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Cellular/Molecular

Differential Expression and Sensitivity of Presynaptic and
Postsynaptic Opioid Receptors Regulating Hypothalamic
Proopiomelanocortin Neurons

Reagan L. Pennock and Shane T. Hentges
Department of Biomedical Sciences, Colorado State University, Fort Collins, Colorado 80523

Hypothalamic proopiomelanocortin (POMC) neurons release the endogenous opioid beta-endorphin and POMC neuron activity is
inhibited by opioids, leading to the proposal that beta-endorphin acts to provide feedback inhibition. However, both intrinsic properties
and synaptic inputs contribute to the regulation of POMC neurons such that attributing an autoregulatory role to opioids must include
consideration of opioid receptor localization and sensitivity at both presynaptic and postsynaptic sites. In the present study, whole-cell
recordings were made in POMC cells in mouse brain slices and the presynaptic and postsynaptic regulation of POMC neurons was
examined using selective agonists for mu, kappa, and delta opioid receptors. Activation of mu, but not kappa or delta, receptors induced
a direct postsynaptic outward current. Agonists for each of the receptors inhibited the frequency of spontaneous IPSCs. Mu and kappa,
but not delta, agonists reduced the amplitude of evoked IPSCs and appeared to colocalize in a significant portion of GABAergic terminals
onto POMC neurons. The presynaptic inhibition caused by the mu agonist DAMGO had an EC;, of 80 nm, whereas the EC;, was 350 nm
when measuring the postsynaptic outward current. This differential sensitivity adds an unexpected component of opioid-dependent
feedback regulation, where low levels of opioid receptor activation would likely disinhibit POMC neuron activity and higher concentra-
tions would resultin an overall inhibition. The results may help explain why it has been difficult to clearly discern the role that opioids play

in the regulation of food intake and other processes involving POMC neurons.

Introduction

Proopiomelanocortin (POMC) neurons release multiple peptide
transmitters, including a-melanocyte-stimulating hormone and
the endogenous opioid beta-endorphin, that modulate aspects
of mood, motivation, food intake, and analgesia (Kieffer and
Gavériaux-Ruff, 2002; Bertolini et al., 2009; Hegadoren et al.,
2009). In addition to releasing an endogenous opioid, POMC
neuron activity can be regulated by opioids. POMC neurons ex-
press postsynaptic mu opioid receptors (MOR) that are coupled
to inhibitory G-proteins and activate a G-protein-coupled in-
wardly rectifying potassium (GIRK) conductance (Kelly et al,,
1990); thus, MOR agonists hyperpolarize POMC neurons and
inhibit action-potential firing (Slugg et al., 2000; Cowley et al.,
2001; Ibrahim et al., 2003; Roseberry et al., 2004; Hentges et al.,
2009). This direct postsynaptic inhibition of POMC neurons by
opioids, together with the fact that POMC neurons release beta-
endorphin, led to the proposal that POMC neurons may be reg-
ulated by feedback inhibition (Kelly et al., 1990; Garcia de
Yebenes and Pelletier, 1993).
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Opioids can exert their effects through multiple classes of opi-
oid receptors, including mu, delta, and kappa receptors (MOR,
DOR, and KOR, respectively). All three of these receptors are
coupled to inhibitory G-proteins (Stevens, 2009) and can be
found in the arcuate nucleus (Mansour et al., 1994), but only
MOR activation has been specifically shown to directly hyperpo-
larize POMC neurons (Slugg et al., 2000; Ibrahim et al., 2003).
Opioid receptors are also expressed presynaptically to POMC
neurons and their activation inhibits transmitter-mediated
postsynaptic currents in POMC neurons (Hentges et al., 2004,
2009). Studies examining presynaptic regulation of POMC neu-
rons by opioids have used the nonspecific opioid receptor agonist
[Met’]-enkephalin, leaving it unclear which opioid receptors are
present on terminals presynaptic to POMC neurons.

The expression of various opioid receptors could have func-
tional consequences in terms of presynaptic and postsynaptic
regulation, sensitivity to endogenous ligands and administered
agonists, and receptor desensitization with chronic exposure to
agonist. Thus, the goal of the current study was to determine the
distribution and relative contribution of presynaptic and
postsynaptic opioid receptors in the regulation of POMC neu-
rons. The data demonstrate that all three opioid receptors exam-
ined can act presynaptically to inhibit transmitter release, but
only MORs directly inhibit POMC neurons via a postsynaptic
mechanism. In addition to differential expression of opioid re-
ceptors at presynaptic and postsynaptic sites, the data indicate
that there is a significant difference in the sensitivity of presynap-
tic and postsynaptic MORs.
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Materials and Methods

