng and Williams, 1998). During withdrawal from morphine,
a cAMP-dependent increase in GABA ,-mediated synaptic trans-
mission has been observed in several sites, including the VTA
(Bonci and Williams, 1997), periaqueductal gray (PAG) (Ingram
et al., 1998), nucleus accumbens (Chieng and Williams, 1998), and
dorsal raphe (Jolas et al., 1998). The release of GABA that
mediates GABAg IPSPs in the VTA is known to be regulated by
D1-dopamine receptors through activation of adenylyl cyclase
(Cameron and Williams, 1993; Bonci and Williams, 1996). This
study examines the interaction of adenylyl cyclase and opioids on
the regulation of this GABAyg IPSP during acute morphine
withdrawal.

MATERIALS AND METHODS

Intracellular recordings were made from dopamine neurons in horizontal
slices of guinea pig midbrain. Preparation of slices has been described
previously (Cameron and Williams, 1993). In brief, male guinea pigs
(300-400 gm) were anesthetized with halothane and killed. The mid-
brain was sliced (300 um) in the horizontal plane using a vibratome.
Slices containing the VTA were stored in morphine-free solution for at
least 1 hr before being placed in the recording chamber and superfused
(1.5 ml/min) with oxygenated artificial CSF (ACSF) at 34 * 0.5°C. The
ACSF was of the following composition (in mm): NaCl 126, KCI 2.5,



2348 J. Neurosci., March 15, 1999, 19(6):2347-2355

NaH,PO, 1.2, MgCI2 1.2, CaCl2 2.4, glucose 11, and NaHCO3 21.4,
saturated with 95% O, and 5% CO,, pH 7.4. Recordings were made with
KCl-filled (2 M) glass microelectrodes (40—60 MQ) using standard tech-
niques. Identification of dopamine cells was made based on the physio-
logical properties that have been characterized previously (Lacey et al.,
1989; Johnson and North, 1992b), including the presence of a regular
spontaneous firing activity, a relaxation in hyperpolarizing electrotonic
potentials mediated by the activation of I, and the GABAg IPSP. Bipolar
tungsten-stimulating electrodes were placed within the VTA. Neurons
were maintained at a membrane potential of —60 to —65 mV by injecting
hyperpolarizing current (10-20 pA), and synaptic potentials were evoked
with a train of stimuli (500 usec at 70 Hz, 10 stimuli, 60 sec interval)
ranging from 0.5-1.5 mA delivered using a constant current stimulation
unit. The stimulus intensity was adjusted such that the initial amplitude
of the IPSP recorded in all experiments was between 12 and 18 mV. By
adjusting the initial amplitude of the IPSP, all drug-induced effects,
presented as a percentage change from control, can be compared
directly.

All drugs were applied by superfusion. The GABAy synaptic potential
was pharmacologically isolated by using a superfusion medium contain-
ing 2-amino-5-phosphonopentanoic acid (AP-5; 100 um), 6-cyano-2,3,-
dihydroxy-7-nitro-quinoxaline  (CNQX; 10 um) or  6-nitro-7-
sulfamoybenzo-quinoxaline-2,3-dione  disodium (NBQX; 5 um),
picrotoxin (100 um), strychnine (1 M), and eticlopride (100 nm) to block
NMDA, AMPA, GABA,, glycine, and dopamine D2-mediated synaptic
potentials, respectively. There was no effect of this solution on the
membrane potential. Recently, a metabotropic glutamate receptor
(mGluR)-mediated IPSP was observed in dopamine cells that had an
overlapping time course with the GABAy IPSP (Fiorillo and Williams,
1998). That IPSP was blocked by mGluR antagonists [S-a-methyl-3-
carboxyphenylalanine (MCPG)], and the underlying potassium conduc-
tance was selectively blocked by apamin. Except where otherwise stated,
apamin (100 nm) or MCPG (1 mm) were contained in the superfusion
medium. GABAg IPSPs were blocked by the GABAj receptor antago-
nist CGP35348 (100 uMm).

Morphine base pellets were obtained from the National Institute on
Drug Abuse (Bethesda, MD); DAMGO, (5«,7a,8a)-(+)-N-methyl-N-[7-
(pyrrolidinyl)-1-oxaspiro  [4,5]dec-8-yl]-benzeneacetamide (U69593),
AP-5, picrotoxin, baclofen, strychnine, forskolin, 1,9-dideoxyforskolin,
and staurosporin were obtained from Sigma (St Louis, MO). CNQX,
eticlopride, 8-cyclopentyl-1,3-dipropylxantine (DPCPX), SKF82958,
SCH23390, [D-Pen]’[D-Pen]’enkephalin (DPDPE), and naloxone were
obtained from Research Biochemicals (Natick, MA). NBQX was ob-
tained from Tocris Cookson (St Louis, MO). CGP35348 was a gift from
Novartis. Results in the text and figures are presented as the mean *
SEM. The percent change is presented in all bar graphs [(IPSP ampli-
tude in the presence of drug)/(IPSP amplitude in control) * 100] — 100.
The average of five IPSPs was taken in control just before adding the
drug and again after the effects of the drug had reached steady state (5-20
min). The difference in response to each concentration of drug between
groups was compared using the Mann—Whitney U test. A p value <0.05
indicated statistical significance. To estimate the ECs, and maximal
response, concentration-response curves were fit with a least squares
regression using the logistic equation. The statistical analysis of the
interaction between u and k receptor agonists was performed with an
ANOVA with a Fisher’s post hoc test. y

