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Morphine Withdrawal Enhances Constitutive �-Opioid
Receptor Activity in the Ventral Tegmental Area
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�-Opioid receptors (MORs) in the ventral tegmental area (VTA) are pivotally involved in addictive behavior. While MORs are typically
activated by opioids, they can also become constitutively active in the absence of any agonist. In the current study, we present evidence
that MOR constitutive activity is highly relevant in the mouse VTA, as it regulates GABAergic input to dopamine neurons. Specifically,
suppression of MOR constitutive activity with the inverse agonist KC-2-009 enhanced GABAergic neurotransmission onto VTA dopa-
mine neurons. This inverse agonistic effect was fully blocked by the specific MOR neutral antagonist CTOP, which had no effect on
GABAergic transmission itself. We next show that withdrawal from chronic morphine further increases the magnitude of inverse ago-
nistic effects at the MOR, suggesting enhanced MOR constitutive activity. We demonstrate that this increase can be an adaptive response
to the detrimental elevation in cAMP levels known to occur during morphine withdrawal. These findings offer important insights in the
physiological occurrence and function of MOR constitutive activity, and have important implications for therapeutic strategies aimed at
normalizing MOR signaling during addiction and opioid overdose.

Introduction
Endogenous opioids acting at the �-opioid receptor (MOR)
serve a pivotal function in reward processing and addictive be-
haviors (Matthes et al., 1996; Hall et al., 2001; Olive et al., 2001;
Ghozland et al., 2002; Mathon et al., 2003, 2005; Roth-Deri et al.,
2003; Solinas et al., 2004; Jarjour et al., 2009; Mitchell et al., 2012).
This is especially the case for MORs regulating the ventral teg-
mental area (VTA) (Bozarth and Wise, 1984; Wise, 1989; Lavio-
lette et al., 2004), which typically suppress GABAergic inputs to
VTA dopamine neurons (Johnson and North, 1992; Manzoni
and Williams, 1999; Bergevin et al., 2002; Jalabert et al., 2011;
Matsui and Williams, 2011).

Aside from activation by (endogenous) opioids, MORs can
also exhibit constitutive signaling in the absence of any agonist
(Burford et al., 2000; Wang et al., 2001; Sally et al., 2010). Con-
stitutive MOR activity has been demonstrated in artificial cell
systems (Wang et al., 1996, 2001; Burford et al., 2000; Liu and
Prather, 2001; Liu et al., 2001; Sally et al., 2010), and in some

native tissues (Wang et al., 2004; Heinzen et al., 2005; Raehal et
al., 2005; Walwyn et al., 2007). Intriguingly, there is evidence that
reduction of constitutive MOR activity exacerbates the expres-
sion of physical and psychological opioid withdrawal symptoms
(Wang et al., 1994; Bilsky et al., 1996; Raehal et al., 2005; Shoblock
and Maidment, 2006; Lam et al., 2011). Part of the neuroanat-
omical substrate for such adverse effects is likely a hypofunctional
mesolimbic dopamine system (Acquas et al., 1991; Diana et al.,
1995, 1999; Koob and Le Moal, 1997, 2001; Aston-Jones and
Harris, 2004; Radke et al., 2011). Reduced dopamine signaling
during morphine withdrawal can arise due to increased GABA-
ergic signaling onto VTA dopamine neurons (Bagley et al., 2011).
This enhancement of inhibitory signals has been reported to oc-
cur as a consequence of morphine withdrawal-induced eleva-
tions in cAMP (cAMP superactivation) in GABAergic terminals
(Bonci and Williams, 1997; Madhavan et al., 2010a). Together,
these findings point to an important role of GABAergic signaling
onto VTA dopamine neurons in the occurrence of opiate with-
drawal symptoms.

Currently, separate lines of evidence implicate the VTA on the
one hand, and constitutively active MORs in general on the other
hand, in the process of opiate withdrawal. However, no converg-
ing findings have shown a role for MOR constitutive activity in
the regulation of the VTA during opiate withdrawal. Further-
more, the actual physiological relevance of MOR constitutive
activity, be it in an opiate-naive or an opiate-experienced state,
remains poorly understood. In the current study we provide ev-
idence that MOR constitutive activity already controls the
GABAergic inputs of VTA dopamine neurons during a drug-
naive state, and exerts even more prominent control during mor-
phine withdrawal.
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Materials and Methods
Animals. All experiments were approved by the Animal Ethics Commit-
tee of Utrecht University and were conducted in agreement with Dutch
law (Wet op de Dierproeven, 1996) and European regulations (Guideline
86/609/EEC). Electrophysiological experiments were performed in
heterozygous Pitx3-GFP mice [n � 90, postnatal day 14 –30] of either
sex. These mice were obtained by crossing C57BL6-Jico wild-type with
Pitx3 gfp/gfp mice. These animals have selective GFP expression in dopa-
minergic neurons in the midbrain, allowing for their accurate identifica-
tion (Smidt et al., 1997; Zhao et al., 2004; Labouèbe et al., 2007; Mameli
et al., 2009; Padgett et al., 2012).