Animals. Transgenic mice expressing the fluorescent protein Discosoma
red (DsRed) in POMC neurons were produced by standard techniques as
previously described (Hentges et al., 2009) and backcrossed onto the
C57BL/6] background. All experiments were performed in brain slices
prepared from 6- to 12-week-old mice. Both male and female mice were
used and the data were pooled since there was no significant difference in
opioid responses between cells from each sex by any measure compared
[inhibition of the amplitude of evoked IPSCs (eIPSCs) by 10 um
DAMGO, p = 0.19; inhibition of the amplitude of eIPSCs by 50 nm
DAMGO, p = 0.31; inhibition of the amplitude of eIPSCs by 500
nM U69593, p = 0.32; amplitude of GIRK-mediated outward current
induced by 10 um DAMGO, p = 0.22). All mice were housed under
controlled temperatures (22-24°C) with a constant 12 h light/dark cycle.
Mice were given standard chow and tap water ad libitum. All animal
procedures met United States Public Health Service guidelines and were
approved by the Institutional Animal Care and Use Committee

Drugs. Stock solutions of 6,7-dinitroquinoxaline-2,3(1H,4H) (DNQX;
Sigma), (+)-MK-801 (Sigma), and (+)-(5a,7a,8f3)-N-methyl-N-[7-(1-
pyrrolidinyl)- 1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide  (U69593; Biomol
International) were prepared with DMSO at no lower than 10,000X the
final concentration. Stock solutions of [D-Ala?, N-Me-Phe?, Glys—ol]-
enkephalin (DAMGO; Sigma), p-Phe-Cys-Tyr-p-Trp-Arg-Thr-Pen-Thr-
NH, (CTAP; Tocris Bioscience), nor-binaltorphimine (nor-BNI; Sigma),
[D-Pen?]|enkephalin (DPDPE; Bachem), naltrindole (Sigma), and bicu-
culline methiodide (Tocris Bioscience) were prepared with distilled water.

Electrophysiology. Sagittal brain slices (240 wm) containing the arcuate
nucleus were prepared using a Leica VT1200S vibratome. Slices were
prepared in ice-cold artificial CSF (aCSF) solution containing the follow-
ing (in mm): 126 NaCl, 2.5 KCl, 1.2 MgCl,, 2.4 CaCl,, 1.2 NaH,PO,, 21.4
NaHCOs, and 11.1 glucose (saturated with 95% O, and 5% CO,). Slices
were allowed to rest in warm (37°C) aCSF solution containing 15 um
MK-801 for at least 45 min before being transferred to the recording
chamber, which was continuously perfused with aCSF solution at 37°C
saturated with 95% O, and 5% CO,.

Whole-cell voltage-clamp recordings were made with an internal re-
cording solution containing the following (in mwm): 57.5 KCl, 57.5
K-methyl sulfate, 20 NaCl, 1.5 MgCl,, 5 HEPES, 0.1 EGTA, 2 ATP, 0.5
GTP, 10 phosphocreatine, pH 7.3. The cesium-based internal solution
had KCI and K-methyl sulfate replaced with 57.5 CsCl and 57.5 Cs-
methane sulfonate. For some experiments, GDPSS (1 mMm) was used in
place of GTP in the internal solution. Recording pipettes had a tip resis-
tance of 1.5-2.3 M{) when filled with internal solution. Cells were held at
—60 mV for recording spontaneous or evoked postsynaptic currents
(sPSCs and ePSCs, respectively). Postsynaptic currents (PSCs) were
evoked using a 0.5 ms stimulus delivered every 20 s to the slice from a
bipolar stimulating electrode. The intensity of the stimulus varied cell-
to-cell (~10-700 wA) and was set at a level that evoked ~50% of the
maximal current for the cell. The stimulating electrode was generally
placed in the dorsal arcuate nucleus in the center of the rostral-caudal
extent of the POMC cells that were identified based on the presence of the
DsRed fluorophore. Recordings were made from cells either rostral or
caudal to the stimulating electrode. PSCs were evoked for at least 5 min
under baseline conditions to ensure a stable recording. The three ePSCs
recorded each minute were averaged together to give a single point to plot
for that minute. For analysis, 2 or 3 min of baseline were averaged and
compared with the last 1 or 2 min in drug after a steady-state response
was reached. sPSCs were collected at 10 kHz and digitally filtered at 1
kHz. sPSCs were detected using Axograph X software based on rise-time
kinetics. Recordings were accepted for analysis if access resistance did not
exceed 20 M() and did not change significantly during the recording. All
recordings that tested the effects of the DOR agonist DPDPE were per-
formed in the presence of 500 nm CTAP to block MORs.

