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agonists in the rat arcuate nucleus and ventromedial
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Using whole-cell patch clamp recording from neurones in an in vitro slice preparation, we
have examined opioid- and orphanin FQ (OFQ)-mediated modulation of synaptic
transmission in the rat arcuate nucleus and ventromedial hypothalamus (VMH).

Application of OFQ activated a Ba®*-sensitive and inwardly rectifying K* conductance in
~b50% of arcuate nucleus neurones and ~95% of VMH neurones. The OFQ-activated
current was blocked by the nociceptin antagonist [Phe'¥(CH,NH)Gly?]-nociceptin(1-13)
NH, (NCA), a peptide that on its own exhibited only weak agonist activity at high
concentrations (> 1 gu). Similar current activation was observed with the y agonist DAMGO
but not ¢ (DPDPE) or k (U69593) agonists.

In arcuate nucleus neurones, DAMGO (1 pum), U69593 (1 gm) and OFQ (100 nm to 1 pm) but
not DPDPE (1 um) were found to depress the amplitude of electrically evoked glutamatergic
postsynaptic currents (EPSCs) and decrease the magnitude of paired-pulse depression,
indicating that opioid receptors were located presynaptically.

In VMH neurones, DAMGO strongly depressed the EPSC amplitude in all cells examined.
DAMGO decreased the magnitude of paired-pulse depression, indicating that g receptors
were located presynaptically. U69593 weakly depressed the EPSC while OFQ and DPDPE
had no effect.

In VMH neurones, DAMGO depressed the frequency of miniature EPSCs (—58%) in the
presence of tetrodotoxin and Cd** (100 um), suggesting that the actions of u receptors could be
mediated by an inhibition of the synaptic vesicle release process downstream of Ca®* entry.

The data presented show that presynaptic modulation of excitatory neurotransmission in
the arcuate nucleus occurs through g, k and the orphan opioid ORL-1 receptors while in the
VMH presynaptic modulation only occurs through g opioid receptors. Additionally,
postsynaptic 4 and ORL-1 receptors in both the arcuate nucleus and VMH modulate
neuronal excitability through activation of a K* conductance.
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In addition to their effects on pain perception, opioids have
been implicated in the control of food ingestion (Grandison
& Guidotti, 1977; Levine & Billington, 1997), sexual
behaviour (Vathy et al. 1991) and the release of hormones
from the pituitary (Delitala, 1991). Opioid receptors and
their endogenous ligands have been identified in many areas
of the hypothalamus thought to be involved in the control of
the neuroendocrine system, including the arcuate nucleus
and the ventromedial hypothalamus (VMH). In the
forebrain, expression of #-endorphin is confined to arcuate
neurones which project to the median eminence and
throughout the brain (Akil et al. 1984; Loughlin et al.
1995). Arcuate neurones have also been shown to contain

dynorphin A (Akil et al. 1984; Loughlin et al. 1995),

enkephalins (Sar et al. 1978; AKkil et al. 1984; Loughlin et
al. 1995) and the recently described p-specific peptide
endomorphin-2 (Schreff’ et al. 1998). Ligand binding and
immunohistochemical studies have identified diffusely
distributed x and k opioid receptors in the basal
hypothalamus whereas & receptors were less well
represented (Loughlin et al. 1985; Mansour et al. 1995;
Bausch et al. 1995; Mansour et al. 1996).

Hypothalamic actions of the recently described orphan
opioid receptor ORL-1 (opioid receptor-like 1) and the
endogenous ligand orphanin FQ or nociceptin (OFQ) have
also been reported, including stimulation of food intake
(Pomonis et al. 1996; Stratford et al. 1997), stimulation of
prolactin and growth hormone secretion (Bryant et al.
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1998), control of urinary sodium and water excretion
(Kapusta et al. 1997), and facilitation of lordosis (Sinchak et
al. 1997). Expression of ORL-1 (Mollereau et al. 1994;
Anton et al. 1996) and OFQ (Schulz et al. 1996) was
observed within the hypothalamus with highest receptor
levels in the VMH. The overlapping tissue distribution of
the ORL-1 and opioid receptors suggests that the
endogenous opioid system has physiological regulatory
functions in this region of the brain.