For morphine withdrawal experiments, mice were treated twice daily
with morphine (10 mg/kg) (or saline for controls) for 5 consecutive days.
This protocol has been demonstrated to induce morphine dependence
(Madhavan et al., 2010a,b). This regimen was followed by 3– 4 d of mor-
phine abstinence, after which animals were killed for electrophysiological
experiments.

Electrophysiology. Electrophysiological experiments were conducted as
described earlier (Mathon et al., 2005; de Rover et al., 2008). Animals
were anesthetized with isoflurane and then decapitated. Subsequently,
the brain was rapidly removed and stored in ice-cold carbogenated (95%
O2/5% CO2) enriched artificial CSF (ACSF), consisting of the following
(in mM): 124 NaCl, 3.3 KCl, 1.2 KH2PO4, 2.5 CaCl2, 2.6 MgSO4, 20
NaHCO3, 10 glucose, and 1 ascorbic acid. Horizontal brain slices of 200
�m were cut in the same chilled medium on a Vibratome (Leica). After
cutting, slices were incubated in carbogenated normal ACSF (final
MgSO4 concentration of 1.3 mM, no ascorbic acid). Slices were left to
recover for 1 h at 32°C. During recordings, a slice was mechanically
stabilized and continuously superfused with carbogenated normal ACSF
at a rate of 2–3 ml/min at room temperature.

Dopaminergic VTA neurons were identified as green fluorescent neu-
rons within an anatomically circumscribed region consisting of the area
rostral to the medial lemniscus, medial to the medial terminal nucleus of
the accessory optical tract, and lateral of the interpeduncular fossa. In
these neurons, whole-cell voltage-clamp recordings were obtained with
an EPC-10 patch-clamp amplifier, using Patchmaster v2x32 software
(HEKA Electronics). Recordings were made using borosilicate glass pi-
pettes filled with the following (in mM): 78 K-gluconate, 77 KCl, 10
HEPES, 1 EGTA, 2 Mg 2�-ATP, 0.4 Na �-GTP, pH 7.4, which yielded a
pipette resistance of 3–5 M�. Data were sampled at 20 kHz. Immediately
after patching, cells were voltage-clamped at �60 mV and allowed to
recover for at least 10 min before baseline recordings. Miniature IPSCs
(mIPSCs) were recorded in the presence of 1 �M TTX and 10 �M DNQX.
To ensure stable recordings, cells were discarded when the product of
uncompensated series resistance and cell capacitance varied too strongly
over time (�20% change).

For all recorded cells, the membrane capacitance was calculated in
Patchmaster v2x32 software (HEKA Electronics), using a rectangular test
pulse (5 mV, 5 ms) to evoke transient capacitance currents. H-currents
for cells were determined by a protocol where neurons were clamped for
2 s to incrementally (�10 mV increment) greater hyperpolarizing values
spanning from �70 to �120 mV. The maximal evoked current at �120
mV was taken as the value of the h-current (Mathon et al., 2005; de Rover
et al., 2008).

For analysis, events were scored using MiniAnalysis software (Synap-
tosoft) and distributions of frequency and amplitude were fitted in Igor
Pro (Wavemetrics) with a lognormal curve: f(x) � A * exp[�0.5 * (ln
X � �)/�) 2]/(x * � * �2�), as described previously (Brussaard et al.,
1996; de Rover et al., 2008). In this equation x represents the measured
instantaneous frequency or amplitude of an event, A is the relative area
under the curve of the distribution, � is the mean, and � the SD of the
underlying normal distribution. The mean of the lognormal distribution
(m) was then calculated using the equation: m � exp(� � � 2) to allow
for the determination of percentage-wise changes. For the calculation of
mIPSC kinetics, the decay time to 50% of the peak value for every mIPSC
was calculated in MiniAnalysis (Synaptosoft). To assess drug effects, two-
tailed repeated measures or one-way ANOVAs were performed on the

means of the normally distributed data. The Mann–Whitney U test was
performed in the case of nonparametric tests. All statistical analyses were
done in SPSS 17.0.

Drugs. The AMPA/kainate receptor antagonist DNQX, the voltage-
gated Na �-channel blocker TTX, the MOR agonist DAMGO, and the
MOR neutral antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2

(CTOP) were from Tocris Bioscience. Forskolin (FSK) was from Sigma-
Aldrich. Morphine-HCl was from Mediq. The MOR inverse agonist KC-
2-009 was a kind gift from Dr. Kenneth Rice at the NIH synthesis
program.