Nor-BNI treatment. POMC-DsRed transgenic mice received a single
intraperitoneal injection of the KOR antagonist nor-BNI (10 mg/kg,
~0.1 ml) or saline 5-7 d before slice preparation.

Statistics. All comparisons between two datasets were analyzed using ¢
tests. Paired ¢ tests were used when a single cell received two treatments or
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served as its own control. Multiple groups were compared with one-way
ANOVA with Newman—Keuls post hoc paired analysis. Dose-response
curves (best fit) were constructed and analyzed using GraphPad Prism
software. All data are presented as mean = SEM. Differences between
groups were considered significant if p < 0.05.

Results

Postsynaptic opioid receptors

Postsynaptic opioid receptors are functionally coupled to GIRK
channels such that opioids induce a potassium-mediated out-
ward current (Williams et al., 2001). To determine whether spe-
cific opioid receptors are functionally expressed in POMC
neurons, the ability of selective opioid receptor agonists to induce
a GIRK channel-mediated outward current was examined.
Whole-cell voltage-clamp recordings (holding potential of —60
mV) were made in POMC cells in the presence of the GABA,
receptor antagonist bicuculline (10 uM) and the AMPA receptor
antagonist DNQX (10 uMm) to block spontaneous IPSCs (sIPSCs)
and spontaneous EPSCs (sEPSCs), respectively. The MOR ago-
nist DAMGO (10 uMm) induced an outward current of 26 = 3 pA
(n=128,p<0.001) (Fig. 1A, top) that was reversed by the MOR
selective antagonist CTAP (500 nm).

Replacing GTP with GDPSS (1 mM) in the recording pipette
prevented DAMGO from inducing a significant outward current
(n=3,p = 0.1, baseline vs DAMGO) (Fig. 1 A, bottom). Use of a
cesium-based internal recording solution rather than potassium-
based internal also prevented DAMGO from inducing a detect-
able outward current (n = 4, p = 0.1, baseline vs DAMGO) (Fig.
1A, middle). Together, the data indicate that both potassium
efflux and functional G-protein signaling are required for the mu
agonist to cause an outward current in POMC-DsRed neurons,
consistent with the literature for opioid-mediated currents in
many other cell types. The outward current caused by DAMGO
was not different when TTX (500 nMm) was added to the bath
solution (31 * 8 pA compared with control 26 * 3 pA,n =6,p =
0.27) and was recorded in the presence of DNQX and bicuculline.
Thus, presynaptic release does not appear to affect the postsyn-
aptic response to DAMGO. Altogether, the data indicate that the
outward current is a postsynaptic GIRK-mediated current. Nei-
ther the KOR agonist U69593 (500 nM) nor the DOR agonist
DPDPE (1 uM) induced a postsynaptic current in POMC cells
held at —60 mV (n = 4 per group) (Fig. 1 B).

The ability of opioid receptor agonists to activate a GIRK con-
ductance was also examined by constructing current/voltage (IV)
curves. Current was recorded at voltages ranging from —130 to
—50 mV in 10 mV increments. Baseline currents were subtracted
from the currents recorded in agonist and plotted (Fig. 1C). The
subtracted IV curve for DAMGO (10 uM, n = 7) shows inward
rectification and a reversal potential near that of K*. Neither
U69593 (500 nm) nor DPDPE (1 um) produced postsynaptic
currents at any of the holding potentials tested (n = 4) (Fig. 1C).
Thus, POMC cells express functional postsynaptic mu, but not
kappa or delta, opioid receptors that activate a hyperpolarizing
current in POMC neurons.

Presynaptic opioid receptors

Opioid receptor activation can cause a robust decrease in trans-
mitter release (Williams et al., 2001). Thus, to determine whether
specific opioid receptor subtypes were present on presynaptic
inputs to POMC neurons, the ability of selective opioid receptor
agonists to inhibit e[PSC and sIPSC was examined. DAMGO (10
uM) reduced the amplitude of eIPSCs to 31 = 2% of baseline (n =
59, p <0.001) (Fig. 2A) and inhibited the frequency of sIPSCs to
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Figure 1.  Postsynaptic regulation of POMC neurons by selective opioid receptor agonists. 4,
Example traces showing the direct postsynaptic current in POMC neurons induced by DAMGO
(10 pum; top). DAMGO does not induce an outward current when potassium in the recording
pipette is replaced with cesium (middle) or when GTP in the pipette is replaced with GDP3S
(bottom). B, Example traces showing the lack of any direct postsynaptic current after the appli-
cation of U69593 (500 nm) or DPDPE (1 um). Gaps in the traces represent times when voltage
steps were applied. , Agonist-induced currents at voltages ranging from —50to — 130 mV. All
data have baseline currents subtracted so that only the agonist-induced current is plotted. All
recordings were done in the presence of MK-801 (15 M), DNQX (10 am), and bicuculline (10
). €, Inset, Sample traces from one cell before and after DAMGO. n = 4, 4, and 7 cells for
DPDPE, U69593, and DAMGO, respectively. Error bars represent SEM.

