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Abstract

Background—The central nucleus of the amygdala (CeA) mediates stress- and addiction-related
processes. Corticotropin-releasing factor (CRF) and nociceptin/orphanin FQ (nociceptin) regulate
ethanol intake and anxiety-like behavior. In the rat, CRF and ethanol significantly augment CeA
gamma-aminobutyric acid (GABA) release, whereas nociceptin diminishes it.

Methods—Using electrophysiologic techniques in an in vitro slice preparation, we investigated
the interaction of nociceptin and CRF on evoked and spontaneous GABAergic transmission in
CeA slices of naive and ethanol-dependent rats and the mechanistic role of protein kinase A.

Results—In neurons from naive animals, nociceptin dose-dependently diminished basal-evoked
GABA receptor-mediated inhibitory postsynaptic potentials (IPSPs) by decreasing GABA
release and prevented, as well as reversed, CRF-induced augmentation of IPSPs, actions that
required PKA signaling. In neurons from ethanol-dependent animals, nociceptin decreased basal
GABAergic transmission and blocked the CRF-induced increase in GABA release to a greater
extent than in naive controls.

Conclusions—These data provide new evidence for an interaction between the nociceptin and
CRF systems in the CeA. Nociceptin opposes CRF effects on CeA GABAergic transmission with
sensitization of this effect in dependent animals. These properties of nociceptin may underlie its
anti-alcohol and anxiolytic properties and identify the nociceptin receptor as a useful therapeutic
target for alcoholism.
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Nociceptin/orphanin FQ (N/OFQ; nociceptin) is a 17-aminoacid opioid-like peptide that
binds with high affinity to the opioid N/OFQ receptor (NOP), but it does not bind to mu-(u)
(MOP) opioid, delta-(d) (DOP) opioid, or kappa-(k) opioid (KOP) receptors. Nociceptin and
NOP can be found in the cortex, amygdala, bed nucleus of the stria terminalis, and various
fronto-cortical areas (1). Interestingly, these areas are implicated in regulating the
motivational properties of drugs of abuse (2-7).
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Behavioral studies suggest a role for the nociceptin-NOP system in alcohol addiction.
Nociceptin inhibits stress-induced ethanol seeking, attenuates ethanol self-administration
and conditioned reinstatement of alcohol seeking in alcohol-preferring rats, and has
anxiolytic-like and anti-stress actions (8 —12). Ethanol-dependent rats exhibit neuroadaptive
changes in nociceptin function that are associated with increased anxiety-like behavior and
alcohol intake and display enhanced sensitivity to nociceptin (13). Repeated systemic
administration of ethanol alters basal nociceptin levels in several brain regions (14), and
site-specific changes in nociceptin levels have been demonstrated in alcohol-preferring
rodent lines (15).

Application of gamma-aminobutyric acid (GABA) antagonists into the central nucleus of the
amygdala (CeA) blocks the acute reinforcing effect of alcohol (16,17). We demonstrated
that acute ethanol increases presynaptic GABA release in both rat (18) and mouse (19) CeA
neurons. Like ethanol, corticotropin-releasing factor (CRF) augments GABA receptor-
mediated inhibitory postsynaptic currents (IPSCs), and ethanol-induced augmentation of
IPSCs involves presynaptic CRF; receptors (CRF;) (19,20). Ethanol-dependent rats show
enhanced basal GABA transmission, and acute ethanol increased evoked IPSC amplitudes
and the miniature IPSC (mIPSC) frequency to an extent equivalent to that in neurons from
naive rats, suggesting a lack of tolerance to acute ethanol (21). Ethanol-dependent rats also
exhibit heightened sensitivity to CRF and CRF; antagonists (20). Nociceptin decreases basal
GABAergic transmission and prevents the ethanol-induced augmentation of GABA IPSCs
in the CeA of naive rats (13).

The ability of nociceptin to reduce ethanol intake suggests that this peptide may act as an
endogenous functional antagonist of CRF; (5,11,12). For example, nociceptin is known to
oppose the anorectic effect of CRF in rats (6,9,22). Currently, the mechanisms underlying
functional antagonism of CRF; by nociceptin are not understood. Here, using
electrophysiologic techniques in an in vitro slice preparation, we compared the action of
nociceptin on basal GABAergic transmission and on the CRF-induced effects at GABAergic
synapses in CeA neurons from naive and ethanol-dependent rats.

We recently reported that type 7 adenylate cyclase (AC7) plays an important role in ethanol
and CRF modulation of presynaptic GABA release in the CeA (23). Protein kinase A (PKA)
is inhibited by NOP receptors (via Gj protein) (24) and is also activated by CRF; (via Gg and
Ggq proteins) (25,26). Here, we investigated the role of PKA in the nociceptin-induced
decrease and CRF-induced increase in spontaneous CeA GABA release in naive rats.

We found that nociceptin blocks acute CRF-induced augmentation of IPSPs in both naive
and ethanol-dependent rats by inhibiting GABA release, and PKA signaling is required in
this mechanism. In ethanol-dependent rats, nociceptin-induced inhibition of IPSPs was
stronger than that in naive rats, suggesting an upregulation of the nociceptin system
associated with the development of ethanol dependence.