Results
Inverse agonistic effects at MORs on GABAergic projections
to VTA dopamine neurons
To determine the contribution of MOR constitutive activity in
the VTA, we first determined the effect of MOR activation itself.
MOR agonists have been reported to hyperpolarize VTA GABA
neurons (Johnson and North, 1992) and to reduce their release
probability (Bergevin et al., 2002). We patch-clamped Pitx3-
GFP-positive VTA dopamine neurons and isolated GABAergic
mIPSCs in the presence of TTX (1 �M) and DNQX (10 �M). As
expected, administration of the MOR agonist DAMGO (1 �M)
reduced the GABAergic mIPSC frequency to 55.15 � 5.40% of
baseline (n � 14, F(1,13) � 28.34, p � 0.001, repeated-measures
ANOVA; Fig. 1A,B). DAMGO did not affect the amplitude of
mIPSCs (F(1,13) � 0.12, p � 0.73, repeated-measures ANOVA;
Fig. 1B,C), in accordance with reports that MORs are located
presynaptically on GABAergic nerve terminals in the VTA (Gar-
zon and Pickel, 2001). DAMGO exerted its effect on frequency at
various doses (F(1,23) � 47.00, p � 0.001, repeated-measures
ANOVA; Fig. 1C). In wild-type mice, DAMGO (1 �M) reduced
mIPSC frequency to a comparable extent (56.94 � 9.53% of base-
line, n � 5, F(1,4) � 20.41, p � 0.05, repeated-measures ANOVA,
data not shown), indicating a normal MOR system in the Pitx3-
GFP heterozygous animals.

Activation of MORs decreases inhibitory signals onto VTA
dopamine neurons. If some of these MORs are already constitu-
tively active, the suppression of their constitutive activity would
increase inhibitory signals onto VTA dopamine neurons. We ad-
ministered the MOR inverse agonist KC-2-009 (1 �M) (Sally et
al., 2010) to suppress constitutive MOR activity and indeed ob-
served a clear increase in mIPSC frequency to 143.70 � 9.77% of
baseline (n � 5, F(1,4) � 41.91, p � 0.01, repeated-measures
ANOVA; Fig. 2A,B). The effect of KC-2-009 on mIPSC fre-
quency was without a concomitant effect on amplitude (F(1,4) �
0.04, p � 0.85, repeated-measures ANOVA; Fig. 2B,C), similarly
in line with a presynaptic locus of action. The effect of KC-2-009
on mIPSC frequency was clear at various concentrations (F(1,13)

� 144.59, p � 0.001, repeated-measures ANOVA; Fig. 2C). The
absence of dose dependence over this range indicated that the
maximal effect of KC-2-009 was already obtained at 100 nM

(F(2,13) � 0.17, p � 0.85, repeated-measures ANOVA treatment–
dose, Fig. 2C).

Alternative explanations for the inverse agonistic effect of KC-
2-009 other than suppression of MOR constitutive activity are (1)
interference with endogenous opioids acting at the MOR, (2) a
MOR-independent effect, or (3) a specific effect on a subset of
MORs with different downstream coupling. To investigate these
alternative possibilities, we tested the MOR-specific neutral an-
tagonist CTOP, which is also fully capable of blocking MOR ac-
tivation by endogenous opioids (Wang et al., 1994). CTOP (1
�M) by itself affected neither mIPSC frequency (n � 9, F(1,8) �
0.08, p � 0.79; Fig. 3A,B) nor amplitude (F(1,8) � 0.85, p � 0.38,
repeated-measures ANOVAs; Fig. 3B,C) compared with base-
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line. The lack of a direct effect of CTOP on
GABAergic transmission was not due to
insufficient MOR occupation. At a higher
concentration, CTOP (5 �M) did not af-
fect mIPSC frequency either (n � 5, F(1,4)

� 0.05, p � 0.83, repeated-measures
ANOVA; Fig. 3C). Moreover, preadmin-
istration of either 1 or 5 �M CTOP
blocked the effect of subsequently admin-
istered KC-2-009 (1 �M) (F(1,9) � 0.04,
p � 0.85, repeated-measures ANOVA;
Fig. 3C). Likewise, the effect of the MOR
agonist DAMGO (1 �M) was blocked by
preadministration of the neutral MOR
antagonist CTOP (1 �M) (n � 8, F(1,7) �
1.55, p � 0.25, repeated-measures
ANOVA; Fig. 3C). It has been reported
that KC-2-009 also has low affinity for the
�-opioid receptor (KOR) (Sally et al.,
2010). While the efficacy of KC-2-009 in
our assay suggested a MOR-dependent ef-
fect, we still tested whether the effect of
KC-2-009 was indeed not mediated by the
KOR. In the presence of the KOR antago-
nist nor-binaltorphimine (Nor-BNI; 10
nM), at a dose that should block KOR-
dependent effects, but not MOR-
dependent effects (Takemori et al., 1988),
KC-2-009 (1 �M) still clearly increased
mIPSC frequency to 149.87 � 19.45% of
baseline (n � 4; F(1,3) � 17.91, p � 0.05,
repeated-measures ANOVA; Fig. 3C).

