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Absence and Rescue of Morphine Withdrawal in GIRK/Kir3
Knock-out Mice
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Although morphine induces both analgesia and dependence through w-opioid receptors (MORs), the respective contributions of the
intracellular effectors engaged by MORs remain unknown. To examine the contribution of G-protein-gated inwardly rectifying K *
(GIRK, Kir3) channels to morphine dependence and analgesia, we quantified naloxone-precipitated withdrawal behavior and morphine
analgesia using GIRK knock-out (~/~) mice. The morphine withdrawal syndrome was strongly attenuated, whereas morphine analgesia
was mostly preserved in mice lacking both GIRK2 and GIRK3 (GIRK2/3 ~/~ mice). In acute slices containing the locus ceruleus (LC) from
GIRK2/3 ™'~ mice, the increase in spontaneous firing typically associated with morphine withdrawal was absent. Moreover, although
morphine elicited normal presynaptic inhibition in the LC, postsynaptic GIRK currents were completely abolished in GIRK2/3 ~'~ mice.
Altogether, these data suggested that morphine-evoked postsynaptic inhibition of the LC was required for the induction of dependence.
Consistent with this hypothesis, morphine withdrawal behavior was rescued in GIRK2/3 ~'~ mice by ablation of adrenergic fibers using
the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine. Our data suggest that inhibition of adrenergic tone is required for the
induction of dependence, and that channels containing GIRK2 and GIRK3 serve as an inhibitory gate.
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Introduction

u-Opioid receptors (MORs) couple to G-proteins of the Gy,
subfamily, leading to modulation of multiple intracellular effec-
tors, including adenylyl cyclase, voltage-gated Ca*" channels,
and G-protein-gated inwardly rectifying K* (GIRK) channels
(Williams et al., 2001). GIRK channels mediate in large part the
postsynaptic inhibitory effect linked to G;,,-coupled receptors
but do not seem to contribute significantly to presynaptic inhibi-
tion (Liischer et al., 1997). Four mammalian GIRK subunits
(GIRK1-4) have been cloned, and they combine to form func-
tional heteromeric and homomeric channels (Wickman et al.,
2002). Although GIRK2 can form homomeric GIRK channels
(Inanobe et al., 1999), heteromeric channels containing both
GIRK1 and GIRK?2 are found in many neuron populations (Liao
et al., 1996; Liischer et al., 1997; Koyrakh et al., 2005; Marker et
al., 2006). In addition, GIRK3 is widely expressed in the CNS and
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may contribute to GIRK currents in certain neuron populations,
including the locus ceruleus (LC) (Torrecilla et al., 2002) and
dopamine neurons of the ventral tegmental area (Cruz et al.,
2004; Labouebe et al., 2007).

Several studies involving mice with mutant Girk genes have
implicated GIRK channels in the acute analgesic effect of mor-
phine (Ikeda et al., 2000; Mitrovic et al., 2003; Marker et al.,
2004). In contrast, the role of GIRK channels in the effects of
chronic opioid administration has not been explored.

Chronic exposure to morphine triggers adaptive phenomena
such as tolerance and dependence. With tolerance, larger mor-
phine doses have to be applied to obtain the initial effect, whereas
dependence is apparent through the withdrawal syndrome trig-
gered by the abrupt discontinuation of morphine exposure. On a
cellular level, adaptive processes initiated by MOR activation,
such as the recruitment of the adaptor protein B-arrestin2 and an
uncoupling of the receptors from the G-proteins, can be observed
within minutes (Borgland, 2001). The latter process seems to be
involved in tolerance but not dependence, because the with-
drawal syndrome is normal in the B-arrestin2 ~/~ mouse (Bohn
et al., 2000).

Dependence is a neuroadaptive state resulting from chronic
morphine exposure that is characterized by changes in gene ex-
pression, opioid signaling, and synaptic transmission (Williams
etal., 2001). At the behavioral level, dependence is typically stud-
ied indirectly by measuring the withdrawal syndrome precipi-
tated by the abrupt termination of morphine exposure or admin-
istration of a MOR antagonist. In other words, dependence can
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be separated into an induction phase, during which morphine
triggers adaptations, and an expression phase, which consists of
the withdrawal syndrome. Attenuated withdrawal is predicted,
therefore, if dependence is not induced or if a subject is incapable
of expressing the withdrawal syndrome (e.g., resulting from a
locomotor deficiency). At present, little is known about the struc-
tures and signaling relevant to the induction of morphine depen-
dence. Our study suggests that MOR effectors other than GIRK
channels primarily mediate systemic morphine analgesia,
whereas GIRK channels, perhaps via the postsynaptic inhibition
of the adrenergic neurons of the LC, constitute an inhibitory gate
for the induction of dependence.

Materials and Methods

Reagents. Morphine-HCl was obtained from Amino (Neuenhof, Switzer-
land), naloxone and 8-Br-cAMP were obtained from Tocris Cookson
(Bristol, UK), and N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP4) and kynurenic acid were obtained from Sigma-Aldrich (St.
Louis, MO).