23 £ 4% of baseline (n = 5, p < 0.001) (Fig. 2 B). The selective
KOR agonist U69593 (500 nM) also inhibited both the amplitude
of eIPSCs (48 * 5% of baseline, n = 10, p < 0.001) (Fig. 2A) and
the frequency of sSIPSCs (38 * 8% of baseline, n = 8, p = 0.001)
(Fig. 2B). The DOR selective agonist DPDPE (100 nm) did not
inhibit the amplitude of eIPSCs (102 = 9% of baseline, n = 3,
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Figure2. Presynaptic effects of selective opioid receptor agonists. A-C, Example traces and

compiled data representing the effects of the MOR agonist DAMGO (10 um), the KOR agonist
U69593 (500 nm), or the DOR agonist DPDPE (100 nm) on the amplitude of evoked IPSCs (4), the
frequency of spontaneous IPSCs (B), and the amplitude of éEPSCs (€). Numbers shown in the bar
graph indicate number of cells tested for that group. Example traces for evoked data are aver-
aged from three to six consecutive sweeps under control conditions and with drug applied. Error
bars represent SEM. *p << 0.05.
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p = 0.38) (Fig. 2A) but did inhibit the frequency of sIPSCs (60 =
7% of baseline, n = 5, p < 0.01) (Fig. 2 B). This difference in the
regulation of evoked and spontaneous events may suggest that
the terminals containing DORs presynaptic to POMC neurons
may be anatomically restricted to a region beyond that affected by
the stimulating electrode. However, moving the electrode to the
rostral or caudal portion of the nucleus (rather than the central
portion) did not change the lack of a response to DPDPE (95 *
4% of baseline, n = 3; p = 0.18). However, the DOR-containing
terminals could terminate on the POMC cells very distant from
the soma or approach POMC cells from the ventral aspect where
itis difficult to place the stimulating electrode. The delta receptor
selective antagonist naltrindole (30 nm) alone had no effect on
eIPSC amplitude (n = 7, p = 0.07; data not shown).

DAMGO (10 uM) reduced the amplitude of eIPSCs equally
well when GTP was replaced with GDPfS in the internal record-
ing solution (Fig. 2A). U69593 also inhibited eIPSCs to the same
extent when GDPfS was substituted for GTP (Fig. 2A) as ex-
pected since U69593 did not induce a detectable postsynaptic
effect. When cesium was used rather than potassium in the re-
cording pipette DAMGO (10 uM) and U69593 (500 nMm) inhib-
ited eIPSCs to an extent similar to that observed with potassium
(Fig. 2A).

The majority of spontaneous PSCs in POMC neurons are
TTX-insensitive. TTX (500 nM) did not alter the frequency of
sIPSCs (93 = 10% of baseline, n = 13, p = 0.5), consistent with
previous reports (Pinto et al., 2004; Hentges et al., 2005). When
TTX (500 nm) was added to the bath solution and a cesium-based
internal recording solution was used rather than a potassium-
based internal solution, all three opioid receptor agonists inhib-
ited the frequency of spontaneous IPSCs comparably to that
observed when a potassium-based internal was used in the ab-
sence of TTX (Fig. 2 B). Thus, the inhibition in sIPSC frequency
by opioid agonists appears to be presynaptic and not affected by
postsynaptic factors.

There is relatively little glutamatergic input to POMC neurons
compared with GABAergic (Pinto et al., 2004, Hentges et al.,
2009). Nonetheless, when POMC neurons with substantial
EPSCs were found, the ability of selective opioid receptor ago-
nists to inhibit the EPSC was examined. Both DAMGO (10 um)
and U69593 (500 nM) reduced the amplitude of eEPSCs (45 =+
8% of baseline, n = 6, p < 0.01 compared with baseline and 49 =
3% of baseline, n = 3, p < 0.01, respectively) (Fig. 2C), whereas
the DOR selective agonist DPDPE (100 nMm) did not inhibit
eEPSC amplitude (94 = 3% of baseline, n = 6, p = 0.25) (Fig.
2C). Altogether, the data indicate that both GABAergic and glu-
tamatergic inputs to POMC neurons express mu and kappa opi-
oid receptors, and suggest that a select population of GABAergic
inputs may also express DORs.