These findings indicate that the effect
of KC-2-009 is both MOR dependent and
not due to interference with signaling of
endogenously present opioids acting at
the MOR in our slice preparation. One
unexplored hypothetical situation would
be that KC-2-009 had specific effects on a
subset of MORs different from those af-
fected by DAMGO (e.g., different MOR
isoforms), with these MORs potentially
having alternate downstream signaling
properties (Cadet et al., 2003). In this par-
ticular scenario, DAMGO and KC-2-009
would have different loci of effect (i.e., dif-
ferent MOR subsets). To test this possibility,
we preadministered KC-2-009 (1 �M), let its enhancing effect on
mIPSC frequency stabilize, and then administered DAMGO (1 �M).
If DAMGO would affect a different subset of MORs than KC-2-009,
it would not compete with KC-2-009 for binding, permitting its
inhibiting effect to occur in the presence of a stabilized KC-2-009
effect. Instead, we observed that the effect of DAMGO was
blocked by preadministered KC-2-009 (n � 4, F(1,3) � 0.36, p �
0.59, repeated-measures ANOVA; Fig. 3C). This finding is indic-
ative of a similar locus of effect (i.e., similar MORs) of both
DAMGO and KC-2-009.

We also investigated whether there were indications that the
neurons from DAMGO and KC-2-009 experiments had inadver-
tently been sampled from distinct VTA dopamine neuron sub-
populations. Such subpopulations can have distinct anatomical
connections (Fields et al., 2007), potentially innervated by sep-
arate GABAergic afferents subject to differential MOR con-

trol. Important markers for VTA subpopulations are
h-current and cell size (Neuhoff et al., 2002). We found no
difference in cell capacitance between neurons from DAMGO
and KC-2-009 experiments (DAMGO: 18.11 � 3.05 pF; KC-
2-009: 19.57 � 2.53 pF, F � 1, one-way ANOVA), which is an
index for cell size, or on h-current (DAMGO cells: 175.00 � 78.77
pA; KC-2-009 cells: 101.82 � 40.38 pA, F � 1, one-way ANOVA).
Neither did we observe differences in mIPSC basal input fre-
quency (DAMGO cells: 1.93 � 0.23 Hz; KC-2-009 cells: 1.67 �
0.33 Hz, F � 1, one-way ANOVA), or in mIPSC decay time
kinetics (pre-DAMGO: 2.13 � 0.16 ms; post-DAMGO: 2.20 �
0.18 ms; pre-KC-2-009: 2.00 � 0.09 ms; post-KC-2-009: 2.01 �
0.06 ms; F � 1 for main effects and drug–treatment interaction,
repeated-measures ANOVA). These findings suggest that the a pri-
ori selection of cells in these two experimental groups had not been
biased. Overall, the inverse agonistic effect of KC-2-009 is therefore

Figure 1. The MOR agonist DAMGO suppresses mIPSC frequency onto VTA dopamine neurons. A, Example traces of mIPSCs in
the absence (black) and presence (blue) of 1 �M DAMGO. mIPSC frequency is diminished after administration of the MOR agonist.
B, Distributions of mIPSC acute frequency (left) and amplitude (right) during baseline (black circles) and after administration of 1
�M DAMGO (blue triangles) in a representative experiment. The lines represent the fitted lognormal curves to extract means and
SDs for the baseline (black, solid) and DAMGO (blue, dashed) conditions. DAMGO induces a clear leftward shift in the mIPSC
frequency distribution. Inset, Cumulative probability plot of mIPSC frequency (left) and amplitude (right) of all experiments before
(black circles) and after (blue triangles) 1 �M DAMGO. C, Average acute frequency (left) and amplitude (right) after DAMGO
treatment as percentage of baseline, with the number of experiments in parentheses. DAMGO reduces mIPSCs across various doses.
**p � 0.01; ***p � 0.001.
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best explained by suppression of the constitutive activity that MORs
on GABAergic afferents to VTA dopamine neurons exhibit.

Withdrawal from chronic morphine enhances inverse
agonistic effects at the MOR
During morphine withdrawal, MOR inverse agonists evoke stronger
withdrawal symptoms (e.g., withdrawal jumping, paw tremors, and
conditioned place aversion) than MOR neutral antagonists (Wang
et al., 1994; Bilsky et al., 1996; Raehal et al., 2005; Shoblock and
Maidment, 2006). This suggests that MOR constitutive activity be-
comes more important during morphine withdrawal, especially in
regions involved in the expression of withdrawal symptoms, like the
VTA (Baumeister et al., 1989; Koob and Le Moal, 1997, 2001; Aston-
Jones and Harris, 2004; Radke et al., 2011). Therefore, we investi-
gated whether the constitutive MOR activity in the VTA would be
enhanced during morphine withdrawal.