Methods and Materials

Slice Preparation

As previously described (18,21), we prepared CeA slices from male Sprague-Dawley rats
(150 — 300 g; 7-9 weeks old) that were anesthetized with halothane (3%) and decapitated.

Chronic Ethanol Treatment

We used the standard ethanol inhalation method of The Scripps Research Institute Alcohol
Research Center to induce ethanol dependence (Supplement 1) (20,27). On experiment days,
the chronic ethanol-treated rats were maintained in the ethanol vapor chamber until

Biol Psychiatry. Author manuscript; available in PMC 2013 November 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cruz et al.

Page 3

preparation of slices (under ethanol-free conditions). We recorded from cells 2 to 8 hours
after cutting the slices (depending on the amount of time required to locate and record from
a viable cell), as previously described (21).

Blood Alcohol Level

We determined blood alcohol levels of the ethanol-dependent animals from tail-blood
samples. The target range for blood alcohol levels was 150 to 200 mg%. Control animals
were routinely sampled to control for possible effects of handling.

Intracellular Recording

We recorded from neurons in the medial subdivision of the CeA with sharp micropipettes
filled with 3M KCI using discontinuous current-clamp mode (20,21). We held most neurons
near their resting membrane potentials. We evoked pharmacologically isolated GABAA
receptor-mediated inhibitory postsynaptic potentials (IPSPs) by stimulating locally within
the CeA through a bipolar stimulating electrode (Supplement 1). We examined paired-pulse
facilitation (PPF) using paired stimuli at 50- and 100-msec inter-stimulus intervals
(21,28,29). The stimulus strength was adjusted such that the amplitude of the first IPSP was
half-maximal.

All measures were taken before drug superfusion (control), during drug superfusion (10 — 15
min), and following washout (20 — 30 min) and expressed as mean = SEM. We used ¢test
analyses for individual means comparisons (e.g., Figure 1B) and within-subject one-way
repeated-measures analysis of variance (RM-ANOVA) to compare IPSPs within a group
(naive or dependent). When appropriate, the Student Newman-Keuls post hoc test was used
to assess significance between treatments (e.g., Figures 1, 3, and 4) with p < .05 considered
significant. To assess differences resulting from ethanol exposure (naive x dependent) and
drug interaction between groups, we used two-way RM ANOVA (e.g., Figure S3 in
Supplement 1).

Whole-Cell Patch-Clamp Recording of Miniature IPSCs

Drugs

Results

We used the whole-cell patch-clamp method in the presence of 10 pmol/mL CNQX, 30
pmol/mL APV, 1 umol/mL CGP 55845A, and 1 pmol/mL tetrodotoxin to isolate mIPSCs.
All cells were clamped at — 60 mV (Supplement 1). All data are expressed as mean = SEM.
We used cumulative probability analysis and determined statistical significance using the
Kolmogorov-Smirnov and nonparametric, two-sample #test, with p < .05 considered
significant.

We purchased AP5, CNQX, CGP 55845, CRF, PKI, [Nphel]Nociceptin-(1-13)NH,, and
nociceptin from Tocris Bioscience (Ellisville, Missouri) and tetrodotoxin, bicuculline, and
Rpadenosine 3',5'-cyclic mono-phosphorothioate triethylammonium salt hydrate (Rp-
cAMP) from Sigma (St. Louis, Missouri).

Nociceptin Reverses CRF-Induced Enhancement of GABAergic Synaptic Transmission

We recorded intracellularly from 104 CeA neurons by stimulating locally within the CeA.
The mean resting membrane potential of these CeA neurons was —76.7 = 1.3 mV with input
resistance of 131.5 £ 5.8 MQ.
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In CeA neurons of naive rats, nociceptin dose-dependently reduced the mean amplitude of
evoked IPSPs (Figures 1A and 1B). The lowest concentration of nociceptin tested (100
nmol/mL) produced a slight decrease in evoked IPSPs that was not statistically significant (o
> .05; df=6; t=2.22), whereas 500 nmol/mL nociceptin significantly (p< .05; df=11; t=
13.78) reduced the IPSP amplitude. This effect was reversible upon washout. The highest
concentration of nociceptin tested (1 pmol/mL) significantly (o< .05; df=6; = 2.91)
diminished evoked IPSPs with only partial recovery during washout (Figures 1A and 1B).
Therefore, we used the maximally effective and reversible concentration of nociceptin, 500
nmol/mL throughout this study unless specified otherwise (e.g., Figure 3). A maximally
effective concentration (20) of 200 nmol/mL CREF significantly (p<.001; df=7; t=10.033)
increased evoked IPSPs in CeA neurons from naive rats (Figures 1A and 1B).