Sensitivity of presynaptic and postsynaptic mu opioid
receptors

High concentrations of MOR agonist affect both presynaptic and
postsynaptic opioid receptors to inhibit transmitter release and
activate an outward current, respectively (Figs. 1, 2). To examine
presynaptic and postsynaptic receptor sensitivity, dose—response
curves were constructed for responses to the MOR selective ago-
nist DAMGO (10 nM-30 uMm) (Fig. 3A). In each experiment, the
cell was treated with a submaximal concentration of DAMGO
followed by a maximal concentration (10 or 30 um DAMGO).
The results are presented as the percentage of maximal response
to account for variability between cells. Using this assay, there is
no difference in the percentage maximal inhibition of eIPSC am-
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Figure3. Dose—responses for presynapticand postsynaptic MORs. A, Dose—response curves
for presynaptic (circles) and postsynaptic (squares) responses induced by DAMGO. Data are
plotted as a percentage of the inhibition of the amplitude of elPSCs or outward currentinduced
by a maximal concentration of DAMGO (10 or 30 wum). Numbers shown in parenthesis indicate
number of cells for that group. Error bars represent SEM. B, An example trace showing the
attenuation of elPSC amplitude induced by 50 nm and 10 um DAMGO and the reversal by
naloxone (NLX). ¢, An example trace showing the ability of 10 rum, but not 50 nm, DAMGO to
induce an outward postsynaptic current. Evoked IPSCs were recorded while monitoring whole-
cell current such that the downward deflections that occur at even (20s) intervals and have the
same amplitudes as one another represent the transient current induced by the stimulus pulse.
Example traces for evoked data are averaged from three to six consecutive sweeps under control
condition and with the given dose of drug applied.

plitude to a low concentration of DAMGO (50 nM) using either a
cesium- (63 = 5% of baseline, n = 8) or potassium-based internal
solution (70 * 3% of baseline, n = 23, p = 0.2). Dose—response
curves were constructed using a potassium-based internal so that
both presynaptic and postsynaptic responses could be assayed
simultaneously. DAMGO (50 nM) inhibited the eIPSC to 70 =
3% of baseline (n = 23, p = 0.001), but did not induce a notable
postsynaptic outward current (3.8 * 1.3 pA, n = 9) whereas a
high concentration of DAMGO (10 uMm) inhibited eIPSCs (to
30 = 2% of baseline, p = 0.001, n = 64) and activated a GIRK
conductance (26.2 = 2.9 pA, p < 0.001, n = 28) (Fig. 3B, C). The
dose—response curve is significantly left-shifted for presynaptic
inhibition (EC5, = 80 nM) versus outward postsynaptic current
(ECs5o = 353 nM, p < 0.0001, compared with presynaptic curve)
(Fig. 3A), indicating that, although high concentrations of ago-
nist elicit both presynaptic and postsynaptic responses, low con-
centrations of agonist will likely inhibit presynaptic transmitter
release without causing a direct postsynaptic hyperpolarization.
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eIPSC amplitude in the absence of
U69593 (104 = 7% of baseline, n = 6,p =

0.35 compared with baseline) (Fig. 4 B, in-

set). Thus, the remaining inhibition of
eIPSC amplitude after MORs are antag-
onized must be due to the inhibition
induced by the KOR agonist U69593.
Indeed, the addition of the KOR antago-
nist nor-BNI (100 nm), along with the
MOR antagonist CTAP, caused a com-
plete reversal of the inhibition of eIPSC
amplitude caused by the agonists (105 =
5% of baseline, p < 0.001) (Fig. 4A,B).
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Figure 4.

plus CTAP. Error bars represent SEM.