We pretreated mice with morphine (10 mg/kg twice daily) for 5 d
to induce opiate dependence (Madhavan et al., 2010a,b), followed

by 3–4 d of abstinence to examine with-
drawal. A characteristic feature of morphine
withdrawal is an increase in GABAergic ac-
tivity in regions like the VTA (Bagley et al.,
2011), leading to enhanced GABA-
ergic neurotransmission onto VTA dopa-
mine neurons (Bonci and Williams, 1997;
Madhavan et al., 2010a), associated with
detrimental opiate withdrawal symptoms
(Madhavan et al., 2010a). Accordingly, we
observed that withdrawal from chronic
morphine pretreatment (n � 15) increased
the frequency of mIPSCs onto VTA dopa-
mine neurons by 66.08% (F(1,48) �4.09, p�
0.05, one-way ANOVA; Fig. 4A), compared
with control [saline pretreated (n � 6)
pooled with untreated controls (n � 29),
which were statistically similar, F(1,33) �
0.21, p � 0.65, one-way ANOVA]. We did
not observe an effect of pretreatment on
mIPSC amplitude (F(1,48) � 1.73, p � 0.20,
one-way ANOVA, data not shown).

If MOR constitutive activity is indeed
enhanced in the VTA during morphine
withdrawal, the inverse agonistic effect of
KC-2-009 should be enhanced. We com-
pared the effect of MOR inverse agonist
KC-2-009 (compared with the cell’s own
baseline, to control for any effects of mor-
phine pretreatment on input frequency it-
self) after three conditions: (1) 3 or 4 d
after chronic saline treatment, (2) a short
12 h abstinence after chronic morphine
treatment, and (3) 3 or 4 d of abstinence
after chronic morphine treatment. We
observed a main effect of KC-2-009 (1
�M) on mIPSC frequency (F(1,13) � 32.13,
p � 0.001, repeated-measures ANOVA;
Figure 4B). Importantly, the effect of KC-
2-009 was stronger after 3– 4 d of mor-
phine withdrawal (baseline: 1.79 � 0.45
Hz; KC-2-009: 5.15 � 1.30 Hz) than in the
other conditions (saline: saline baseline,
1.58 Hz � 2.09 Hz; KC-2-009, 2.09 � 0.57
Hz; morphine: morphine 12 h baseline,

1.64 � 0.85 Hz; KC-2-009: 1.85 � 1.00 Hz), as revealed by a
significant pretreatment–acute drug effect interaction (F(2,13) �
10.46, p � 0.01, repeated-measures ANOVA; Figure 4B).

The increased effect of the MOR inverse agonist KC-2-009 is
in accordance with enhanced MOR constitutive signaling. How-
ever, the increased effect could also have been due to interference
with endogenous opioids potentially released during morphine
withdrawal. To examine this possibility, we tested the effect of the
MOR neutral antagonist CTOP after 3– 4 d of morphine with-
drawal. Under these conditions CTOP still did not affect mIPSC
frequency (n � 5, F(1,4) � 0.02, p � 0.90, repeated-measures
ANOVA; Fig. 4B), indicating that the enhanced effect of KC-2-
009 could not be explained by a withdrawal-induced increase in
endogenous opioids in our slice preparation.

The enhanced inverse agonistic effect of KC-2-009 during with-
drawal could be due to a general increase in MOR density, raising the
amount of both constitutively active and inactive MORs in absolute
terms in a similar ratio. In this scenario, a MOR agonist would also

Figure 2. The MOR inverse agonist KC-2-009 enhances mIPSC frequency onto VTA dopamine neurons. A, Representative traces
of mIPSCs in the absence (black) and presence (red) of 1 �M KC-2-009. Administration of this MOR inverse agonist increases mIPSC
frequency. B, Exemplar lognormal distributions of mIPSC acute frequency (left) and amplitude (right) during baseline (black
circles) and after administration of 1 �M KC-2-009 (red triangles). The MOR inverse agonist induces a rightward shift in the mIPSC
frequency distribution, indicating a higher frequency of GABA transmission. Inset, Cumulative probability plot of mIPSC frequency
(left) and amplitude (right) of all experiments before (black circles) and after 1 �M KC-2-009 (red triangles). C, Average acute
frequency (left) and amplitude (right) as a percentage of baseline after various doses of KC-2-009. KC-2-009 clearly increased
mIPSC frequency at all these doses. The number of experiments per dose is indicated in parentheses. **p � 0.01; ***p � 0.001.
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be predicted to have an increased effect. Al-
ternatively, morphine withdrawal could
lead to a shift from inactive to constitutively
active MORs, in which case a MOR agonist
would be predicted to have a diminished ef-
fect. In agreement with this second scenario,
DAMGO (1 �M; n � 6) only suppressed
GABAergic input (�20%) in a minority of
dopaminergic neurons (2 of 6 cells) after
morphine pretreatment, which differed sig-
nificantly from the vast majority of dopami-
nergic neurons disinhibited by an equimolar
concentration of DAMGO in a drug-naive
state (13 of 14 cells; Mann–Whitney U test,
p � 0.05; Fig. 4C).