On the basis of behavioral studies of nociceptin and stress (8,11,12,30) and our cellular data
on nociceptin (13) and CRF (20), we hypothesized that the anxiolytic and antistress
properties of nociceptin may involve an interaction between nociceptin and CRF systems at
GABAergic CeA synapses. Thus, to test for nociceptin-CRF interaction, we applied the two
peptides concomitantly. We first applied 200 nmol/mL CRF and then coapplied 500 nmol/
mL nociceptin onto CeA slices (Figure 1C). The statistics presented here refer to data
collected at half-maximal stimulation intensities as determined from 1/O relationships
generated for each neuron. Overall ANOVA revealed a significant effect [~ (2,7) =25.88, p
<.01] and post hoc analysis revealed that CRF significantly (p < .01) increased the mean
amplitude of evoked IPSPs (137.3 + 1.3% of control; Figure 1C). Subsequent application of
nociceptin significantly (v < .01) reduced the mean evoked IPSP amplitude to 85.9 £ 1.1%
of control with recovery upon washout (Figure 1C).

To determine the site of action of CRF, we examined PPF of IPSPs using 50- and 100-msec
interstimulus intervals. CRF significantly [F(2,8) = 7.64, p < .01 for 50 msec and ~(2,8) =
15.63, p< .01 for 100 msec] decreased the PPF ratio of IPSPs (Figure 1D). The ability of
nociceptin to reverse the CRF-induced increase in IPSP amplitude correlated with a
significant (p < .01) increase in the 50 and 100 msec PPF ratio; these effects returned to
baseline values after washout.

We performed whole-cell patch clamp recordings of mIPSCs to confirm that CRF increased
presynaptic GABA release in the CeA. Generally, an increase in mIPSC frequency suggests
increased probability of transmitter release, and an increase in mIPSC amplitude reflects
increased sensitivity of postsynaptic GABAA, receptors (31,32). CRF significantly [F(2,4) =
34.36; p<.01] increased the mean frequency of mIPSCs to 146.8 + 7.9% of control
(control: .60 £.08 Hz; CRF: .87 +.12 Hz; n=5; Figures 2A and 2B) and shifted the
cumulative frequency distribution toward shorter interevent intervals, but had no effect on
mean mIPSC amplitudes (control: 44.2 + 5.8 pA; CRF: 46.1 + 7.2 pA; Figures 2C and 2D),
suggesting that the increase in mean evoked IPSP amplitude was due to increased
presynaptic GABA release. CRF did not significantly (o> .05; = 5) alter the decay or rise
time of mIPSCs (Figure 2B). Subsequent cosuperfusion of nociceptin reversed the effects of
CRF on mIPSC frequency (p < .01) and did not alter amplitude and Kkinetics (Figures 2A—
2D).

Nociceptin Prevents the CRF-Induced Enhancement of GABAergic Synaptic Transmission

Because nociceptin counteracted the effects of CRF, we tested whether nociceptin could
occlude the effects of CRF on GABA transmission. We inverted the order of the peptides
and first applied 500 nmol/mL nociceptin and then coapplied 200 nmol/mL CRF (Figure
1E). Overall ANOVA demonstrated a significant effect of drug application [F(2,15) =
43.13, p<.01]. Post hoc analysis demonstrated that nociceptin significantly (v <.01)
reduced IPSP amplitude. Interestingly, coapplication of CRF did not alter (p > .05) evoked
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IPSP amplitudes (Figure 1E). Nociceptin occluded CRF-induced enhancement of IPSPs, and
GABA transmission returned to baseline levels after 25 min of washout. To verify that CRF
could increase IPSP amplitude in these neurons, we washed out both peptides for at least 30
min then applied CRF alone for 15 min. CRF responsivity was restored and this CRF-
induced increase was reversible after 20 min washout (7= 5, Figure 3B).

Nociceptin significantly [F(2,8) = 4.025; p < .05 for 50 msec and ~(2,8) = 5.71; p< .05 for
100 msec] increased the PPF ratio of IPSPs (Figure 1F), suggesting a decrease in
presynaptic GABA release. In addition, CRF applied during ongoing nociceptin superfusion
did not alter (p > .05) either the 50- or 100-msec PPF ratio. Rather, the increase in PPF ratio
persisted and returned to baseline values during washout (Figure 1F). Nociceptin
significantly [~ (2,4) =13.90; p <.05] decreased the mIPSC frequency to 77.1 +2.4% of
control in all five CeA neurons from naive rats (baseline: .58 + .1 Hz; nociceptin: .44 + .07
Hz; Figures 2E and 2F) and shifted the cumulative frequency distribution to longer
interevent intervals (Figure 2G), suggesting that nociceptin reduces vesicular release of
GABA. Nociceptin did not significantly (p> .05) alter the amplitude (control: 51.2 £ 5.07
pA,; nociceptin: 49.3 £ 6.07 pA,; Figures 2F and 2H) or decay or rise time (Figure 2F) of
mIPSCs. Importantly, subsequent coapplication of CRF did not increase mIPSC frequency (.
49 +.1 Hz; Figure 2F) suggesting that nociceptin prevents CRF from increasing GABA
release. CRF also did not alter amplitude, decay, and rise time under these conditions
(Figure 2F). Consistent with previous findings (20), CRF applied alone significantly
increased mIPSC frequency (Figures 2A).