Male guinea pigs (200-250 gm) were anesthetized with ketamine—
xylazine cocktail, and morphine pellets (75 mg morphine base each) were
implanted subcutaneously, one on day 1 and two on days 3 and 5.
Experiments were done 7-10 d after the start of treatment (2-5 d after
the last set of pellets). We and others have used this protocol to induce
tolerance and dependence in both rats and guinea pigs (Chieng and
Christie, 1995; Bonci and Williams, 1997). Slices were washed extensively
in morphine-free ACSF solution for at least 1 hr before any experiments.

RESULTS

p- and k-subtype opioid receptors inhibit

GABAg IPSPs

Intracellular recordings were made from dopamine cells, and the
effects of opioids were examined on GABAy IPSPs. IPSPs were
isolated pharmacologically (see Materials and Methods). Initial
experiments were performed without separating the mGluR and
GABA IPSPs, and the mixed IPSPs were termed “slow IPSP”.
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Figure 1. Both p- and k-opioid receptors decrease the slow IPSP and the
GABAj IPSP. Concentration—response curves for DAMGO (A4) and
U69593 (B) measuring both the slow IPSP and the GABAg IPSP. The
insets in A and B are examples of slow I PSPs. There are two superimposed
traces in each showing the inhibition of DAMGO (10 um) in 4 and
U69593 (10 um) in B.

Superfusion with the u-opioid agonist DAMGO (10 um) or the
k-opioid agonist U69593 (10 um) depressed the amplitude of the
slow IPSP (Fig. 1). The 9-opioid agonist DPDPE (1-10 um) had
no effect on the slow IPSP (data not shown). The ECs, for
DAMGO on the slow IPSP was 365 = 127 nm with a maximum
inhibition of 46 * 5% (n = 8; Fig. 1A4). The k agonist U69593 was
more potent, having an ECs, of 42 £ 1 nM and a maximum
inhibition of 56 = 6% (n = 6; Fig. 1B). In experiments in which
the GABAg IPSP was isolated by adding apamin (100 nm) to the
superfusion solution, the dose-response curves to DAMGO and
U69593 were similar to experiments examining the slow IPSP
(Fig. 1). None of the opioid agonists or antagonists had an effect
on the membrane potential.

p- and k-mediated inhibition are additive

Superfusion with a mixture of DAMGO and U69593 caused a
greater inhibition (80-90%) than either agonist when applied
alone (40-60%; p < 0.001; ANOVA, F = 24, df = 4; Fig. 2). Both
agonists were applied at a concentration that maximally de-
pressed the amplitude of the slow IPSP and/or the GABA; IPSP
(DAMGO, 10 uMm; U69593, 10 um). The k-opioid antagonist
nor-binaltorphimine dihydrochloride (nor-BNI; 100 nm) de-
creased the inhibition of the slow IPSP by DAMGO and U69593
to 42 = 12%, similar to the inhibition caused by DAMGO alone
(37 = 5%). The p-opioid antagonist CTAP (1 um) did not
significantly reduce the inhibition by the combination of
DAMGO and U69593 (from 75 = 4 to 62 * 6%; p = 0.07). This
may result from the necessity to use a concentration of CTAP
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Figure 2. The inhibition caused by DAMGO alone (10 um), U69593
alone (10 um), or a mixture of each (DAMGO+U6Y9) indicate that the
inhibition caused by the combination of the two agonists is greater than
the maximal inhibition caused by either one alone. This additivity was
observed for both the slow IPSP and the isolated GABAg IPSP. 4
illustrates three superimposed slow IPSPs showing the additive inhibition.
B, Summarized data measuring the slow IPSP. I indicates an experiment
in which DAMGO was applied first, and U69593 was added to the
DAMGO solution. 2 is the reverse experiment in which U69593 was
applied first, and DAMGO was added to that solution. 3 summarizes
experiments in which CTAP (1 uM) was added to the DAMGO and
U69593 solution to block w receptors, and 4 summarizes the same exper-
iment in which nor-BNI (100 nm) was used to block k receptors. The
inhibition caused by DAMGO plus U69593 plus CTAP was the same as
that induced by U96593 alone (D+U+CTAP). On the other hand, the
inhibition caused by DAMGO plus U69593 plus nor-BNI was similar to
that caused by DAMGO alone (D+U+nBNI). C shows that the same
additive effects of DAMGO and U69593 occur when measuring the
isolated GABAg IPSP. The asterisks above the bars indicate statistical
significance (p < 0.01).