Enhancement of cAMP levels increases
inverse agonistic effects at the MOR
The withdrawal symptoms after chronic
morphine treatment are caused by adap-
tive changes such as the upregulation of
the cAMP-dependent cascade (Sharma et
al., 1975). In the VTA, such cAMP super-
activation has been reported to increase
GABAergic input to VTA dopamine neu-
rons (Bonci and Williams, 1997), and is
responsible for negative withdrawal
symptoms (Madhavan et al., 2010a). En-
hanced MOR constitutive activity could
be an adaptive countermeasure to partly
suppress the withdrawal-induced cAMP
overshoot and concomitant enhanced
GABAergic transmission in the VTA.
Therefore, we tested whether activation of
the cAMP cascade was sufficient to en-
hance MOR constitutive activity. We
treated slices of drug-naive animals with
FSK to mimic the cAMP superactivation
component of the morphine withdrawal
state. Compared with control (n � 29),
FSK treatment (100 nM; n � 18) evoked
an increase in the frequency of mIPSCs to
231.78% (F(1,45) � 17.97, p � 0.001, one-
way ANOVA; Fig. 5A), just like actual
morphine withdrawal. We did not ob-
serve a significant effect of FSK treatment
on mIPSC amplitude (F(1,45) � 1.15, p �
0.29, one-way ANOVA; Fig. 5A). In these
experiments, slices were incubated with
FSK for at least 40 min to obtain a stable
effect, which then served as a new baseline
for subsequent drug administration. KC-
2-009 (1 �M) enhanced mIPSC frequency
overall (F(1,10) � 31.71, p � 0.001,
repeated-measures ANOVA, main effect).
However, compared with control (n � 6, KC-effect: 133.98 �
12.58% of baseline), pretreatment with FSK led to an increased
effect of KC-2-009 on mIPSC frequency (n � 6, KC-effect:
190.78 � 24.17% of the stabilized FSK-containing baseline), as
indicated by a significant pretreatment–acute drug effect interac-
tion (F(1,10) � 6.32, p � 0.05, repeated-measures ANOVA; Fig.
5B). Again, no effects on amplitude were observed (F � 1 for
main effects or interaction, data not shown). Acute administra-

tion of the neutral antagonist CTOP after FSK treatment (n � 4)
or control (n � 9) did not increase mIPSC frequency (F � 1 for
main effect of CTOP or interaction with FSK pretreatment,
repeated-measures ANOVA; Fig. 5B). Therefore, the enhanced
effect of KC-2-009 was not due to either FSK-induced release of
endogenous opioids or an ongoing effect of FSK itself. Instead,
these data indicate that when the cAMP cascade is activated,
GABAergic inputs onto VTA dopamine neurons are enhanced, as

Figure 3. The inverse agonistic effect of KC-2-009 is due to suppression of MOR constitutive activity. A, Representative traces of
mIPSCs in the absence (black) and presence (red) of 1 �M the MOR neutral antagonist CTOP, which did not affect mIPSC frequency
or amplitude. B, Associated exemplar lognormal distributions of mIPSC acute frequency (left) and amplitude (right) during base-
line (black circles) and after administration of 1 �M CTOP (green squares). CTOP did not change the mIPSC frequency or amplitude
distributions. Insets, Cumulative probability plots for mIPSC frequency (left) and amplitude (right) of all experiments before (black
circles) and after 1 �M CTOP (green squares). C, Overview of the effect of various MOR ligands on mIPSC frequency in the VTA, with
the number of experiments indicated in parentheses. Whereas the neutral antagonist CTOP did not affect mIPSCs itself, it did block
the effects of both DAMGO and KC-2-009. In contrast, the KOR antagonist Nor-BNI could not block the effect of KC-2-009. Pretreat-
ment with KC-2-009 also prevented the effect of DAMGO. *p � 0.05; **p � 0.01; ***p � 0.001.
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is also the case during morphine withdrawal. Moreover, this as-
pect of morphine withdrawal is sufficient to increase MOR con-
stitutive activity in the VTA.

Discussion
MOR signaling in the VTA plays an important role in reward
processing and aspects of addiction (Bozarth and Wise, 1984;
Wise, 1989; Laviolette et al., 2004), including opiate withdrawal
(Bonci and Williams, 1997; Madhavan et al., 2010a). We now
show inverse agonistic effects at the MOR in the VTA, likely
suggesting a role for constitutive agonist-independent MOR ac-
tivation in the regulation of GABAergic control of VTA dopa-
mine neurons. Furthermore, such MOR constitutive activity is
especially prominent during morphine withdrawal.