Nociceptin-CRF Interaction Is Greater After Chronic Ethanol Exposure

We then examined whether chronic ethanol exposure would alter the nociceptin-CRF
interaction in the CeA. In neurons of dependent rats, superfusion of 500 nmol/mL nociceptin
reduced evoked IPSP amplitudes. Overall ANOVA indicated a significant effect [~ (2,10) =
45.6, p < .01]. Post hoc analysis revealed that nociceptin significantly (v < .01) reduced
IPSP amplitude (Figure 4A). Subsequent coapplication of CRF with nociceptin did not alter
IPSP amplitude (p > .05). This effect was reversible upon washout. Two-way (ethanol
exposure x drug) RM ANOVA indicated that nociceptin induced a significantly [~ (1,25) =
47.55; p<.05] larger decrease in IPSPs in ethanol-dependent rats than in naive rats (Figure
4A vs. Figure 1E). Thus, in accord with our previous studies (13), nociceptin had an
enhanced effect on IPSPs in CeA neurons of ethanol-dependent animals.

Notably, the baseline 50 and 100 msec PPF ratios were lower in ethanol-dependent rats (.91
+ .05 and .96 £ .07, respectively; Figure 4B) than in naive rats (1.07 £ .07 and 1.17 + .08,
respectively; Figures 1D and 1F), suggesting increased basal GABA release in dependent
rats. Nociceptin alone significantly [~ (1,17) =18.88; p < .01) increased the 50- and 100-
msec PPF ratios (Figure 4B) and significantly [F(2,8) = 16.79; p< .01] decreased mIPSC
frequency (Figure 4D) without altering decay or rise time of mIPSCs (data not shown). In
ethanol-dependent rats, the baseline frequency (.98 +.2 Hz; n=5) of mIPSCs was higher
than that observed in naive controls (.58 + .1 Hz; n=5). Co-application of CRF with
nociceptin did not alter the nociceptin-induced increase in PPF (1= 8; Figure 4B), mIPSP
frequency, amplitude (Figure 4D) or kinetics (data not shown). Thus, in all measurements,
nociceptin functionally antagonized the characteristic effects of CRF on GABA
transmission.

The strong interaction of CRF and nociceptin prompted us to test whether a low
concentration of nociceptin (100 nmol/mL) could antagonize an efficacious dose of CRF in
both naive and ethanol-dependent rats. RM ANOVA (within-subject analysis for drug effect
and between-subject analysis for ethanol exposure) indicated a significant main effect of
drug treatment on IPSPs [F(2,14) = 3.59, p < .05]. Although 100 nmol/mL nociceptin had
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no significant effect (o> .05) on evoked IPSP amplitudes in naive rats (Figures 3A and 3C),
it still prevented the CRF-induced increase of IPSPs. This suggests that the anti-CRF actions
of nociceptin were due to functionally independent actions and not simply to the summation
of opposing effects on GABA release. Interestingly, in CeA neurons from ethanol-dependent
rats, 100 nmol/mL nociceptin significantly (v < .01) decreased basal evoked IPSPs to 71.5 +
7% of control (Figure 3D). Coapplication of CRF (200 nmol/mL) with nociceptin did not
significantly (p < .05) increase the evoked IPSP amplitude compared with application of
nociceptin alone.

Interestingly, 1200 nmol/mL nociceptin significantly [~(2,6) = 6.07; p <.05] increased the 50
msec PPF ratio of IPSPs (Figure S1A in Supplement 1), but it did not have a significant (p
> .05) effect on the 100 msec PPF, suggesting a weak effect on presynaptic GABA release.
In addition, CRF applied after 100 nmol/mL nociceptin did not significantly alter the PPF
ratio of IPSPs (p> .05).

Next, we tested a selective NOP antagonist ([Nphel]Nociceptin(1-13)NH,) (33,34) (Figure
S2 in Supplement 1). In naive rats, the NOP antagonist (1 umol/mL) had no effect (df=6; ¢
=1.72; p>.05) on basal evoked IPSPs, but significantly increased (df=8; t=12.7; p<.01)
evoked IPSP amplitude by 20 + 5% in neurons of ethanol-dependent rats, suggesting
constitutive activation of NOPs associated with ethanol-dependence.

We examined the ability of nociceptin to antagonize the pronounced effect of CRF
pretreatment in cells from ethanol-dependent rats. First, we superfused 200 nmol/mL CRF
followed by coapplication of 500 nmol/mL nociceptin. In neurons from dependent rats, CRF
significantly [F(2,19) = 65.8; p < .01] increased the mean IPSP amplitude to 153.8 + 1.1%
of control (Figure 4E). The maximum IPSP amplitude occurred after 10 to 15 min of CRF
superfusion (Figure 4F). Subsequent coapplication of nociceptin significantly (p < .01)
reversed the CRF effect on IPSP amplitudes (Figures 4E and 4F). The mean CRF-induced
increase in IPSP amplitude in ethanol dependent rats was significantly (p < .05) larger than
that observed in naive rats (Figure S3 in Supplement 1). Two-way (ethanol exposure x drug)
RM ANOVA indicated a significant main effect of ethanol vapor treatment on IPSP
amplitudes in CeA neurons [F(2,1) = 3.798, p< .05]. Also, application of nociceptin during
ongoing CRF superfusion significantly [F(2,10) = 24.087] altered the 50-msec PPF ratio
(Figure S1B in Supplement 1). CRF significantly (p < .01) reduced the 50-msec PPF ratio
and coapplication of nociceptin significantly increased it (p < .01), suggesting that
nociceptin counteracts CRF effects by diminishing presynaptic release of GABA. Similar
effects were observed for the 100-msec PPF (n= 11; data not shown).