that was selective for u receptors in the presence of a saturating
concentration of DAMGO. The fact that the inhibition of the
slow IPSP by DAMGO was smaller than the inhibition by U69593
(Fig. 2) also limited the interpretation of this experiment. Taken
together, however, the results indicate that both u- and k-subtype
receptors cause inhibition of GABA release. Because the inhibi-
tion caused by maximally effective concentrations of these ago-
nists add, it appears that these agonists may not share a common
effector. This could be taken to indicate that there are two groups
of GABA-releasing terminals or that w and « receptors act by
separate cellular mechanisms.

Two effects of opioids during morphine withdrawal
The effect of acute withdrawal on the regulation of GABAg
IPSPs was examined initially by comparing the inhibition caused
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Figure 3. DAMGO had two effects on the GABAg IPSP in withdrawn
slices; an increase in GABA release at low concentration and a decrease
in GABA release at higher concentrations. The fraces at the top are
examples of IPSPs in cells from a control (left) and withdrawn (right)
slices. Three traces are superimposed in each of the two examples: the
IPSP in control, after superfusion with 10 nm DAMGO, and after 10 um
DAMGO. The inhibition caused by DAMGO (10 uM) is ~50% in each
example, whereas DAMGO (10 nM) caused an increase in the IPSP in the
withdrawn slice. Below are DAMGO concentration—response curves
from control and withdrawn slices. The only point where there is a
significant difference is at DAMGO 10 nMm.

by DAMGO in control and withdrawn slices. The concentration—
response curves to DAMGO were the same in control and
morphine-withdrawn slices except at a single concentration (10
nm, Fig. 3). DAMGO (10 nm) had no effect on the GABA IPSP
in control slices but increased the IPSP in morphine-withdrawn
slices (control, —1 * 2%, n = 9; morphine-withdrawn, 9 = 2%,
n = 8; Mann—Whitney U test, p = 0.05). It was not possible to fit
the DAMGO concentration-response curve with a logistic equa-
tion in withdrawn slices because of the increase in the IPSP at 10
nM DAMGQO. It was therefore not possible to make a reasonable
estimate of the ECs,

The inhibition of the slow IPSP by the k agonist U69593 was
not different from the control at any concentration (Fig. 1, control;
ECsy, 37 = 4 nM; maximum inhibition, 57 = 1%, n = 6; with-
drawn ECs,, 45 = 7 nM; maximum inhibition, 45 * 4%, n = 5;
data not shown). In addition, the inhibition of the slow IPSP by
the 5-HT-1 agonist, 5-carboxamidotryptamine was also not dif-
ferent in control and withdrawn slices. The ECs, was 2.5 = 0.9 nm
in control and 3.3 + 1.0 nM in withdrawn slices, and the maximum
inhibition was 66 = 4% and 66 * 5% in the two groups. The
selective increase in the IPSP caused by DAMGO (10 nm) may be
taken to indicate that u and k agonists act through separate
second messenger pathways (see Fig. 7).

The upregulation of adenylyl cyclase may mediate the
. receptor-induced increase in IPSP

One potential mechanism that could account for the DAMGO-
induced increase in GABA IPSP observed in withdrawn slices is
through an opioid-sensitive decrease in adenosine tone. This
mechanism requires that during withdrawal, the upregulation
of adenylyl cyclase results in an increase in extracellular adeno-
sine. An increase in extracellular adenosine after activation of
adenylyl cyclase with forskolin has been observed in several sites
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Figure 4. Adenosine tone was increased in withdrawn slices. A shows
examples of IPSPs in cells from control (left) and withdrawn (right) slices.
Two traces are superimposed in each of the examples: the IPSP before
(control) and after treatment of the slice with DPCPX. The IPSP in the
withdrawn slice was increased by DPCPX. In B the increase in the IPSP
in control and withdrawn slices is summarized. C shows that the inhibition
caused by a maximally effective concentration of the Al adenosine ago-
nist N6-CPA (1 uM) has the same effect in control and withdrawn slices.