The MOR-dependent inverse agonism by KC-2-009 on
mIPSC frequency in the VTA is most likely best explained by
suppression of constitutive MOR activity. Indeed, the effect of
KC-2-009 was reliably blocked by the selective MOR neutral an-
tagonist CTOP. While KC-2-009 also has low affinity for the KOR
(Sally et al., 2010), its inverse agonistic effect was not blocked by
the selective KOR antagonist Nor-BNI. Moreover, the effect of
KC-2-009 was not due to interference with endogenous opioid
signaling, since CTOP had no effect on mIPSC frequency itself.
Finally, pretreatment with KC-2-009 blocked the effect of
DAMGO, suggesting they act on a similar target (i.e., the MOR).
Together these data suggest that a population of MORs in the
VTA is constitutively active and involved in regulating inhibitory
GABAergic transmission onto dopamine neurons in the VTA.
This finding is in accordance with the report that inverse agonis-
tic effects at the MOR occur at the level of G-protein binding and
adenylate cyclase activity in morphine-exposed mouse brain ho-
mogenates, including punches of the midbrain, but not in MOR
knock-out animals (Wang et al., 2004). Such findings suggest that
constitutively active MORs and agonist-activated MORs may
share much of the same downstream signaling cascade. However,
there is also evidence that different active conformations of the
MOR exist, with their own associated downstream signaling
characteristics (Xu et al., 2008). Therefore, future experiments

Figure 4. Morphine withdrawal enhances MOR constitutive activity in the VTA. A, Morphine
withdrawal increased the baseline frequency of mIPSCs onto VTA dopamine neurons compared
with control. B, The MOR inverse agonist KC-2-009 (1 �M) led to a greater increase in mIPSC
frequency after 3– 4 d of withdrawal from chronic morphine, compared with either saline
treatment or only 12 h of morphine abstinence. The MOR neutral antagonist CTOP was still
without effect after 3– 4 d of withdrawal, suggesting there was no increased release of endog-
enous opioids in the slice preparation. Note that effects are with respect to the baseline of the
cell, correcting for any effects of morphine withdrawal on baseline frequency itself. C, Percent-
age of VTA dopamine neurons suppressed by the MOR agonist DAMGO during control conditions
(left) or after morphine withdrawal (right). After morphine withdrawal, DAMGO only reduced
mIPSC frequency in a minority of cells. The number of experiments is indicated in parentheses.
*p � 0.05; **p � 0.01.

Figure 5. Pretreatment with adenylate cyclase activator FSK is sufficient to enhance MOR
constitutive activity in the VTA. A, Top, Representative mIPSC traces in the absence and presence
of 0.1 �M FSK. Bottom, FSK increased the baseline frequency of mIPSCs onto VTA dopamine
neurons compared with control. B, Differential effects of the MOR neutral antagonist CTOP and
the inverse agonist KC-2-009 in the absence and presence of FSK. Percentage change is with
respect to the stabilized FSK-containing baseline. FSK pretreatment enhanced the effect of
KC-2-009, whereas it did not change the effect of CTOP. Number of experiments indicated in
parentheses. *p � 0.05; ***p � 0.001.
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need to validate whether or not the pathway used by constitu-
tively active MORs in regions like the VTA is similar to that of, for
instance, DAMGO-activated MORs.

The physiological occurrence of MOR constitutive activity is
highly relevant for certain aspects of drug addiction. It has been
proposed that MORs become increasingly constitutively active
during morphine withdrawal as an adaptation to the sudden lack
of morphine that the system has grown accustomed to (Wang et
al., 1994). Such enhanced MOR constitutive activity can last for
more days when the exposure to opiates has been greater (Wang
et al., 2004). We indeed observed that after 3– 4 d of withdrawal
from chronic morphine treatment, the effect of the MOR inverse
agonist KC-2-009 on GABAergic inputs to VTA dopamine neu-
rons was strongly enhanced. Such enhancement of inverse ago-
nistic effects at the MOR after withdrawal from a MOR agonist
also occurs in artificial cell systems and in brain homogenates
(Wang et al., 2004; Raehal et al., 2005). Interestingly, we did not
observe a pronounced increase in the efficacy of KC-2-009 after
only 12 h abstinence from morphine. This suggests that the changes
in MOR constitutive activity are not a direct response to the chronic
administration of morphine itself, but become pronounced later in
the withdrawal period. We also observed that the effect of the MOR
agonist DAMGO was diminished during morphine withdrawal, as
has been reported previously (Madhavan et al., 2010b). This suggests
a withdrawal-induced shift toward more constitutively active
MORs, allowing for less additional agonist-induced activation.
Therefore, enhanced MOR constitutive activity may also contrib-
ute to the opiate tolerance that develops after chronic use (Chris-
tie, 2008). Since our finding suggests that enhanced MOR activity
by an agonist can increase MOR constitutive activity, we cannot
entirely rule out the possibility that the magnitude of constitutive
MOR activity in our slice preparation was relatively heightened
by the release of opiates during euthanasia. However, it is impor-
tant to note that strong evidence suggests that MOR constitutive
activity also occurs in freely moving animals (Wang et al., 1994;
Bilsky et al., 1996; Raehal et al., 2005; Shoblock and Maidment,
2006), supporting its physiological relevance.