Behavioral subjects and tests. Procedures were performed with the per-
mission of the Cantonal Veterinary Office of Geneva. Animals were kept
on a 12 h light/dark cycle. Constitutive GIRK2 ~/~ and GIRK3 ~/~
mouse lines were generated as described previously (Signorini et al.,
1997). For the studies described below, GIRK2 =/~ and GIRK3 ~/~ mice
were derived from crosses involving appropriate heterozygous mice.
Wild-type (WT) siblings obtained from these crosses were used as con-
trols for all studies. GIRK2/3 ~/~ mice were generated using a three-step
breeding strategy. GIRK3 '~ and GIRK2 ™~ mice were crossed in
round 1. GIRK2 */7/GIRK3 */~ offspring from this cross were then bred
in round 2 with GIRK3 /" mice. Male and female GIRK2"'"/
GIRK3 /'~ offspring from the round 2 cross were then bred in round 3,
yielding litters consisting of GIRK2*/*/GIRK3 ~/~, GIRK2*/7/
GIRK3 /", and GIRK2/3 /" mice. Two distinct cohorts of GIRK2/
37/~ mice were generated over the course of this 3 year study. For cohort
1, the three-step breeding strategy began after backcrossing the GIRK2
and GIRK3 null alleles for 16 and 5 generations, respectively, against the
C57BL/6 inbred mouse strain. For cohort 2, the three-step breeding strat-
egy began after backcrossing the GIRK2 and GIRK3 null mutations for 16
and 11 generations, respectively, against the C57BL/6 mouse strain. Im-
portantly, no differences in baseline or drug-induced behaviors were
noted for GIRK2/3 ~/~ mice in cohorts 1 and 2. Similarly, both the elec-
trophysiological and behavioral data gleaned from GIRK3 ~/~ mice ob-
tained from heterozygous crosses, or as part of the three-step double-
knock-out breeding strategy (cohort 1 or 2), were indistinguishable.
Accordingly, data obtained from distinct mouse cohorts and breeding
cages over the course of this study were simply pooled according to
genotype. Genotypes were identified by PCR using genomic DNA iso-
lated from tail biopsies. For all experiments, adolescent mice [postnatal
day 20 (P20) to P35] were used. The animals were manipulated and
habituated to the experimental environment for 1 week before the exper-
iments to minimize interference from the stress response.

Tail-flick test. Mice were immobilized in a small conic plastic cloth, the
tail was subjected to radiant heat, and latencies to tail withdrawal were
measured using a tail-flick analgesia meter (Columbus Instruments, Co-
lumbus, OH). The intensity of the heat source was adjusted to 7, so that
the baseline responses were close to 2 s in WT mice. A cutoff time of 10 s
was set to minimize tissue damage. Morphine was injected intraperito-
neally 30—60 min before testing, and three latency measurements sepa-
rated by at least 5 min were averaged. Morphine analgesia is represented
as the percentage maximal possible effect (% MPE) = 100 X [(test la-
tency — baseline latency)/(cutoff — baseline latency)]. An individual
animal was given only a single injection to avoid possible interference
caused by tolerance.

Motor activity. Open-field environments [ENV-515; 17 (width) X 17
(length) X 12 (height) inches; MED Associates, St. Albans, VT],
equipped with ventilated covers and three 16-beam infrared arrays were
used to measure the distance traveled during a 90 min session under
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conditions of moderate light and sound attenuation, as described previ-
ously (Pravetoni and Wickman, 2008).

Withdrawal. Animals were given twice-daily injections of morphine at
increasing doses (20, 40, 60, 80, 100 mg/kg, i.p.) over a period of 5 d. On
the morning of day 6, mice were injected with morphine (100 mg/kg,
i.p.), and withdrawal was precipitated 2 h later with naloxone (1 mg/kg,
i.p.). Where noted, mice were injected with DSP4 (50 mg/kg, i.p.) 3-5 d
before the first morphine injection. For 10 min before and 30 min after
naloxone administration, withdrawal signs (jumping, sniffing, tremor,
paw tremor, teeth chattering, wet-dog shakes, diarrhea) were quantified
by two independent experimenters blind to genotype. The impact of
gender, genotype, and drug treatment on each individual sign was ana-
lyzed. Subsequently, a global withdrawal score was calculated for each
animal after subtraction of the signs observed during baseline. The be-
havior of WT mice was used as reference and was given a global score of
100 points, with each sign receiving equal weight. Behaviors measured in
GIRK ~/~ mice were counted and normalized to WT for each symptom.
The sum of points was then averaged for all animals of the same genotype
and condition.