Inhibition of PKA Blocks Nociceptin and CRF Effects on GABA Release in Naive Rats

The PKA signaling pathway is downstream of Gai activation (24,25). Therefore, we
determined whether inhibiting the PKA pathway would occlude nociceptin from decreasing
GABA release using Rp-cAMP, a PKA antagonist that occupies cAMP binding sites (35).
Application of Rp-cAMP (10 pmol/mL) decreased mean baseline mIPSC frequency to 83.9
+ 7.5% of control (p< .05; df=17; t=3.510; data not shown). Rp-cAMP also prevented
nociceptin from decreasing mIPSC frequency (98.6 £ 16.9% of control/Rp-cAMP; p> .05, n
= 5; Figures 5A, 5B, and 5E). These results suggest that PKA plays a role in nociceptin-
induced attenuation of spontaneous GABA release and are also consistent with the
established role of PKA in neurotransmitter release (36 —38). To determine the site of action
of the PKA antagonist, we included the membrane impermeable PKA antagonist, PKI (5
pmol/mL), in the pipette internal solution, thereby limiting the antagonist to the postsynaptic
neuron (39). With PKI in the pipette, nociceptin still significantly decreased mean mIPSC
frequency (48 +£3.9% of control, n£6; Figures 5C and 5E). This effect was comparable to
the nociceptin-induced decrease (58 *+ 6.3%, 1= 5) elicited with the control internal
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solution. A cumulative probability curve shows that in the presence of PKI, nociceptin still
shifts the interevent interval curve to the right (Figure 5C, right panel). These results suggest
that PKA, acting in the presynaptic neuron, is a critical intermediary in the nociceptin-
induced decrease in GABA release.

We then asked if the PKA pathway was involved in CRF effects on GABA release. Rp-
CAMP (10 pmol/mL) prevented CRF from enhancing mIPSC frequency (107.1 p 6.2% of
control; p> .05, n=9; Figures 6A, 6B, and 6E). With 5 pmol/mL PKI in the internal
solution, CRF still significantly (p < .05) increased mIPSC frequency (177.4 + 28.6% of
control, 7= 4; Figures 6C and 6E). This effect was comparable to the increase (163.1
+22.07%, n=8) observed with application of CRF and the control internal solution. A
cumulative probability curve shows that CRF still shifts the interevent interval curve to the
left with PKI in the internal solution (Figure 6C, right panel). These results suggest that
PKA may represent a common intermediary in the presynaptic mechanism for the opposing
actions of nociceptin and CRF on GABA release in CeA.

Discussion

To our knowledge, there are no previous electrophysiologic studies on the interaction
between the nociceptin and CRF systems on GABAergic synapses in the CeA and the
influence of alcohol dependence on this interaction. Here, we find that nociceptin pre-
treatment blocks CRF-stimulated GABA release. Additionally, when applied subsequent to
CRF, nociceptin reverses the action of CRF. The ability of nociceptin to oppose the CRF
effect was stronger in ethanol-dependent rats. Our data also indicate that the PKA pathway
plays an essential role in the effects of nociceptin and CRF on GABA release.

Within the CeA, CRF is expressed in GABAergic neurons, where it is coreleased with
GABA (40,41). Both acute ethanol (18,21) and CRF (20) enhance GABAergic transmission
via increased GABA release mediated by CRF; activation (19,23). Nociceptin decreases
basal GABA transmission and opposes the effects of acute ethanol in rat CeA neurons (13).

Behavioral and neurochemical evidence has implicated the nociceptin-NOP system in the
reinforcing effects of ethanol (6 —7,42) and suggests that nociceptin impedes the rewarding
effects of ethanol, thereby reducing intake (9). Nociceptin reduces ethanol self-
administration and conditioned reinstatement of alcohol-seeking behavior in ethanol-
preferring rats (9 —12), inhibits stress-induced ethanol seeking (8) and attenuates
withdrawal-related anxiety (12). Nociceptin putatively exerts general compensatory
antistress-like effects by acting as a functional antagonist of extra-hypothalamic CRF;
activation (6) and also blocks the anxiogenic effects of CRF (43).