Activation of opioid and orphan opioid receptors has been
shown to modulate neuronal excitability and synaptic
communication by hyperpolarizing neurones through the
activation of G protein-gated K* channels (GIRKs) (North
& Williams, 1985; Vaughan & Christie, 1996), depression of
a hyperpolarization-activated cation current (I;) (Svoboda &
Lupica, 1998), inhibition of voltage-gated Ca®* channels
(Rhim & Miller, 1994), and actions on the presynaptic nerve
terminal leading to modulation of neurotransmitter release
‘downstream’ of Ca’* entry (Capogna et al. 1996; Vaughan
& Christie, 1997). The mechanism of opioid action in the
medial hypothalamus is less clear. Previous studies of the
effects of opioids in the VMH have shown that u and ¢
(Charpak et al. 1988) and more recently orphan opioids (Lee
et al. 1997) hyperpolarize and depress the firing rate of
spontaneously active VMH neurones. u and 8 (Loose & Kelly,
1990) as well as orphan opioid receptors (Wagner et al. 1998)
have also been shown to hyperpolarize neurones of the
guinea-pig arcuate nucleus through the activation of a K*
conductance. Although k opioid receptors are present in the
medial hypothalamus, k opioids have not been found to
mediate hyperpolarization of either arcuate (Loose & Kelly,
1990) or VMH (Charpak et al. 1988) neurones. However,
activation of k receptors was found to weakly inhibit the
spontaneous firing of VMH neurones (Zhang et al. 1996). In
the present study, we have examined the modulation of
excitatory neurotransmission in the arcuate nucleus and
VMH by opioid and orphan opioid receptors. The data show
that activation of presynaptic g, xk and orphan opioid
receptors in the arcuate nucleus and of presynaptic g opioid
receptors in the VMH inhibits synaptic
transmission. In addition, we have further characterized the
ionic current activated by the orphan opioid receptor in the
VMH and the activity of a putative antagonist for this
receptor (Guerrini et al. 1998).

excitatory

METHODS

Preparation of brain slices

The methods for preparation of thin hypothalamic brain slices were
described previously (Glaum et al. 1994). Experiments were
conducted on Holtzman rats of either sex, of postnatal age
11-20 days. Animals were anaesthetized by ether inhalation and
killed by decapitation using a guillotine. The brain was removed
rapidly by dissection and placed in cold (0—4°C) extracellular
bathing solution containing (mm): NaCl, 126; NaHCO,, 26; KCI, 3;
NaH,PO,, 1:25; MgSO,, 1-3; CaCl,, 2:5; and p-glucose, 10 (gassed
with 95% 0,~5% CO,, osmolarity 315 mosmol 17). Thin (200 gm)
coronal slices of the rat brain containing the arcuate nucleus and
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ventromedial hypothalamus (VMH) were cut using a vibrating tissue
slicer (Vibratome). Slices were maintained at 22—25 °C until used.

For recording, a slice was transferred to a submersion chamber
mounted on the stage of an upright microscope (Leitz Laborlux) and
viewed with a Zeiss x 40 water immersion objective with Hoffman
contrast optics. The perfused  continuously
(3—=5ml min™) with extracellular solution at room temperature
(22-25°C). All recordings were made from visually identified
neurones located in the arcuate nucleus or ventromedial
hypothalamus.