(Brundege et al., 1997; Chieng and Williams, 1998), including the
VTA (Bonci and Williams, 1996). The increased adenosine tone
was dependent on the transport and metabolism of cAMP in the
extracellular space, as has been described previously (Barber and
Butcher, 1981; Rosenberg and Ditchter, 1989; Henderson and
Strauss, 1991; Rosenberg et al., 1994). A selective inhibition of
adenylyl cyclase by a low concentration of DAMGO would de-
crease the production of cAMP, reduce the extracellular level of
adenosine, and remove inhibition of GABA release mediated by
adenosine. The following experiments were aimed at testing this
hypothesis. All experiments were performed on the GABAg
IPSP isolated with apamin (100 nm).

Adenosine tone is augmented during withdrawal

Adenosine tone was determined by measuring the increase in the
amplitude of the GABAy IPSP caused by the adenosine Al
antagonist DPCPX (1 um). The amplitude of the IPSP was
increased by DPCPX in control and withdrawn slices, however
the increase was significantly larger in withdrawn slices (Fig. 44,
control, 5 * 1%, n = 7; morphine-withdrawn, 16 * 2%, n = §;
Mann-Whitney U test, p < 0.002). An increase in the sensitivity
of adenosine receptors was not responsible for the augmented
response to DPCPX in drug-treated animals because the inhibi-
tion of the GABAg IPSP caused by an exogenously applied Al
agonist, N6-cyclopentyladenosine (N6-CPA), was not changed
(Fig. 4B; control, 67 * 6%, n = 9; morphine-withdrawn, 65 =
4%, n = 7; Mann—-Whitney U test, p > 0.05). There was no effect
of either DPCPX or N6-CPA on the membrane potential (data
not shown). Thus, as was found during acute withdrawal in the
nucleus accumbens (Chieng and Williams, 1998) and after long-
term withdrawal in the VTA (Bonci and Williams, 1996), aden-
osine tone was elevated.
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Figure 5. Forskolin had two effects: an increase in GABA release and an
increase in adenosine tone. In withdrawn slices, the increase in adenosine
tone overrides the increase in GABA release so that the amplitude of the
IPSP is decreased. 4 shows examples of IPSPs from four different cells. In
each example, two superimposed IPSPs are illustrated, the control and in
the IPSP in the presence of forskolin (10 um). The top traces are taken
from a control (left) and a withdrawn (right) slice. The bottom traces are
also taken from control (left) and withdrawn (right) slices, however in
these experiments the slice had been treated with DPCPX (1 um).
Forskolin caused an inhibition of the GABAg IPSP in the withdrawn
slice, and this inhibition was blocked by DPCPX. B is a bar graph of
summarized results. Dideoxyforskolin had no effect. The inhibition
of the IPSP by forskolin (forskolin) was blocked by DPCPX
(DPCPX+forskolin), and the increase caused by forskolin was largely
reduced by treatment with the kinase inhibitor staurosporin (1 uMm;
DPCPX+forskolin+staurosporin). C shows the time course of action of
forskolin and DPCPX in control (solid circles) and withdrawn (open
circles) slices.

Activation of adenylyl cyclase and adenosine tone

Direct activation of adenylyl cyclase with forskolin (10 um) aug-
mented the GABAg IPSP in control slices (Fig. 5; control, 26 *
3%, n = 8) but had no effect on the amplitude of the IPSP in
morphine-withdrawn slices (morphine-withdrawn, —4 = 3%, n =
6). The inactive forskolin analog dideoxyforskolin (10 um) did
not affect the GABAg IPSP (0.1 = 2%; n = 4). The interaction
between the activation of adenylyl cyclase and adenosine recep-
tors was investigated by determining adenosine tone through the
increase in the IPSP caused by blockade of adenosine receptors
with DPCPX (1 um). In the presence of DPCPX, forskolin (10
uM) augmented the GABAg IPSP in both groups (Fig. 5B;
control, 37 = 5%, n = 7; morphine-withdrawn, 41 * 4%, n = 7).
These observations are consistent with those made after long-
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term withdrawal from morphine or cocaine in the VTA and
suggest that during acute morphine withdrawal, activation of
adenylyl cyclase indirectly increases extracellular adenosine to
the extent that the IPSP amplitude is decreased through activa-
tion of Al receptors (Bonci and Williams, 1996).

The increase in IPSP caused by the combination of DPCPX
and forskolin was significantly reduced by the nonselective pro-
tein kinase inhibitor staurosporin (10 um; Fig. 5B; control, 10 *
2%, n = 3; morphine-withdrawn, 15 = 5%, n = 3). Thus, the
augmentation of the IPSP by forskolin was mediated by an
increase in kinase activity.