Electrophysiology. Horizontal slices (250 wm) of the brainstem were
made from mice in cooled artificial CSF (ACSF) containing the following
(in mm): 119 NaCl, 2.5 KCl, 1.3 MgCl,, 2.5 CaCl,, 1.0 NaH,PO,, 26.2
NaHCO;, and 11 glucose bubbled with 95% O,/5% CO,. Slices were
warmed to 34°C and transferred after 1 h to the recording chamber
superfused (2.5 ml/min) with ACSF. Visualized whole-cell voltage-
clamp recording techniques were used to measure holding currents and
synaptic responses of LC neurons at —63 mV (corrected for a calculated
liquid junction potential of —13 mV). Inhibitory synaptic currents were
obtained by extracellular stimulation (0.1 ms duration, 0.05 Hz) in the
presence of kynurenic acid (2 mm). The internal solution contained the
following (in mm): 130 K-Gluconate, 4 MgCl,, 1.1 EGTA, 5 HEPES, 3.4
Na,ATP, 10 Na,-Creatine-phosphate, and 0.1 Na;GTP. The calculated
reversal potential for C1 ~ was —71.7 mV. Currents were amplified, fil-
tered at 1 kHz, digitized at 5 kHz, and saved directly to a computer hard
disk. Cell membrane and access resistance were monitored with each
sweep, and the experiment was terminated if the access resistance
changed >20%. Spontaneous firing of LC neurons was recorded using a
pipette in cell-attached, current-clamp mode; traces were filtered at 10
kHz and digitized at 20 kHz.

Measurement of noradrenaline. Mice were killed 4-10 d after DSP4
injection, and the frontal cortex was rapidly dissected. Tissue was ho-
mogenized by sonication in 1 ml of 0.1 m perchloric acid containing
dihydroxybenzylamide (DHBA; Sigma-Aldrich) and centrifuged at
13,000 X g for 15 min. Supernatants were then filtered through 0.45 wm
Ultrafree-MC centrifugal filter units (Millipore Corporation, Billerica,
MA) and stored at —70°C. Catecholamine measurements were per-
formed by HPLC with amperometric detection similar to that described
previously (Grouzmann et al., 2003). Acidified tissues extracts (1 ml)
were spiked with 40,000 ng of DHBA as internal standard to assess re-
covery. The separation was achieved on a reversed-phase column
Nucleosil (5 mm C-18, 25 cm, 4.6 mm; Macherey-Nagel, Oensingen,
Switzerland) using a 50 mm sodium acetate buffer mobile phase contain-
ing 20 mM citric acid, 0.135 mm EDTA, 1 mm dibutylamine, and 3.8 mm
sodium octyl sulfonate, as an ion-pairing agent, and 7% methanol at a
flow rate of 0.9 ml/min. The electrochemical detector (Decade; Antec,
Leyden, The Netherlands) was set at +0.8 V. The following order of
elution was observed: noradrenaline (NA), adrenaline, DHBA, and do-
pamine. The recovery was close to 100%, and the quantification limit was
5 pg per injection. The interassay coefficients of variation were 11-12%.

Statistics. Compiled data are expressed as mean = SEM. For statistical
comparisons of two conditions, the nonparametric Mann—Whitney or
Wilcoxon matched tests were used. For multiple comparisons, a two-way
ANOVA followed by Bonferroni’s posttest or the nonparametric
Kruskal-Wallis test followed by Dunn’s posttests were applied (Instat,
version 3.0; GraphPad Software, San Diego, CA). All data represent ob-
servations from at least three different animals.
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Figure 1. Normal analgesic efficacy of morphine in GIRK2/3 ~/~ mice. a, Baseline latency

measurements for naive animals in the tail-flick test. In GIRK2 ~/~ and GIRK2/3 ~/~ mice,
baseline latencies are shorter than in WT mice. b, Dose—response curves for morphine-
mediated prolongation of tail-flick latencies. In GIRK2 ~/~ and GIRK2/3 ~/~ mice, morphine
dose—response curves were shifted to the right, indicating a decreased potency but preserved
efficacy. ***p < 0.001.