In this study, nociceptin and CRF had opposite effects on CeA GABAergic transmission at
the presynaptic level. Nociceptin diminished GABA transmission and blocked CRF-induced
IPSP facilitation, indicating that nociceptin interferes with CRF effects and preempts the
action of CRF in CeA neurons. NOP receptor activation is known to inhibit adenylate
cyclase and decrease PKA activity (44) and the nociceptin-induced decrease of spontaneous
GABA release in CeA involves PKA inhibition (45). PKA is also one of the second
messengers engaged by CRF receptor activation (23,25). Here we demonstrated that a PKA
antagonist blocked both nociceptin and CRF from regulating spontaneous GABA release,
whereas a PKA antagonist limited to the postsynaptic neuron did not alter either nociceptin
or CRF action on GABA release. These results suggest that the presynaptic PKA pathway
represents a common signaling pathway targeted in opposing directions by nociceptin and
CRF in regulating GABA release, thus playing an essential role in their interactions (24,46).
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Importantly, the interaction between nociceptin and CRF is more than a mere summation of
opposing effects because the inhibition of IPSP amplitudes by nociceptin constitutes
complete blockade of the large amplitude increase elicited by CRF alone. Adding nociceptin
to the superfusate containing CRF completely reversed the CRF-induced augmentation of
evoked IPSPs and further decreased IPSP amplitudes to 85% of control. Furthermore, a low
concentration of nociceptin that does not significantly decrease IPSP amplitudes in CeA
neurons from naive rats still blocks the action of CRF. Thus, the inhibitory modulation of
GABA release by nociceptin may either occur at a different (e.g., more proximal)
intracellular site than that of CRF, or the two peptides may oppose each other’s action at the
same site (e.g., CAMP/PKA). Further studies are needed to elucidate the exact molecular
mechanisms and sites involved.

During ethanol withdrawal, extrahypothalamic CRF systems become hyperactive, with
increased extracellular CRF within the CeA (47 — 48). Notably, at the cellular level, we
found that both basal GABA release and nociceptin-induced inhibition of IPSPs is
augmented in CeA neurons of ethanol-dependent rats. The latter indicates enhanced
sensitivity to nociceptin. The dependent state is also associated with an upregulation of the
CRF system (20). Here we find that the interactive effects of nociceptin and CRF on
GABAergic transmission in the CeA undergo significant neuroadaptation (enhancement)
during ethanol dependence. On the basis of our experimental conditions, we cannot rule out
the possibility that these effects are induced by ethanol withdrawal. However, preliminary
data (Cruz et al., unpublished data) show that the increased sensitivity of GABAergic
synapses to CRF persists 1 week after the cessation of ethanol vapor exposure, suggesting
that these changes are not due to acute withdrawal. Similarly, we have shown that chronic
ethanol treatment induces long-term changes in glutamatergic transmission (49,50). Future
studies will characterize the persistence of the nociceptin/CRF interaction.

The effects of CRF on GABA transmission in the CeA may contribute to development of
enhanced anxiety-like behaviors and dependence-related excessive alcohol consumption.
Upregulation of the nociceptin system may reflect an adaptive response to a hyperactive
extrahypothalamic CRF system. The nociceptin receptor antagonist ([Nphel]Nociceptin(1-
13)NH,) did not alter basal evoked IPSP amplitudes in naive rats but significantly increased
IPSP amplitudes in ethanol-dependent rats (Figure S2 in Supplement 1) (13). These findings
suggest a neuroadaptation of the nociceptin system during ethanol dependence (i.e.,
increased nociceptin tone, increased sensitivity of NOPs, or both) that may account for the
increased sensitivity of the CeA GABA system. This enhancement of nociceptin-NOP
receptor activity may represent an attempt to restore functional equilibrium in the CeA.
Moreover, recent data (12) indicate that nociceptin prevents anxiety-like responses
associated with ethanol withdrawal, suggesting that the anxiolytic-like effects of nociceptin
reflect antagonism of CRF; and inhibition of ethanol- and CRF-induced GABA release.
Blockade of CRF; with R121919 does not prevent nociceptin-induced decreases in
GABAergic response (Figure S4 in Supplement 1), ruling out noncompetitive allosteric
pharmacologic antagonism of CRF;.

Although nociceptin has anxiolytic properties, it depresses GABA transmission in a brain
region known to be important in mediating stress responses. We recorded from the medial
subdivision of the CeA (51,52), and the total neuronal population responded equally to
nociceptin by decreasing GABAergic responses. These CeA neurons are most likely
GABAEergic inhibitory neurons with recurrent or feedback connections to GABAergic
interneurons or projection neurons (53,54). When nociceptin depresses inhibitory function in
these neurons, it may inhibit downstream regions (e.g., bed nucleus of the stria terminalis)
by increasing GABA and CRF release from projection neurons. Further investigation is
needed to shed light on the amygdalar circuitry involved and the neuron types affected by
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nociceptin and CRF. However, nociceptin has a similar inhibitory effect on CeA GABA
transmission, as do other recognized anxiolytics such as gabapentin (55), cannabinoids (56),
CRF, antagonists (20), and neuropeptide Y (57).