One concern was that forskolin could have a postsynaptic
interaction with GABAy receptors because forskolin always
caused a small depolarization of the membrane potential (2-5
mV). The effect of forskolin on the hyperpolarization caused by
the GABAy agonist baclofen (1-3 uMm) was tested to determine
whether activation of adenylyl cyclase could have a postsynaptic
action. Forskolin (10 um) increased the hyperpolarization in-
duced by baclofen in cells from both control and withdrawn slices
(control, 31 * 8%, n = 6; morphine-withdrawn, 28 = 6%, n = 6,
data not shown). Dideoxyforskolin (10 um) had no effect (0.7 =
2%; n = 4). The result with forskolin could suggest a potential
postsynaptic interaction, however, this interaction is not affected
by morphine withdrawal.

D1-dopamine receptors, adenylyl cyclase, and

acute withdrawal

Activation of D1 dopamine receptors increases the GABA [PSP
through a cAMP-dependent pathway (Cameron and Williams,
1993). The role of receptor-mediated activation of adenylyl cy-
clase during withdrawal was examined. The dopamine D1 agonist
SKF82958 (1 um) produced an increase in the GABAg IPSP that
was completely blocked by the D1 receptor antagonist SCH23390
(1 pm; Fig. 6A4). The augmentation of the GABAy, IPSP by
SKF82958 was significantly less in morphine-withdrawn slices
than controls (Fig. 6B; control, 26 = 4%, n = 8; morphine-
withdrawn, 4 = 4%, n = 7, Mann—Whitney U test, p < 0.01). In
the presence of DPCPX, SKF82958 (1 um) augmented the
GABAg IPSP to the same extent in both control and withdrawn
slices (Fig. 6C; control, 30 * 4%, n = 7; morphine-withdrawn,
29 * 3%, n = 6). Thus, after blocking Al adenosine receptors,
the increase in transmitter release resulting from D1 receptor
stimulation was not different in control and withdrawn slices.

In the presence of DPCPX, a larger inhibition of the IPSP was
induced by the D1 antagonist SCH23390 in withdrawn slices (Fig.
6C; Mann—Whitney U test, p < 0.05). This observation was taken
to indicate that the basal level of D1-dependent adenylyl cyclase
was greater in morphine-withdrawn slices than in controls and
could result from two possible mechanisms. Either dopamine
tone was increased or there was an increased coupling efficiency
between the D1 receptor and the upregulated adenylyl cyclase. In
either case, the inhibition of D1 receptor-dependent adenylyl
cyclase by SCH23390 had two effects resulting from a decrease in
cAMP synthesis: a decrease extracellular adenosine and a decline
in cAMP-dependent kinase activity. The decrease in the level of
extracellular adenosine increased the IPSP, whereas inhibition of
cAMP-dependent kinase decreased the IPSP. Thus, the decrease
in IPSP caused by blockade of D1 receptors in the presence of
DPCPX was an indication that the basal activity of the D1
receptor—-cAM P pathway was greater in the morphine-withdrawn
slices.
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DPCPX (1 um). The bar graph at the bottom shows summarized data
indicating that the increase in the GABAg IPSP by SKF82958 in control
slices was not changed by DPCPX, whereas in withdrawn slices it was
significantly increased. Similar results were obtained with the D1 antag-
onist SCH23390 (1 um). In this case, SCH23390 had no effect on the IPSP
in control but significantly increased the IPSP in withdrawn slices treated
with DPCPX.

Increased opioid inhibition

To determine whether the increase in adenosine tone during
morphine withdrawal affected the sensitivity to opioids, the inhi-
bition by opioids was examined in the absence and presence of
DPCPX (1 uM). In control slices, DPCPX did not change the
dose-response curve to DAMGO (Fig. 74; ECs,, 253 = 28 nMm;
maximum inhibition, 51 * 3%; n = 7). In morphine-withdrawn
slices, however, DPCPX altered the dose-response curve in sev-
eral ways. First, the concentration of DAMGO that increased the
IPSP (10 nm) caused an inhibition of the IPSP. Second, the
maximal inhibition caused by DAMGO was significantly in-
creased from 49 = 6% (n = 7) in control to 64 * 5% (n = 7) in
withdrawn slices (Mann-Whitney U test, p < 0.05). Finally,
although the ECy, for DAMGO could not be determined accu-
rately in withdrawn slices because of the biphasic effects of
DAMGO, it was not remarkably different from in control slices
(Fig. 3). In DPCPX however, the EC5, for DAMGO was 93 * 4
nM, less than half that estimated from the control slices. The
increased inhibition caused by DAMGO was completely antago-
nized by naloxone (1 um, n = 7). Thus, during withdrawal, the
efficacy and potency of DAMGO were increased.
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Figure 7. Blockade of Al adenosine receptors with DPCPX increased
the sensitivity and maximal inhibition caused by DAMGO and U69593 in
withdrawn slices. 4, The concentration—response curve to DAMGO in
control slices in the absence (dashed line; data from Fig. 1) and in the
presence (solid circles) of DPCPX. B shows the change in the DAMGO
concentration-response curve caused by DPCPX in withdrawn slices.
The DAMGO inhibition was greater and occurred at lower concentra-
tions in the presence of DPCPX (1 uM; open circles). The dashed line is
before treatment with DPCPX (data taken from Fig. 1). Part C is a bar
graph showing the effect of DPCPX on the inhibition mediated by U69593
(1 uMm). In withdrawn slices, the inhibition was significantly larger in the
presence of DPCPX.