Results

Morphine analgesia and withdrawal in GIRK ~/~ mice

We first measured thermal nociception and morphine analgesia
using a radiant heat tail-flick test. We found that the baseline
tail-flick latency was significantly shorter for GIRK2 '~ and
GIRK2/3 ™'~ mice compared with WT mice, but there was no
difference between the two GIRK /™ lines (WT, 2.0 = 0.1 s;
GIRK2 /7, 1.5+ 0.1 GIRK2/3 /7, 1.5 + 0.1 s;n = 14 for each
genotype; p < 0.001 vs WT) (Fig. 1a). The dose-response curve
describing morphine analgesia was shifted slightly to the right for
GIRK2 '~ mice (WT, ECs, 6.9 * 0.3 mg/kg, n = 12; GIRK2 ',
ECsp, 14.3 = 1.2 mg/kg, n = 10; p < 0.001) (Fig. 1b); no addi-
tional shift of the dose—response curve was observed for GIRK2/
3/ mice (ECsy, 16.2 = 0.6,n = 10; p > 0.05vs GIRK2 /) (Fig.
1b, triangles). In an independent series of experiments, we ad-
justed the radiant heat of the tail-flick test to yield similar baseline
latencies for each animal tested. This occluded differences in
baseline nociception (Mitrovic et al., 2003; Marker et al., 2004)
and permitted measurement of morphine analgesia at equi-
effective stimuli. In this study, a slight reduction in morphine
potency was detected in GIRK2 ™/~ and GIRK2/3 ™'~ mice, but
analgesic efficacy was preserved (supplemental Fig. S1a, available
at www.jneurosci.org as supplemental material). Similar out-
comes were obtained in a separate study of morphine analgesia
involving the hot-plate assay (supplemental Fig. S1b,c, available
at www.jneurosci.org as supplemental material). These observa-
tions are consistent with those of previous studies implicating
GIRK2-containing channels in systemic opioid analgesia (Ikeda
et al., 2000; Marker et al., 2002, 2004; Mitrovic et al., 2003), with
the exception that at this age of the mice, no significant influence
of gender on baseline nociception was observed. Moreover, mor-
phine analgesia was only different in WT male and female mice
for the hot plate assay but not in the tail-flick test (supplemental
Fig. S2a—d, available at www.jneurosci.org as supplemental ma-
terial). Because gender differences were small and no longer
present in GIRK ~/~ mice, data from male and female mice were
pooled within genotypes.

We next investigated the effect of GIRK subunit ablation on
the naloxone-precipitated withdrawal syndrome after 5 d of mor-
phine exposure. The withdrawal syndrome was assessed by quan-
tifying seven distinct withdrawal signs (Fig. 2a—g) across geno-
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Figure2. Attenuation of morphine withdrawal syndrome in GIRK2/3 /™ mice. a—g, Indi-
vidual withdrawal signs in GIRK ~/~ versus WT mice. After five consecutive days of morphine
(filled bars; 20100 mg/kg, i.p.) or saline (open bars) administration, a withdrawal syndrome
was precipitated with naloxone (1mg/kg, i.p.), and the occurrence of each withdrawal sign was
monitored for 30 min: a, escape jumps; b, wet-dog shakes; ¢, sniffing; d, tremor; e, paw tremor;
f, teeth chattering; g, diarrhea. h, Global withdrawal scores after naloxone challenge compiled
from withdrawal signs above in morphine-treated (filled bars) and saline-treated (open bars)
animals. Notice that the global withdrawal score was strongly reduced in GIRK2/3 ~/~ mice but
not in the other GIRK ~/~ lines, whereas saline-treated animals behaved indistinguishably
across the genotypes. i, Global withdrawal score as a function of time. Scores in GIRK2/3 ~/~
mice were significantly different from WT mice for all time points. j, Spontaneous locomotor
activity (total distance traveled) was greater in GIRK2 '~ mice but similar in GIRK3 ~/~ and
GIRK2/3 /" mice compared with WT mice. ***p < 0.001; *p < 0.05.
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types and gender. We did not observe a a

significant impact of gender on the ap-

pearance of any single withdrawal sign, WT
and as such, data from male and female
animals were pooled within genotypes
(supplemental Table 1, available at www.j-
neurosci.org as supplemental material).
We did observe, however, that GIRK2 ~/~
animals exhibited a significantly increased
number of escape jumps and wet-dog
shakes than WT counterparts (Fig. 2a,b).
Hyperactivity in GIRK2 '~ mice has
been reported previously (Blednov et al.,
2002), which could explain this observa-
tion. GIRK3 /" animals also showed
slightly decreased occurrence of all symp-
toms with the exception of diarrhea. Inter-
estingly, in GIRK2/3 ™/~ mice, all of the
observed withdrawal signs, with the excep-
tion of diarrhea, were significantly re-
duced. Escape jumps and body as well as
paw tremor were attenuated most
strongly.

Global withdrawal scores were calcu-
lated by compiling all observed signs (Fig.
2h) (see Materials and Methods). Control
mice injected with saline had global scores
that were not significantly different for WT (6 = 1), GIRK2 '~
(3 = 1), GIRK3 '~ (6 = 3), and GIRK2/3 /" mice (4 + 2;n =
6-22; p > 0.05). Although in GIRK2 '~ mice, the global with-
drawal score (136 = 10; n = 6) was slightly greater compared with
WT mice (100 = 10; n = 16; p < 0.05), the global withdrawal
score in GIRK3 ™/~ mice (79 = 11; n = 6; p > 0.05) was not
significantly different from WT. The global withdrawal score for
GIRK2/3 ™/~ mice (32 = 7; n = 22; p < 0.001), in contrast, was
significantly lower than that of WT controls. Breaking down
global withdrawal scores into 5 min intervals excluded altered
kinetics of the withdrawal response as a cause of the observed
differences (Fig. 2i). Furthermore, the lower withdrawal scores of
GIRK2/3 '~ mice cannot be explained by a general hypoactivity
of these animals, because the distances traveled in an open field
were similar to those measured in WT mice (WT, 148.5 = 8.1 m;
GIRK2/3 ~/7,163.1 + 41.4 m; n = 6 for each genotype; p > 0.05)
(Fig. 2j). Conversely, the higher score in GIRK2 ~/~ mice may be
linked to their hyperlocomotor activity (GIRK2 /", 207.1 *
37.2m;n = 12; p < 0.05).