A critical component of morphine withdrawal is the occur-
rence of cAMP superactivation, which is likely responsible for the
negative withdrawal state (Terwilliger et al., 1991; Bonci and Wil-
liams, 1997; Madhavan et al., 2010a). This cAMP increase may in
itself trigger adaptive counteractive processes, like enhanced
MOR constitutive signaling, to suppress cAMP (Wang et al.,
1994, 2001, 2004; Liu and Prather, 2001). Indeed, cAMP-
dependent kinases have been reported to increase MOR phos-
phorylation, thereby elevating constitutive activity (Wang et al.,
1994; Bilsky et al., 1996). In accordance with such findings in
artificial cell systems, we now show that acute treatment with FSK
to activate the cAMP-pathway is sufficient to enhance inverse
agonistic effects at the MOR in the VTA. The exact molecular
cascade of events through which enhanced adenylate cyclase ac-
tivity elevates MOR constitutive activity requires further elucida-
tion. It also remains to be determined whether continued
elevation of cAMP levels is required for the enhanced MOR con-
stitutive activity, or whether the changes in MOR constitutive
activity represent a sequential step that can even outlast the
changes in cAMP levels.

The opioid antagonists naloxone and naltrexone are currently
commonly prescribed to treat opiate overdose and addiction.
However, these ligands act like MOR inverse agonists in systems
previously exposed to opioids, and can produce serious adverse
effects (Sadée et al., 2005). There are strong indications that a
hypofunctional dopamine system stands at the root of many of

these negative effects (Baumeister et al., 1989; Koob and Le Moal,
1997, 2001; Aston-Jones and Harris, 2004; Madhavan et al.,
2010a; Radke et al., 2011). Our findings confirm previous reports
that during morphine withdrawal, GABAergic signaling onto
VTA dopamine neurons is enhanced (Bonci and Williams, 1997;
Madhavan et al., 2010a). This is likely an important contributor
to the hypofunctionality of VTA dopamine neurons during mor-
phine withdrawal. Notably, morphine withdrawal is also associ-
ated with alterations in the nucleus accumbens (NAc) shell, a
prominent target region of the VTA. Extended (10 d) but not
acute (12 h) withdrawal from a similar morphine treatment
schedule was found to enhance both the excitability of medium
spiny neurons (MSNs), as well as their glutamatergic input (Wu
et al., 2012). Interestingly, in another study, morphine with-
drawal was linked to enhanced c-Fos expression specifically in
MSNs in the NAc that express the dopamine 2 (D2), rather than
the dopamine 1 (D1) receptor (Enoksson et al., 2012). Since do-
pamine signaling oppositely affects excitability of D2 receptor
MSNs and D1 receptor MSNs (Neve et al., 2004; Surmeier et al.,
2007), morphine withdrawal-induced VTA hypofunctionality
(Acquas et al., 1991; Diana et al., 1995, 1999; Koob and Le Moal,
1997, 2001; Aston-Jones and Harris, 2004; Radke et al., 2011)
would likely shift the balance in the NAc toward more activation
of D2-receptor MSNs. Whereas striatal activation of D1-receptor
MSNs seems to underlie rewarding processes, activation of stria-
tal D2-receptor MSNs appears to be more linked to antireward or
aversive processes (Lobo et al., 2010; Enoksson et al., 2012; Krav-
itz et al., 2012; Pascoli et al., 2012). Interference with constitu-
tively active MORs on GABAergic terminals to VTA dopamine
neurons would be expected to even further diminish dopamine
signaling in regions like the NAc shell, leading to a further shift
toward activity in D2-receptor MSNs, a potential correlate for the
expression of adverse symptoms. Indeed, enhancing dopamine
signaling in the NAc shell ameliorates anxiety-like symptoms
caused by morphine withdrawal (Radke and Gewirtz, 2012). De-
spite the importance of this particular VTA projection to the NAc
shell, it is clear that morphine withdrawal is a multifacetted state
to which many other brain regions also contribute, including for
instance the amygdala and periaquaductal gray (Maldonado et
al., 1992; Gracy et al., 2001; Williams et al., 2001). Interestingly,
MORs serve important regulatory functions in such regions as
well (Williams et al., 2001; Contet et al., 2004). This opens up the
possibility that constitutively active MORs in these regions also
serve an important role in morphine withdrawal that may be
affected by MOR inverse agonists.

Although MOR neutral antagonists and inverse agonists can
both produce opiate withdrawal effects (e.g., jumping, tremors,
and place aversion), there is now strong evidence that neutral
MOR antagonists do so to a lesser extent than inverse agonists
(Wang et al., 1994; Bilsky et al., 1996; Raehal et al., 2005; Shoblock
and Maidment, 2006). MOR neutral antagonists therefore have
the potential to be safer therapeutic agents to treat both opiate
addiction and overdose. These reports connect well with our cur-
rent findings that MOR constitutive activity regulates GABAergic
signaling in a key brain region involved in opioid withdrawal
(Baumeister et al., 1989; Koob and Le Moal, 1997, 2001; Aston-
Jones and Harris, 2004; Radke et al., 2011).
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