Similar experiments were performed with a maximally effec-
tive concentration of the k-selective agonist U69593. In the ab-
sence of DPCPX (1 um), a maximal concentration of U69593 (10
uM) caused an inhibition of 67 = 7% (n = 6) in control, the same
as found in morphine-withdrawn slices (71 * 6%, n = 6). In the
presence of DPCPX, however, the maximum inhibition induced
by U69593 was significantly greater in morphine-withdrawn slices
(Fig. 7; control, 71 = 5%, n = 7; morphine-withdrawn, 89 * 3%,
n = 9; Mann-Whitney U test, p < 0.01). Thus, rather than finding
tolerance to opioids, treatment of withdrawn slices with DPCPX
revealed an increase in the presynaptic inhibition caused by
opioids.

Kinase dependence of opioid inhibition
The increased sensitivity to opioids in the presence of DPCPX
during morphine withdrawal could be an indication of an upregu-
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Figure 8. Forskolin increased the maximal inhibition caused by
DAMGO in both control and withdrawn slices. A, B, Concentration—
response curves to DAMGO are in the presence of both DPCPX and
forskolin. Dashed lines indicate the concentration curves from control and
withdrawn slices taken from Figure 2. In forskolin and DPCPX (unlike
DPCPX alone) the concentration-response curves were similar in control
and withdrawn slices. C indicates that the maximal DAMGO (10 um)
inhibition was increased in both tissues to the same extent by forskolin
and DPCPX. Staurosporin (1 uM) decreased the augmented inhibition to
a level similar to that found before treatment with forskolin and DPCPX.

lation of the cAMP-dependent cascade. An increased adenylyl
cyclase activity would be expected to have two actions, an in-
crease in adenosine tone and protein kinase A activity. To deter-
mine the role of kinase activity, the sensitivity to opioids was first
examined in the absence and presence of forskolin. For these
experiments, DPCPX (1 um) was included in the superfusion
solution to eliminate the effect of increased extracellular adeno-
sine after the activation of adenylyl cyclase. In the presence of
forskolin (10 um), neither the ECs, (142 = 11 nM in control and
192 = 65 nM in morphine-withdrawn) nor the maximal inhibition
(control, 78 = 1%, n = 6; morphine-withdrawn, 86 = 5%, n = 6)
for DAMGO were significantly different (Fig. 8). Only one point
on the concentration curve was statistically different between
control and withdrawn slices; DAMGO (10 nm) caused an inhi-
bition of 6 = 1% in control and 17 * 2% in withdrawn slices.
The DAMGO-induced inhibition in the presence of forskolin
and DPCPX was reduced by the nonselective protein kinase
inhibitor staurosporin (10 uM) in both control and morphine-



Shoji et al. « Opioid Inhibition of GABA IPSPs

withdrawn slices (Fig. 7; control, from 78 * 1% to 40 = 2%, n =
3; morphine-withdrawn, from 86 * 5% to 52 = 7%, n = 3). The
inhibition caused by DAMGO was not completely blocked by
staurosporin, indicating that presynaptic inhibition by DAMGO
had both kinase-dependent and -independent mechanisms in
control and morphine-withdrawn slices. The results indicate that
a latent opioid-sensitive kinase-dependent inhibition can be acti-
vated by increasing the activity of adenylyl cyclase.

DISCUSSION

Acute opioid inhibition

The results of this study show that opioids act presynaptically to
inhibit the GABA IPSP recorded in dopamine cells of the VTA.
Both w and k-subtype opioid receptors mediate this inhibition.
The maximal inhibition caused by one receptor did not occlude
inhibition caused by the other, suggesting that receptors are
located on separate terminals or act through differing second
messenger pathways. Another possibility is that w and « receptors
are on the same terminals and act through a shared second
messenger pathway, but that the maximal activation of a single
receptor population alone is not capable of maximally activating
the effector pathway. At the present time there is no way to
distinguish these possibilities. The present results suggest that
opioids can increase in dopamine cell activity by inhibition of
both GABA,- (Johnson and North, 1992a) and GABAj-
mediated synaptic potentials.