Saline

Morphine

Figure 3.

Absence of a cellular hallmark of withdrawal in

GIRK2/3 ™/~ mice

There is general agreement that LC neurons fire excessively dur-
ing withdrawal. This can be measured in vivo (Aghajanian, 1978),
as well as ex vivo in acute brainstem slices (Ivanov and Aston-
Jones, 2001). Using the latter model, we performed cell-attached
recordings and observed a doubling of the firing frequency in WT
mice during withdrawal (0.7 = 0.2 Hz at baseline vs 1.9 £ 0.4 Hz
during withdrawal; n = 6—8; p < 0.05) (Fig. 3a,c). In contrast, LC
neurons from GIRK2/3 /" mice tended to have slightly higher
basal firing frequencies and did not display increased firing rates
during withdrawal (1.1 * 0.4 Hz at baseline vs 0.6 = 0.1 Hz
during withdrawal; n = 5; p > 0.05) (Fig. 3b,c). These findings are
consistent with the behavioral data and suggest that morphine
dependence was not induced in GIRK2/3 ™'~ mice.
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Spontaneous firing of LC neurons in GIRK2/3 ~/~ mice. a, b, Representative traces of cell-attached recordings in
brainstem slices of WT and GIRK2/3 ~/~ mice at baseline and during morphine withdrawal, after 5 d of morphine treatment
(20100 mg/kg, i.p.) and naloxone administration (1 mg/kg, i.p.). ¢, Bar graph showing mean firing rates at baseline and during
withdrawal. Notice that in WT but not in GIRK2/3 ~/~ mice, there is a significant increase in LC neuron firing rate during
withdrawal. **p < 0.01; *p << 0.05.

Effect of morphine on LC neurons in slices from
GIRK ~/~ mice
Given the absence of adaptation in firing rates of LC neurons in
morphine-treated GIRK2/3 ~/~ mice, we next examined the ef-
fect of morphine on presynaptic and postsynaptic signaling in LC
neurons. Opioid-induced presynaptic inhibition of LC neurons
can be studied by monitoring GABAergic IPSCs evoked by extra-
cellular stimulation in the proximity of the LC (Williams et al.,
2001). Similar to observations in the hippocampus (Liischer et
al., 1997), we found that the presynaptic inhibitory effect of mor-
phine was similar in magnitude for all genotypes tested (WT,
53 *+ 1%; GIRK2 /7, 54 * 4%; GIRK3 /7, 54 * 9%; GIRK2/
377,53 = 3%; n = 6 for each genotype; p > 0.05) (Fig. 4a,b).

Although morphine-induced presynaptic inhibition in the LC
was unaffected by GIRK ablation, we found that morphine-
induced somatodendritic GIRK currents were significantly
smaller in GIRK ~/~ animals compared with WT, with the most
prominent effect seen in LC neurons from GIRK2/3 ™/~ mice
(WT, 41.8 * 6.5 pA; GIRK2 /7, 23.4 * 3.9 pA; GIRK3 /™,
20.9 + 2.4 pA; GIRK2/3 /7, 6.3 = 1.2 pA; n > 5; p < 0.05) (Fig.
4c¢,d). Moreover, the small residual current observed in GIRK2/
37/~ mice (8.6 = 1.1 PA; n = 5) was insensitive to barium (Ba; 1
mM). In the presence of Ba, a current of similar amplitude was
also evoked in WT mice (14.3 £ 2.5 pA; p < 0.01; n = 7). There-
fore, ablation of both GIRK2 and GIRK3 is necessary and suffi-
cient to eliminate the GIRK-dependent component of the
morphine-induced current in LC neurons.