There is evidence that opiate receptor antagonists decrease the primary reinforcing effects of
ethanol in animal models (16,42,58) and reduce relapse rates in animals (16) and in
abstinent human alcoholics (59 — 61). The anti-anxiety and anti-stress properties of
nociceptin (6,8,11,12) and its specificity for ethanol-seeking behavior (8) suggest that small
molecule mimetics of nociceptin may be an effective therapy for alcoholism. Nociceptin
prevents the anxiogenic effects of CRF and yet does not block hypothalamic-pituitary-
adrenal axis responses to stressors (62), further supporting investigation of nociceptin or
other agonists of the NOP receptor as possible treatment candidates for alcoholism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Nociceptin (Noc) dose-dependently decreases gamma-aminobutyric acid (GABA)ergic
transmission in central nucleus of the amygdala (CeA) neurons. Representative recordings
of evoked inhibitory postsynaptic potentials (IPSPs) in a CeA neuron from a naive rat
recorded before, during Noc or corticotropin-releasing factor (CRF; 20 min), and washout
(30 min). (B) Histograms representing percent decrease in mean + SEM evoked IPSP
amplitudes. *p < .05 and **p < .01. (C) Top panel: representative recordings of evoked
IPSPs. Bottom panel: CRF increases mean IPSP amplitudes and subsequent application of
Noc diminishes the CRF-induced effect. (D) Top panel: representative recordings of evoked
50-msec paired-pulse IPSPs in a CeA neuron. Bottom panel: CRF significantly decreases the
50- and 100-msec paired-pulse facilitation ratio of IPSPs. #p < .05 indicates significance
between CRF alone and concurrent application of CRF and Noc. (E) Noc prevents CRF-
induced enhancement of GABAergic transmission in CeA neurons. Top panel:
Representative recordings of evoked IPSPs. Bottom panel: superfusion of 500 nmol/mL Noc
significantly decreases mean IPSPs and prevents the CRF-induced enhancement. (F) Top
panel: representative recordings of evoked 50-msec paired-pulse IPSPs. Bottom panel: Noc
significantly increases the 50- and 100-msec paired-pulse facilitation ratio of IPSPs and
blocks the CRF-induced decrease in paired-pulse facilitation ratio (p < .05).
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Figure2.

(A) Representative miniature inhibitory post-synaptic currents (mIPSC) recordings in central
nucleus of the amygdala (CeA) neurons from naive rats. (B) Top panel: representative
recordings of scaled average mIPSCs from the traces depicted in the CeA neuron shown in
Figure 2A. Bottom panel: mean + SEM frequency, amplitude, rise, and decay time of
mIPSCs for CeA neurons. Corticotropin-releasing factor (CRF) significantly (*p < .01)
increased the mean mIPSC frequency but does not change mean mIPSC amplitude, rise, and
decay time. #p < .05 indicates significance between CRF alone and concurrent application of
CRF and nociceptin (Noc). (C) Cumulative frequency distribution for the naive neuron in
Panel A showing a leftward shift, indicating a shorter interevent interval during CRF
application and a rightward shift produced by adding Noc. (D) Cumulative mIPSC
amplitude distribution from the neuron in Figure 2A showing no significant change during
either CRF or concurrent CRF and Noc application. (E) Representative mIPSC recordings in
CeA neurons from naive rats. (F) Top panel: Representative recordings of scaled average
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mIPSCs from the traces depicted in the CeA neuron in Panel E. Bottom panel: Mean = SEM
frequency, amplitude, rise and decay time of mIPSCs for CeA neurons from naive rats. Noc
significantly (*p < .05) decreased the mean mIPSC frequency. (G) Cumulative frequency
distribution for the naive neuron in Panel E showing a rightward shift, indicating a longer
interevent interval during Noc application. The addition of CRF did not change the
cumulative frequency curve. (H) Cumulative mIPSC amplitude distribution from the neuron
in Panel E showing no significant change during either Noc or concurrent Noc and CRF
application.

Biol Psychiatry. Author manuscript; available in PMC 2013 November 22.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cruz et al.

Page 16

1254

A - Naive Rats
[
=
8
5 1oo._§lﬁiui___ —_— H.E_
x 3
8 ?ﬁiﬁﬁﬁiﬁﬁ
L
©
=
s 754 100 nM Noc
£
< 200 nM CRF
o ———
7
a
50 T T T T T T T
0 10 20 30 40 50 60
Time (min)
B Control  Noc "CRe Wash CRF Wash
1757 /\
S
— 20ms.
S 150
7~
8
k-]
< 1254
g
o
2 1004 -
Q.
£
<
% 75 o
=M 500 nmol/mL Noc
200 nmol/mL CRF 200 nmol/mL CRF
50 T T T T T T T T T T T T 1
O 10 20 30 40 50 60 70 80 90100 110 120 130
Time (min)
C Naive Rats D Ethanol-Dependent Rats
Control Noc NCORCF‘ Wash Control Noc ’\(‘:";F‘ Wash
50ms 50ms
125 1 125 1
SN0 Aem— —— — — — §100"k’——"‘l‘*ﬁ
g § 1 I 1
o o
k] k-]
& 754 R 754 i i %
1] 13
L @
g E * * *
3 50 EQ 50 4
g —&— Noc (100nmol/L) < —&~ Noc (100nmol/L)
% —@— Noc+CRF a —@— Noc+CRF
L 5 —A— Wash 2 5 ] —A— Wash
0l r . 0 T T T
1 2 3 1 2 3
Normalized Stimulus Strength Normalized Stimulus Strength
Figure 3.