Morphine withdrawal, adenylyl cyclase, and adenosine

In slices taken from morphine-treated animals that were recorded
under conditions of acute withdrawal (hours after removal of
morphine), the presynaptic actions of opioids were affected in at
least two ways, both of which suggest that the basal activity of
adenylyl cyclase was increased (Fig. 9). First, there was an in-
crease in adenosine tone that resulted in a tonic Al receptor-
mediated inhibition of release. This inhibition would functionally
mimic the action of opioids during withdrawal and serve to blunt
a rebound increase in transmitter release. In fact, adenosine
receptor antagonists have been found to exacerbate opioid with-
drawal signs (Kaplan and Sears, 1996). The increase in adenosine
tone itself would be expected to be self-limiting because activa-
tion of Al receptors is also known to inhibit adenylyl cyclase
activity (Dunwiddie, 1985).

The increase in adenosine tone appears to be synapse-selective
in that there was no evidence of an increase in adenosine tone in
the VTA measuring GABA, IPSCs or glutamate EPSCs in
dopamine cells (Bonci and Williams, 1997; Manzoni and Wil-
liams, 1999). In addition, there was no evidence for increased
adenosine tone at GABA, synapses in the PAG (Bagley and
Christie, personal communication). There was, however, an in-
crease in adenosine tone found in the nucleus accumbens mea-
suring GABA, IPSCs during acute withdrawal from morphine
(Chieng and Williams, 1998). Thus, it appears that the role that
endogenous adenosine plays on synaptic transmission during
withdrawal may be common, is synapse-specific, and is not found
at all opioid-sensitive synapses.

The second effect of withdrawal at this synapse was the obser-
vation that a low concentration of DAMGO (10 nm) consistently
caused an increase in the GABA IPSP (Fig. 9). This augmen-
tation was not observed in control. Biphasic actions of opioids
that depend on the concentration of agonist applied have been
reported in at least two preparations and are most evident after
chronic opioid treatment (Gintzler and Xu, 1991; Cruciani et al.,
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Modualtion of GABA release by opioids and cAMP during withdrawal
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DAMGO removes adenosine inhibition opioids remove kinase dependent release
Figure 9. Summary of the three effects caused by an increase in adenylyl
cyclase during withdrawal from chronic morphine. 7, In control, u-opioids
inhibit GABA release, and D1-dopamine receptors increase GABA re-
lease. Under normal conditions, the inhibition of adenylyl cyclase by
opioids does not have an influence on the inhibition of GABA release.
The regulation of GABA release is changed in three ways during with-
drawal from chronic morphine treatment. 2, An upregulation of adenylyl
cyclase increased adenosine tone. This upregulation tonically inhibited
GABA IPSPs by activation of Al adenosine receptors. The upregulated
adenylyl cyclase was dependent on D1 dopamine receptors because the
D1 antagonist SCH23390 caused a larger inhibition of the IPSP after
adenosine receptors were blocked. 3, A low concentration of DAMGO
increased the IPSP in withdrawn slices. This increase was blocked or
occluded after blockade of adenosine receptors. This observation sug-
gests that u-opioid receptors may couple more efficiently to the inhibition
of adenylyl cyclase. Finally, 4, u-opioid receptor-mediated inhibition was
augmented in withdrawn slices after blockade of adenosine receptors.
After activation of adenylyl cyclase by forskolin, the inhibition by opioids
was increased in both control and withdrawn slices. The results indicate
that an opioid-sensitive adenylyl cyclase can be activated to the same
extent in both control and withdrawn slices but that the basal activity is
higher in withdrawn slices.

1993). In the present study, both DAMGO and the adenosine
antagonist DPCPX increased the IPSP in withdrawn slices. The
increase in the IPSP caused by DAMGO (10 nm) was blocked or
occluded by DPCPX. These results can be explained by the action
of DAMGO to reduce extracellular adenosine. One important
source of extracellular adenosine is thought to result from the
metabolism of cAMP (Barber and Butcher, 1981; Dunwiddie,
1985; Rosenberg and Ditchter, 1989; Rosenberg et al., 1994;
Brundege et al., 1997; Manzoni et al., 1998). With the activation
of adenylyl cyclase, the extracellular levels of adenosine have
been shown to rise in several areas, including the VTA (Bonci
and Williams, 1996; Brundege et al., 1997). Given that the up-
regulation of adenylyl cyclase is a common effect of withdrawal
from chronic morphine treatment, an increase in adenosine tone
could be predicted. Agents that inhibit adenylyl cyclase, such as
DAMGO would therefore indirectly decrease the level of endo-
genous adenosine and result in an increase in the amplitude of
the IPSP.