slices  were

Electrophysiology

For whole-cell patch clamp recording (Hamill et al. 1981) from
visually identified arcuate nucleus and VMH neurones, pipettes
were made from thin-walled borosilicate glass (outer diameter
1:5 mm, inner diameter 1-12 mm) (World Precision Instruments)
using a Flaming-Brown horizontal pipette puller (Sutter
Instruments). The pipette resistances were 4—8 M2 when filled
with pipette solution containing (mm): potassium gluconate, 145;
MgCl,, 2; K,ATP, 5; GTP, 0-25; EGTA, 1-1; CaCl,, 0-1; and
Hepes, 5; pH 72 (osmolarity adjusted to 280—290 mosmol I7').
After obtaining whole-cell access, transmembrane voltage and
current were recorded using an Axoclamp-2A amplifier (Axon
Instruments) in the discontinuous voltage clamp mode (filtered at
5 kHz and acquired at 20 kHz), and stored on computer (Quantex)
and chart recorder (Gould). Data were acquired and analysed using
pCLAMP 6.0.1 software (Axon Instruments). The cellular input
resistance was calculated from the slope of the current—voltage
relationship (=80 to —60 mV). Single excitatory postsynaptic
currents (EPSCs) were evoked by local stimulation (0-05—0-1 Hz)
using a monopolar tungsten stimulating electrode (0-2 mm
diameter) (stimuli: 0-2 ms, 3—20 V). The stimulating electrode was
placed 150-500 pm from the recording electrode either in the
ventrolateral arcuate nucleus or ventral to the recording electrode in
the VMH. Paired-pulse stimuli were recorded at 005 Hz using a
30 ms interpulse interval. For the purpose of data analysis,
3—5min of evoked EPSCs were averaged (12—20 EPSCs) and the
peak of the mean EPSC was measured. Cells that responded to
drug application with a 25% or greater reduction in EPSC
amplitude (a change greater than the 99 % confidence limits of the
control window mean) were considered to have responded positively.
Miniature EPSCs (mEPSCs) were recorded from VMH neurones at
a holding potential of —60 mV in the presence of 1 um tetrodotoxin
(TTX), 100 gm cadmium chloride (Cd**), 100 M DL-2-amino-5-
phosphonovaleric acid (pL-AP5) and 10 gm bicuculline. Currents
were filtered at 1-2 kHz, sampled at 8 kHz, and acquired to disk
using pCLAMP software. mEPSCs were analysed using Mini-
Analysis Program (Jaejin Software, Leonia, NJ, USA). The root
mean square (r.m.s.) noise was ~1 and ~2 pA when filtered at 1 and
2 kHz, respectively. Miniature events were screened automatically
using an amplitude threshold of 5 pA and an area threshold of
10 fC. Events were then visually accepted or rejected based upon
rise and decay times. Analysed mEPSCs from a 3—4 min recording
period were pooled for statistical analysis (Student’s paired ¢ test)
using GraphPad Prism (GraphPad Software, San Diego, CA, USA)
and were considered statistically significant if P<0:05. Data are
expressed as means + s.EM. Current—voltage relationships were
obtained using either a voltage ramp from —147 to +3 mV (1 s
duration) or by 300 ms voltage steps from —127 to —52mV (in
5mV increments). For statistical analysis, the effects of opioid
agonist treatment on membrane holding currents were quantified as
the relative current activation determined at the most negative
voltage tested in these experiments (—127 mV). Current—voltage
data were sampled at 5kHz and filtered at 1 kHz. Membrane
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potentials were corrected for a junction potential of +7 mV
measured according to the method described by Neher (1992).

Materials

Bicuculline  methobromide,  (5a,7et,80)-(+)- N-methyl-N-(7-(1-
pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl)-benzeneacetamide (U69593),
(D-Pen® p-Pen®)-enkephalin (DPDPE), Tyr-p-Ala-Phe-Glu-Val-Val-
Gly-NH, (deltorphin IT), naloxone hydrochloride (NLX) and Tyr-p-
Ala-Gly-MePhe-Gly-ol (DAMGO) were obtained from Sigma.
(£)-2-Amino-5-phosphonovaleric  acid  (pL-AP5), nor-bin-
altorphimine dihydrochloride (nor-BNT) and [Phe'¥(CH,NH)Gly*]-
nociceptin (1-13)NH, (NCA) were obtained from Tocris Cookson
(Ballwin, MO, USA). Orphanin FQ/nociceptin (OFQ) was obtained
from Bachem (King of Prussia, PA, USA). TTX was obtained from
Alamone Laboratories (Jerusalem, Israel). All drugs were dissolved
in distilled water or DMSO (<0:1% final concentration in
perfusate) and applied by bath perfusion.