Presynaptic colocalization of MORs and KORs

In POMC neurons, both mu and kappa opioid receptor agonists
caused a robust (>50%) decrease in eIPSC amplitude (Fig. 2A),
raising the possibility that the two receptors could be expressed
on the same presynaptic terminals. To determine whether KORs
are localized to terminals that also express MORs, a maximal
concentration of DAMGO (10 um) was applied until the ampli-
tude of the eIPSCs reached peak inhibition (three consecutive
sweeps with no further reduction in amplitude). Once peak inhi-
bition (28 = 5% of baseline, p < 0.001) (Fig. 4A) was achieved
with DAMGO, a maximal concentration of U69593 (500 nM) was
applied in the presence of DAMGO (10 um). U69593 was applied
for atleast 5 min without further reducing eIPSC amplitude com-
pared with DAMGO alone (24.1 = 6% of baseline vs 27.8 = 4.8%
of baseline, p > 0.05). After at least 5 min of coapplication of
DAMGO and U69593, DAMGO was replaced by the MOR selec-
tive antagonist CTAP (500 nM), which only partially reversed the
inhibition observed in the presence of both DAMGO and U69593
(to 55 = 7% of baseline, p < 0.01). Although DAMGO was not
coapplied with CTAP in this experiment, the reversal observed is
attributed to CTAP since CTAP causes a maximal reversal within
3.8 = 0.1 min and the DAMGO-induced inhibition of eIPSC
amplitude is stable for >5 min after application is stopped (27 =
8% of baseline at end of DAMGO treatment vs 27 £ 5% of
baseline 5 min into wash, n = 3, p = 0.5). CTAP was perfused
over the slice for at least 5 min and the concentration of CTAP
used is sufficient to reverse the DAMGO-induced inhibition of

0 Baseline DAMGO DAl\ilGo U6%593 CT+AP
U69593 CTAP nor-BNI

Colocalization of presynaptic MORs and KORs. 4, A plot of eIPSC amplitudes over time from a representative experi-
ment showing the effects of DAMGO, DAMGO plus U69593, U69593 plus CTAP, and CTAP plus nor-BNI on elPSCamplitude ina POMC
neuron. Each point represents three averaged sweeps. B, Compiled data from eight cells treated as in A. B, Inset, DAMGO (10 rum)
alone can be reversed by CTAP (500 nm, n = 6). , Spontaneous IPSC frequency under the same conditions asin Aand B (n = 5).
a, Significantly different from baseline; b, significantly different from DAMGO plus U69593; , significantly different from U69593

The peak reversal induced by nor-BNI oc-
curred within 3.8 = 0.5 min whereas it
took 9 = 3 min to return to baseline after
termination of nor-BNI in the absence of
b.c antagonist. Therefore, the washing out of
U69593 does not contribute to the rever-
sal observed with nor-BNI. Altogether,
the data suggest that KOR and MOR ago-
nists inhibit the same inhibitory presyn-
ab aptic terminals.

To verify that mu and kappa opioid
receptor colocalization may occur on the
majority of inputs to POMC neurons, not
just the specific inputs that were near the
stimulating electrode, the above experi-
ments were repeated examining sponta-
neous rather than evoked IPSCs (Fig. 4C).
DAMGO (10 um) reduced sIPSC fre-
quency to 23 £ 4% of baseline (p <
0.001). The addition of U69593 (500 nm)
caused a further inhibition of sIPSC fre-
quency (to 6 = 1% of baseline, p < 0.01).
Replacing DAMGO with CTAP (500 nm)
partially reversed the inhibition caused by DAMGO and U69593
together (to 33 = 8% of baseline, p < 0.05). When U69593 was
replaced by nor-BNI (100 nm) while still in the presence of CTAP,
there was a complete reversal of the inhibition of sIPSC frequency
(98 = 3% of baseline, p = 0.001). Thus, spontaneous IPSCs had
the same pattern of responses as found for eIPSCs. All cells in
both the eIPSC and sIPSC experiments received each of the treat-
ments so that each cell served as its own control (n = 8 for eIPSCs;
n = 5 for sIPSCs). Together, the data indicate that a significant
portion of inhibitory inputs to POMC neurons express both mu
and kappa opioid receptors.

Possible interaction between mu and kappa opioid receptors

Opioid receptors can form functional dimers in various combi-
nations (Alfaras-Melainis et al., 2009); thus, the possibility that
the presynaptic colocalization of MORs and KORs could be func-
tionally significant was explored. A single intraperitoneal injec-
tion of nor-BNI at a dose of 10 mg/kg has been shown to be
sufficient to completely eliminate KOR function for over a week
after the injection (Bruchas et al., 2007). POMC-DsRed trans-
genic mice received a single intraperitoneal injection of nor-BNI
(10 mg/kg) and brain slices were prepared 5-7 d later. U69593
(500 nm) did not reduce eIPSC amplitude in cells from nor-BNI-
treated mice (Fig. 5B) as it did in untreated mice (103 * 3% of
baseline, n = 4, p = 0.32 vs 48 * 5% of baseline in controls) (Fig.
5B, inset), confirming that the nor-BNI treatment left the KORs
nonfunctional. Evoked IPSCs were recorded and the effects of
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low and high doses of DAMGO on eIPSC amplitude were exam-
ined to determine whether functional removal of KOR signaling
altered either sensitivity or efficacy of DAMGO at MORs. There
was no significant difference in the inhibition of the amplitude of
eIPSCs by 50 nMm DAMGO between control and nor-BNI-treated
mice (29 * 3% in controls, n = 23 vs 28 * 4% in nor-BNI-
treated, n = 6, p = 0.93) (Fig. 5), or between the maximal inhi-
bition of eIPSC amplitude by 10 um DAMGO (70 £ 2% in
controls, n = 64 vs 66 = 6% in nor-BNI-treated, n = 6, p = 0.68).
Thus, effectively inactivating KORs did not alter the sensitivity or
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efficacy of MOR agonist, suggesting that although these two re-
ceptors can serve similar functions, their activities are indepen-
dent from one another.