A low concentration of nociceptin (Noc) prevents corticotropin-releasing factor (CRF)-
induced enhancement of gamma-aminobutyric acid (GABA)ergic transmission in central
nucleus of the amygdala (CeA) neurons. (A) Time course of changes in inhibitory post-
synaptic potential (IPSP) amplitude evoked by Noc, concurrent application of CRF (n=7),
and washout of the two peptides. (B) Top insert: evoked IPSPs in a CeA neuron from a
naive rat. Noc decreased evoked IPSP amplitude and blocked the CRF-induced increase in
IPSPs. In the same cells, Noc and CRF were washed out and application of CRF alone
increased evoked IPSP amplitude. (C) Top panel: representative recordings of evoked IPSPs
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in a neuron from a naive rat. Bottom panel: superfusion of 100 nmol/mL Noc slightly
decreases the mean IPSP amplitude and prevents the enhancement induced by CRF (200
nmol/mL). (D) Noc (100 nmol/mL) significantly (*p < .05) decreased evoked IPSPs in CeA
neurons from ethanol-dependent rats. Coapplication of CRF did not increase evoked IPSP
amplitude.
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Figure 4.

The effects of the nociceptin (Noc)—corticotropin-releasing factor (CRF) interaction are
enhanced in ethanol-dependent rats. (A) Top panel: evoked inhibitory postsynaptic
potentials (IPSPs) from an ethanol-dependent rat. Bottom panel: Noc (500 nmol/mL)
significantly (*p < .01) decreases mean IPSP amplitudes and prevents enhancement of IPSPs
induced by subsequent application of CRF (200 nmol/mL). (B) Top panel: Representative
recordings of evoked paired-pulse IPSPs in a central nucleus of the amygdala (CeA) neuron.
Bottom panel: Noc significantly increases the mean 50- and 100-msec PPF ratio of IPSPs
(*p<.01; #p < .05). Application of CRF after Noc does not alter paired-pulse facilitation
ratio. (C) Representative traces of miniature inhibitory postsynaptic currents (mIPSCs) from
neurons of ethanol-dependent rats. (D) Mean + SEM frequency and amplitude of mIPSCs
for CeA neurons from ethanol-dependent rats. Noc significantly (*p < .01) decreased the
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mean mIPSC frequency. Subsequent coapplication of CRF did not alter mIPSC frequency.
(E) Superfusion of CRF alone significantly (*p < .01) increases mean IPSP amplitudes.
Subsequent application of Noc reverses CRF-induced facilitation of evoked IPSP amplitude.
(F) Top panel: representative recordings of evoked CeA IPSPs from an ethanol-dependent
rat. Bottom panel: time course depicting changes in IPSP amplitude evoked by CRF,
concurrent application of CRF and Noc (7= 6), and washout of the two peptides.
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Nociceptin (Noc) decreases gamma-aminobutyric acid release via a protein kinase A (PKA)-
dependent pathway. (A) Left panel: representative miniature inhibitory postsynaptic currents
(mIPSCs) from a central nucleus of the amygdala (CeA) neuron before and during 500
nmol/mL Noc application. Right panel: a rightward shift in the cumulative frequency plot

Noc. (B) Left panel: representative mIP-SCs from a CeA neuron before and during

application of nociceptin in the presence of Rp-cAMP. Pretreatment with Rp-cAMP

for the neuron in Figure 5A indicating a longer interevent interval during the application of

prevented Noc from decreasing mIPSC frequency. Right panel: cumulative frequency plot
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application of nociceptin with 5 pmol/mL PKI. Right panel: a rightward shift in the
cumulative frequency plot for the CeA neuron in Figure 5E indicates a longer interevent
interval during the application of nociceptin with PKI in the internal solution. (D) Scaled
average mIPSCs from the traces depicted in Figures 5A-C. (E) Histograms depicting the
average change in mIPSC frequency (left panel) and amplitude (right panel) with nociceptin
alone, nociceptin in the presence of Rp-cAMP, and nociceptin with PKI in the internal
solution (between subjects one-way analysis of variance: [A2,13) = 5.55; *p < .05]).
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Corticotropin-releasing factor (CRF) increases gamma-aminobutyric acid release via a
protein kinase A (PKA)-dependent pathway. (A) Left panel: representative miniature
inhibitory postsynaptic currents (mIPSCs) from a central nucleus of the amygdala (CeA)
neuron before and during 200 nmol/mL CRF application. Right panel: a leftward shift in the
cumulative frequency plot for the CeA neuron in Figure 6A indicates a shorter interevent
interval during CRF application. (B) Left panel: representative mIPSCs before and during
CRF application in the presence of Rp-cAMP. Right panel: cumulative frequency plot for
the neuron in Figure 6C. (C) Left panel: representative mIPSCs before and during CRF
application with 5 pmol/mL PKI in the internal solution. Left panel: cumulative frequency

Biol Psychiatry. Author manuscript; available in PMC 2013 November 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cruz et al.

Page 23

plot for the CeA neuron in Figure 6E. The leftward shift indicates a shorter interevent
interval during the application of CRF with PKI. (D) Scaled average mIPSCs from the traces
in Panels A, C, and E. (E) Histograms depicting the average change in mIPSC frequency
(left panel) and amplitude (right panel) with CRF alone, CRF in the presence of Rp-cCAMP,
and CRF with PKI in the internal solution (between-subjects one-way analysis of variance:
[A2,18) = 4.409; *p < .05]).
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