Because GIRK channels may be constitutively active (Liischer
et al., 1997; Torrecilla et al., 2002; Chen and Johnston, 2005;
Koyrakh et al., 2005), LC neurons observed in GIRK2/3 ~'~ mice
may exhibit elevated intrinsic excitability. We therefore moni-
tored the basal firing frequency of LC neurons while blocking
synaptic transmission. Under these conditions, the firing fre-
quency of LC neurons from GIRK2/3 ™/~ mice was significantly
higher than that measured in LC neurons from WT mice
(GIRK2/37/7,0.9 + 0.3 Hz; WT, 0.3 + 0.1 Hz; n > 5; p < 0.05)
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Figure4. Impact of GIRK ablation on presynaptic and postsynapticinhibition in the LC. @, Morphine inhibited evoked IPSCs to a similar degree in GIRK2 ~/~, GIRK3 ~/~, and GIRK2/3 /™~ mice
compared with WT.Morphine, 5 wm; naloxone (Nal), 1 wum. Insets are averages of 15 individual traces at corresponding time points. Calibration: 50 pA, 10 ms. b, Bar graph summarizing the inhibition
of evoked IPSCs by morphine. ¢, Morphine (5 m) applied for 15 min evoked a sustained outward current at a holding potential of —63 mV in WT neurons that was reduced in GIRK '~ mice. d,
Quantification of postsynaptic current amplitude. GIRK2/3 ~/~ mice lack the GIRK-dependent component of the morphine-induced postsynaptic current. The small residual current measured in WT
LCneurons in the presence of Ba was blocked by the cAMP analog 8-Br-cAMP (10 mwm; 2.4 == 1.4 pA; n = 6; p << 0.05) (data not shown). Insensitivity to Ba excludes GIRK channels as the underlying
conductance, whereas the cAMP sensitivity is compatible with a background K * channel, similar to the residual currents observed in other neurons (Cruz et al., 2004). **p < 0.01; *p << 0.05.
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blocked (2 mm kynurenic acid, 100 wm picrotoxin, and 1 wm strychnine), the spontaneous firing of LC neurons was higher in
GIRK2/3 ~/~ mice compared with WT. b, Cortical NA concentration determined in WT and GIRK2/3 ~/~ mice at baseline and
after DSP4 treatment. Note that although the baseline NA level was higher in GIRK2/3 ~/~ mice, DSP4 treatment led to a
comparable reduction in the cortex of WT and GIRK2/3 ~/ mice. ***p << 0.001; *p << 0.05.

(Fig. 5a). Although this difference is evidently partially occluded

when synaptic transmission remains intact (compare with Fig. 3),
the increased intrinsic excitability of LC neurons from GIRK2/
37/ mice likely explains the elevated NA concentration mea-

sured in the cortex of GIRK2/3 /" mice
(WT, 275 * 17 pg/mg; GIRK2/37'~,
395 *+ 36 pg/mg; n = 6; p < 0.05 vs WT)
(Fig. 5b). Together, the electrophysiologi-
cal studies revealed that GIRK channels in
LC neurons are postsynaptic effectors of
MORs and shape intrinsic excitability.

Rescue of the withdrawal syndrome in
GIRK2/3 ™'~ mice

Given the behavioral and electrophysio-
logical observations, we hypothesized that
the abolished withdrawal syndrome in
GIRK2/3 ~/~ mice may be attributable to
the lack of GIRK-dependent postsynaptic
inhibition of the LC. In other words,
postsynaptic inhibition of LC neurons
may be required for the induction of de-
pendence. This hypothesis predicts that
GIRK-independent inhibition of the LC
should rescue the withdrawal syndrome in
GIRK2/3 ™'~ mice. Accordingly, we ex-
posed GIRK2/3 ~/~ mice to DSP4, a toxin
that selectively destroys the adrenergic ax-
ons originating in the LC, leading to a
long-lasting adrenergic depletion

(Fritschy and Grzanna, 1992). To assess the integrity of the ad-
renergic system in GIRK2/3 ~/~ mice and the efficacy of the DSP4
treatment, we measured NA levels in the cortex 4—10 d after the
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Figure6. Individual withdrawalsignsin GIRK2/3 ™ animals treated with DSP4.a, WT and

GIRK2/3 '~ mice were injected either with DSP4 (50 mg/kg, i.p.) or with saline 35 d before
starting the chronic morphine administration procedure. After 5 d of chronic morphine (filled
bars) or saline (open bars) administration, a withdrawal syndrome was precipitated with nal-
oxone (1 mg/kg, i.p.), and each withdrawal sign was counted for 30 min: b, escape jumps; ¢,
wet-dog shakes; d, sniffing; e, tremor; f, paw tremor; g, teeth chattering; h, diarrhea. i, Global
withdrawal score showing that DSP4 treatment did not have any significant influence on with-
drawal in WT animals but did rescue withdrawal in GIRK2/3 '~ mice. ***p < 0.001;
*p < 0.05.

injection of the toxin. At baseline, NA concentrations were higher
in GIRK2/3 ™'~ mice than in WT mice (Fig. 5b). After DSP4
treatment, NA concentrations were reduced by 77% in WT mice
(67 + 6 pg/mg; n = 12; p < 0.001) and by 69% in GIRK2/3 ~/~

Cruz et al. o GIRK/Kir3 Channels in Morphine Withdrawal

mice (123 * 32 pg/mg after treatment; n = 6; p < 0.001), indi-
cating that DSP4 was equally efficacious in both genotypes.