Postsynaptic MORs display acute desensitization, as demon-
strated by a reduction in the GIRK-mediated current elicited by a
high concentration of agonist over a few minutes (10 or 30 um
DAMGO caused a peak outward current of 19 = 8 pA at minute
2 that desensitized to 4 £ 6 pA at minute 10, n = 5, p < 0.01).
However, presynaptic responses do not display acute desensitiza-
tion to a maximal concentration of DAMGO using ePSC ampli-
tude as the assay (Fig. 5A4). To determine whether KOR signaling
might play a role in preventing presynaptic MOR desensitization,
the high concentration of MOR selective agonist (DAMGO, 10
uM) was perfused onto slices from untreated and nor-BNI-
treated mice for 10 min. The peak inhibition of eIPSC amplitude
was reached by 2 min and there was no difference in amplitude
between minutes 2 and 10 of treatment in slices from either un-
treated mice (35 * 5% vs 34 * 3% of baseline for minutes 2 and
10, respectively; n = 5, p = 0.77) (Fig. 5A) or treated mice (32 =
8% vs 36 = 5% of baseline for minutes 2 and 10, respectively; n =
5, p = 0.55) (Fig. 5B). Therefore, it appears that KOR signaling
alone is not responsible for the lack of presynaptic desensitization
observed with this high dose protocol. Altogether, the data from
nor-BNI-treated mice suggest that elimination of KOR function
has little or no effect on the MORs even though they are colocal-
ized at inhibitory terminals presynaptic to POMC neurons.

Discussion

The present data demonstrate that MORs alone mediate the
opioid-induced hyperpolarization of POMC neurons, whereas
mu, kappa, and delta opioid receptors mediate the presynaptic
inhibition by opioids. The EC5, for presynaptic actions at MORs
is ~4.4-fold lower than for postsynaptic actions. Altogether, the
results suggest that opioid receptor agonists with selectivity for
specific subtypes of opioid receptors may differentially regulate
POMC neurons. Additionally, the concentration and localization
of MOR agonist present may be an important determinant of
whether presynaptic or postsynaptic actions will predominate.
Although the present study focused on regulation of POMC neu-
rons by exogenously applied opioids, the data suggest that the
various endogenous opioids may have distinct actions depending
on concentration and localization of release (i.e., to act primarily
presynaptically or postsynaptically).

Opioid receptor localization

Previous studies using nonspecific opioid receptor agonists have
indicated the presence of functional postsynaptic opioid recep-
tors in mouse POMC neurons (Cowley et al., 2001; Hentges et al.,
2004, 2009; Roseberry et al., 2004). The direct postsynaptic ac-
tions of MOR-selective agonists found here are consistent with
prior reports in mouse POMC neurons (Slugg et al., 2000; Ibra-
him et al., 2003). The present data show that, unlike the MOR
selective agonist, neither KOR nor DOR selective agonists elicit a
postsynaptic outward current, indicating that the predominant
opioid receptor coupled to GIRK channels in mouse POMC neu-
rons is the MOR.

Evidence for presynaptic regulation of POMC neurons by
opioids is sparse and limited by the use of a nonselective opioid
receptor agonist (Roseberry et al., 2004; Hentges et al., 2009). The
present study took a systematic approach to examine the involve-
ment of mu, kappa, and delta opioid receptors in the presynaptic
regulation of POMC neurons. The data not only demonstrate
that all three receptors are present on presynaptic GABAergic
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terminals, but also indicate two particularly interesting aspects of
presynaptic opioid regulation. First is the finding that presynap-
tic terminals can coexpress both mu and kappa receptors. The
presence or absence of functional kappa receptors does not ap-
pear to overtly alter the function of MORs and both MORs and
KORs serve to inhibit presynaptic transmitter release with similar
maximal effects. However, these receptors have varying affinities
for endogenous ligands found in the arcuate, with beta-
endorphin being selective for MORs and dynorphin for KORs,
for example. Thus, presynaptic regulation of POMC neurons by
opioids may be determined by the distribution of endogenous
opioids in addition to the localization of presynaptic and
postsynaptic opioid receptors.