D1 receptors, opioids, and adenylyl cyclase

D1 receptors on GABA-releasing terminals in the VTA and
substantia nigra originate from projection neurons in the nucleus
accumbens (Mansour et al., 1991). The nucleus accumbens is an
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area enriched in type V adenylyl cyclase (Glatt and Snyder, 1993;
Mons and Cooper, 1995). This isoform was both acutely inhibited
by opioid receptor activation and upregulated with chronic mor-
phine treatment (Avidor-Reiss et al., 1996, 1997). The present
results suggest that the same cyclase that was activated by D1
receptors is inhibited by opioid receptors. Both w and k-opioid
receptors inhibit adenylyl cyclase (Murthy and Makhlouf, 1996),
although others have found a selective inhibition of adenylyl
cyclase by u agonists and not x agonists in slices of nucleus
accumbens (Izenwasser et al., 1993). When adenylyl cyclase ac-
tivity was stimulated with forskolin, transmitter release was in-
creased, and the inhibition of the IPSP by both n and « receptors
was augmented (Fig. 9). This result suggests that activation of
either p or k receptors on GABA-releasing terminals in the VTA
can inhibit forskolin-activated adenylyl cyclase activity and de-
crease GABA release. In addition, in withdrawn slices after
blockade of Al adenosine receptors, opioids caused a larger
inhibition, suggesting that there was an increased basal activity of
adenylyl cyclase. This increase in opioid sensitivity has been
observed in both the nucleus accumbens (Chieng and Williams,
1998) and the PAG (Ingram et al., 1998) and thus appears to be
a common result of the withdrawal activation of adenylyl cyclase.

Is the expression of opioid withdrawal primarily
through presynaptic mechanisms?

It has been known since the early work on NG108-15 cells that
the activity of adenylyl cyclase was upregulated in the continued
presence of morphine (Sharma et al., 1975; Law et al., 1982;
Puttfarcken et al., 1988). The rebound increase in adenylyl cyclase
activity that occurred with the rapid removal of morphine became
the cellular hallmark of withdrawal. The link between the in-
crease in adenylyl cyclase activity and a cellular response mea-
sured physiologically has been difficult to identify. Although the
uncoupling of opioid receptors from ion channel effectors caused
by chronic morphine treatment has been demonstrated in both
neurons (Christie et al., 1987) and cell lines (Kennedy and Hen-
derson, 1991), the expected rebound after the withdrawal of
morphine has been elusive.

The neurons of the locus coeruleus have been suggested as a
model for the chronic actions of morphine (Nestler and Aghaja-
nian, 1997). Despite robust tolerance to the inhibitory action of
opioids (Christie et al., 1987), the primary mechanism for the
increased activity of these cells during withdrawal is mediated by
an increased presynaptic release of glutamate (Akaoka and
Aston-Jones, 1991). The only site where the isolation and char-
acterization of a postsynaptic current activated by acute with-
drawal has been successful is a subgroup of neurons in the PAG
(Chieng and Christie, 1996). It is not known if this current is
dependent on cAMP.

Recent reports measuring synaptic transmission during mor-
phine withdrawal have indicated a robust interaction with the
cAMP cascade during acute withdrawal (Bonci and Williams,
1996; Chieng and Williams, 1998; Ingram et al., 1998). It appears
that cAM P-dependent modulation of transmitter release may be
the missing link between the increased adenylyl cyclase and
physiological response. There are several synapses where the
cAMP-dependent regulation of transmitter release has been well
characterized (Cameron and Williams, 1993; Chavez-Noriega
and Stevens, 1994; Salin et al., 1996; Chen and Regehr, 1997;
Chavis et al., 1998). At each of these sites, an upregulation of
cAMP caused a robust augmentation of transmitter release.
Given the known interaction between chronic morphine treat-
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ment and the upregulation of the cAMP cascade, along with the
increasing number of synapses where transmitter release is po-
tently regulated by a cAMP-dependent process, the presynaptic
regulation of transmitter release during opioid withdrawal may be
the primary cellular target of acute opioid withdrawal.

Summary

The effects of withdrawal on the modulation of GABA release are
summarized in Figure 9. At this synapse in control, both u- and
k-opioid receptors decrease GABA release, whereas D1 receptor
activation increases release. One effect of withdrawal was an
increased synthesis of cAMP, which resulted in an increase in
extracellular adenosine. The increased adenosine tone caused a
tonic inhibition of GABA release. Activation of u-opioid recep-
tors with a low concentration of DAMGO selectively inhibited
adenylyl cyclase, which decreased adenosine tone. The decline in
adenosine tone removed the tonic inhibition, and the GABA
IPSP was increased. After blockade of adenosine receptors, both
w- and k-opioid agonists decrease GABA release by two mecha-
nisms. One mechanism was not dependent on kinase activity and
was similar in amplitude to the inhibition found in slices from
untreated animals. The second, and additional, mechanism found
in withdrawn slices was mediated by an inhibition of adenylyl
cyclase. Thus, the upregulation of adenylyl cyclase with chronic
morphine treatment has several consequences on the regulation
of transmitter release.
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