When challenged with naloxone after chronic morphine ex-
posure and in line with previous observations (Chieng and
Christie, 1995; Dossin et al., 1996; Caille et al., 1999), global with-
drawal scores compiled for seven distinct withdrawal signs (Fig.
6a—h) were not different between mice treated with a low con-
centration of DSP4 (50 mg/kg) and untreated WT mice (100 * 7
vs 100 = 10; n = 9; p > 0.05) (Fig. 64a,i). Similarly, DSP4 treat-
ment did not have any impact on global withdrawal scores of
saline-treated animals of either genotype (WT, 13 %= 6; DSP4-
WT, 3 *+ 2; GIRK2/3 /", 3 + 2; DSP4-GIRK2/3 /", 15 * 10;
n=6-8; p>0.05). However, DSP4 treatment almost completely
rescued the withdrawal syndrome in GIRK2/3 '~ mice (DSP4-
GIRK2/3 /7, 81 * 7; control-GIRK2/3 /7,29 = 9, n = 10; p <
0.001). A sign-by-sign analysis (Fig. 6b—h) revealed that after
DSP4 treatment of GIRK2/3 '~ mice, escape jumps, wet-dog
shakes, and diarrhea fully recovered, whereas paw tremor showed
only a partial recovery. For body tremor and teeth chattering, the
increase was not significant.

We also tested whether DSP4 treatment affected baseline no-
ciception and morphine analgesia and found that in the hot-plate
test, there was no significant effect of DSP4 on baseline latency in
WT mice, nor did DSP4 influence morphine analgesia (supple-
mental Fig. S34,b, available at www.jneurosci.org as supplemen-
tal material). These observations suggest that the adrenergic out-
put of the LC exerts little impact on systemic morphine analgesia.

Discussion

Here, we present evidence that the morphine withdrawal syn-
drome is severely attenuated in GIRK2/3 ~/~ mice, whereas mor-
phine analgesia is mostly preserved. GIRK2/3 ~/~ mice also failed
to display an increase in LC neuron firing rate, an established
electrophysiological hallmark of withdrawal. Furthermore, the
GIRK-dependent component of the morphine-induced postsyn-
aptic current was absent in LC neurons from GIRK2/3 '~ mice.
Altogether, the behavioral and electrophysiological data sug-
gested that inhibition of adrenergic output from the LC is re-
quired for induction of dependence, a contention supported by
experiments using the neurotoxin DSP4. Indeed, DSP4-treated
GIRK2/3 '~ mice show a near-normal morphine withdrawal
syndrome, arguing that the attenuated withdrawal syndrome in
GIRK2/3 ™'~ mice is not caused by an inability to express mor-
phine dependence.

Among the brain regions implicated in opioid dependence
and withdrawal, the LC has generated great interest. There is
general consensus that LC neurons are hyperactive during with-
drawal (Aghajanian, 1978). Enhanced synaptic drive (e.g.,
strengthening of excitatory afferents onto LC neurons (Johnson
et al., 2002) and intrinsic upregulation of neuronal excitability
(Lane-Ladd etal., 1997; Han et al., 2006) have been implicated in
the hyperactivity of the LC. Nevertheless, the relevance of this
hyperactivity to withdrawal behavior remains controversial
(Christie et al., 1997). A large body of evidence implicates the LC
in the expression of the opiate withdrawal syndrome (Maldo-
nado, 1997; Nestler, 2004). For example, surgical lesions of the
LC abolished the withdrawal syndrome (Maldonado and Koob,
1993). In addition, studies involving molecular and pharmaco-
logical interventions aimed at disrupting MOR-mediated inhibi-
tion of adenylyl cyclase, the cAMP-responsive element-binding
protein function (Maldonado et al., 1996), phosphodiesterases
(Mamiya et al., 2001), or the cAMP system were all supportive
of a key role played by the LC in the expression of morphine
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and Christie, 1995; Caille et al., 1999) and
in turn suggested a novel role for the cen-
tral adrenergic system in opiate depen-
dence (Fig. 7). Our hypothesis is that NA
normally prevents the induction of depen-

VGCC/K! GIRK2 adenylyl cyclase =~ VGCC/Kv adenylyl cyclase .
(GIRK2) GIRK3 dence, and that the morphine-dependent
¥ activation of GIRK channels effectively
Adrenergic (©] Adrenergic (S} suppresses NA release, perhaps by its ac-
nucleus (LC) nucleus (LC) tion on the LC, permitting the induction
analgesia dependence analgesia dependence of dependence. Although our experience

Wildtype

VGCC/Kv adenylyl cyclase
DSP4
Adrenergic @l ©
nucleus (LC)
analgesia dependence

GIRK2/3™~ (DSP4)

Figure 7.