The second interesting finding regarding presynaptic opioid
receptors is that the DOR-selective agonist inhibited spontane-
ous but not evoked IPSCs. The simplest explanation for this
would be that the DOR-containing fibers terminate on POMC
neurons in a region that was not recruited by the stimulating
electrode. Along with the other data here, this would suggest that
there are three populations of opioid-sensitive terminals: those
expressing only MORs, those expressing both MORs and KORs,
and a third population expressing only DORs. However, the
present data cannot rule out the possibility that DORs could
function to inhibit spontaneous transmitter release, but not
evoked in the same terminal. Additionally, it may be that func-
tional DORs would be more heavily expressed after MORs are
desensitized (Chieng and Christie, 2009) and that increasing the
number of functional DORs could enable inhibition of evoked
transmitter release. Future studies will need to further explore the
nature of the DOR-mediated inhibition.

Activation of presynaptic and postsynaptic MOR receptors
MORs mediated both presynaptic and postsynaptic effects. How-
ever, the EC5, at presynaptic and postsynaptic MORs differed by
~4.4-fold (~80 and 350 nM, respectively). The EC5, for GIRK
conductance activation found in the present study is higher than
reported in many cell types, but is consistent with other reports in
POMC neurons (Slugg et al., 2000; Ibrahim et al., 2003). Inter-
estingly, under the same recording conditions, the presynaptic
inhibition mediated by DAMGO occurred at much lower con-
centrations. The explanation for the relatively high sensitivity of
presynaptic MORs compared with postsynaptic MORs remains
to be determined, but differences in receptor number, reserve, or
coupling to effectors could be involved.

The finding that POMC neurons express MORs in addition to
producing the endogenous MOR ligand beta-endorphin suggests
that MORs may act as autoreceptors on POMC neurons (Kelly et
al., 1990; Garcia de Yebenes and Pelletier, 1993). The present data
do not exclude that possibility, but indicate that an autoregula-
tory mechanism may involve both a presynaptic and postsynaptic
component with presynaptic inhibition predominating when
opioid levels are insufficient to activate postsynaptic MORs. In
the presence of high concentrations of agonist, the postsynaptic
activation of a potassium conductance and the resulting hyper-
polarization would likely minimize the significance of inhibited
presynaptic transmitter release. However, high concentrations of
agonist cause postsynaptic MORs to desensitize in many cells,
including POMC neurons [current data and Roseberry et al.
(2004)], whereas the presynaptic receptor-mediated inhibition of
PSCs does not seem to desensitize under the same conditions
(Fig. 5A and data in text). Therefore, presynaptic MOR agonists
may play an important role in regulating POMC neuron activity
when high levels of agonist persist long enough to cause postsyn-
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aptic receptor desensitization as well as when agonist concentra-
tions are too low to affect postsynaptic MORs. The differential
sensitivity of presynaptic and postsynaptic MORs may partly ex-
plain why opioids acutely stimulate food intake and yet antago-
nist therapy is not effective for weight loss (Levine et al., 1985).
The current results suggest that high concentrations of opioids
acutely inhibit anorexigenic POMC neurons via postsynaptic
MORs. However, opioid receptor antagonists would only block
endogenous opioid actions, which would be predominately pre-
synaptic due to low levels of endogenous opioids or because
postsynaptic responses would be desensitized if high local con-
centrations of endogenous opioids existed. Further experiments
to determine whether other neurons in the food intake and re-
ward pathways also display differential expression and sensitivity
at presynaptic and postsynaptic opioid receptors will help further
clarify the specific contribution of opioids in the regulation of
food intake.

Conclusions

POMC neurons play an important role in essential processes,
such as the regulation of food intake, reward, and antinocicep-
tion. POMC neurons not only produce an endogenous opioid,
but are also heavily regulated by opioids. The results here dem-
onstrate that opioid regulation of POMC neurons occurs
through postsynaptic MORs and presynaptic mu, kappa, and
delta opioid receptors. The restricted expression of KORs and
DORs on presynaptic terminals and the increased sensitivity of
presynaptic MORs compared with postsynaptic MORs indicate
that the regulation of POMC neurons by opioids involves both
presynaptic and postsynaptic actions. The data suggest that the
effects that endogenous or exogenous opioids will have on
POMC neuron regulation will depend on receptor specificity and
the concentration of agonist.
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