GIRK2/37"~

Proposed model. MOR mediates analgesia mainly via presynaptic effectors such as voltage-gated calcium

with DSP4 certainly implicates the LC, it
is appropriate to consider other adrener-
gic projections given questions concern-
ing the anatomic selectivity of this toxin.
Indeed, structures neighboring the LC,
including afferents to the periaqueductal
gray, have been implicated in morphine
withdrawal (Maldonado et al., 1995;
Chieng and Christie, 1996). The adren-
ergic fibers arising from medullary
A1-A2 neuron groups projecting to the
bed nucleus of the stria terminalis may
also contribute to the opioid withdrawal
syndrome (Delfs et al., 2000). Rebound
of adenylyl cyclase activity in these parts
of the brain (Punch et al., 1997; Williams
et al., 2001; McClung et al., 2005) may
constitute the molecular correlate of
withdrawal.

Studies involving mice with mutant
Girk genes have implicated GIRK channels

channels or voltage-sensitive K channels (K, ). Chronic exposure to morphine leads to a counter-adaptation of adenylyl
cyclase signaling and downstream events that are responsible for the expression of dependence. Top left, In WT mice, this
pathway is normally gated by the afferents from adrenergic nuclei such as the LC. Morphine, through activation of MORs
and postsynaptic GIRK channels, inhibits adrenergic neurons to allow the induction of dependence. Top right, In GIRK2/
37/~ mice, where the potency but not the efficacy of morphine analgesia is affected, dependence is not induced because
the adrenergic tone is persistently/constitutively high. Bottom, When GIRK2/3 ~/~ mice are exposed to DSP4, the adren-

in nociception and the acute analgesic ef-
fect of morphine (Ikeda et al., 2000; Bled-
nov et al.,, 2003; Mitrovic et al., 2003;
Marker et al., 2004, 2006). For example,
weaver mice, which harbor a mutation in

ergic output is abolished, and withdrawal is rescued.

withdrawal (Lane-Ladd et al., 1997; Han et al., 2006). Never-
theless, pharmacological ablation of LC function failed to at-
tenuate morphine withdrawal (Chieng and Christie, 1995;
Calille et al., 1999).

The attenuated withdrawal syndrome seen in GIRK2/3
mice may not reflect a selective deficit of the LC. Indeed, it is
possible that the observed phenotype is influenced by develop-
mental alterations linked to constitutive gene ablation and/or the
absence of GIRK2 and/or GIRK3 from neuron populations that
normally modulate withdrawal behavior. But does the rescue of
the withdrawal syndrome by DSP4 implicate the LC? DSP4 binds
to the adrenergic transporters located on adrenergic neuron ter-
minals (Lee et al., 1982). DSP4 shows strong selectivity for adren-
ergic terminals arising from the LC, as evidenced by immunobhis-
tochemical analysis of dopamine B-hydroxylase (a marker of
adrenergic terminals) (Fritschy and Grzanna, 1991) and bio-
chemical measurements of NA that showed abolished levels only
in regions targeted by the LC (Prieto and Giralt, 2001). It is im-
portant to note that the molecular basis for this selectivity re-
mains elusive. Furthermore, recent studies indicate that the se-
lectivity of DSP4 for LC projections is relative, not absolute
(Dailly et al., 2006).

Our experience with DSP4 confirmed that withdrawal can be
observed in WT mice when the LC output is abolished (Chieng

—/—

the Girk2 gene, exhibited blunted re-

sponses to systemic morphine analgesia as

measured by the hot-plate test (Ikedaetal.,
2000). Similarly, GIRK2 =/~ mice exhibited hyperalgesia and
blunted systemic morphine analgesia in both thermal and
chemical tests of nociception (Mitrovic et al., 2003). Notably,
this study demonstrated that analgesic efficacy of systemic
morphine was preserved in GIRK2 ~/~ mice, whereas potency
was reduced. Therefore, GIRK channels contribute to systemic
morphine analgesia but are not required for a maximal anal-
gesic response.

Therefore, given the results from this and published studies, it
seems reasonable to suggest that the analgesic effect of systemic
morphine primarily involves presynaptic inhibition. Activation
of MORs on presynaptic terminals is known to modulate calcium
channels, the neurotransmitter release machinery, and voltage-
gated potassium channels, leading to decreased neurotransmitter
release (Miller, 1998). The importance of presynaptic mecha-
nisms to opioid analgesia is supported by observations in 3-ar-
restin2 ~/~ mice, which display an enhanced analgesic response
to morphine (Bohn et al., 1999). In slices of the periaqueductal
gray and the LC from these mice, morphine causes an augmented
presynaptic inhibition, whereas postsynaptic hyperpolarizing
currents are normal (Bradaia et al., 2005).

In summary, we describe a dissociation of systemic morphine
analgesia and physical dependence. Because this is achieved with
the ablation of postsynaptic effectors, we conclude that morphine
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analgesia is primarily mediated by presynaptic mechanisms. Fur-
thermore, we argue that GIRK channels containing GIRK2 and
GIRK3 subunits present in the LC or other adrenergic nuclei
inhibit adrenergic output during morphine exposure, thereby
gating the induction of dependence. Our model predicts that the
selective activation of MORs expressed on presynaptic terminals
would have strong analgesic effects without inducing
dependence.
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