RESULTS

Whole-cell recordings were obtained from 127 arcuate
and 132 VMH neurones in 160
preparations of 200 gm thick coronal slices of the rat
hypothalamus. The mean input resistance of arcuate
neurones was 1:87 £+ 0:09 GQ (n = 84) while that for VMH
neurones was 804 + 37 MQ (n=81). All experiments were
performed in the discontinuous voltage clamp mode at a
holding potential of —60 to —70 mV unless otherwise noted.

nucleus neurones

Postsynaptic modulation of hypothalamic neurones

Application of OFQ (100—1000 nm) activated an outward
current (36:8 + 2:9 pA) in 95 % (65 of 68) of VMH neurones
held at a membrane potential of —67 mV (Fig.1Aa). Brief
(1-2 min) applications of OFQ (100 nm) activated an
outward current which returned to control after washing
for 15—-20 min. Following activation of the current by
OFQ, application of BaCl, (300 gm) in the continued
presence of OFQ was found to completely reverse the
activated current (n=10, data not shown). The
sensitivity of the OFQ-activated current to block by
external BaCl, suggests this conductance is mediated by
potassium Current—voltage
determined before and during OFQ application (Fig.1A4a
and (). The current activated by OFQ exhibited inward
rectification (Fig.1C, inset). In normal saline (3 mm KCl),
slope conductances measured from —50 to —70 mV and
—100 to —120 mV in the absence of OFQ were 1-49 + 0:27
and 1:85 £ 0-27 nS, respectively (n=11, P> 0:05, paired
t test) (Fig.1C). Following the addition of OFQ the
conductances increased to 2:55+040nS (P <001,
paired ¢ test) and 575+ 0-91 nS (P < 0-01, paired ¢ test),
respectively (Fig.1C). The OFQ-activated current reversed
potential at —89:2 + 0:7 mV (n= 28). The hyperpolarizing
effect of this outward current on a VMH cell is shown in the
example cell in Fig. 1C. The reversal potential of the whole-
cell current (equivalent to the resting membrane potential in
current clamp) was decreased by 24 mV (from —54 to
—78 mV) in the presence of OFQ. The reversal potential and
magnitude of the OFQ-activated current were dependent
upon [K*],. Increasing [K*], from 3 to 16 mm resulted in a

ions. relationships ~ were
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linear change (slope =531 £ 1-5mV (logm)™") in the
reversal potential (Fig. 1D) indicating the activation of an
inwardly rectifying K™ current by OFQ.

The concentration—response relationship for the OFQ-
activated current in the VMH was determined by
cumulatively applying increasing concentrations (1-1000 nm)
of the peptide to slices while recording the transmembrane
current—voltage relationship (Fig. 2). Current activation
could be detected at concentrations as low as 1 nm (Fig. 2).
Maximum current activation was achieved at a
concentration of ~100 nm with an EC; of 7-8 nm (Fig. 2).

The novel OFQ analogue [Phe'¥(CH,-NH)Gly*]-
nociceptin(1-13)NH, (NCA) was recently described as the
first antagonist of the ORL-1 receptor in the guinea-pig
ileum and mouse vas deferens (Guerrini et al. 1998).
However, in another study which utilized a cell line
expressing the human ORL-1 homologue, NCA was shown
to be a full agonist exhibiting a maximal inhibition of
adenylyl cyclase at ~100nm (Butour et al. 1998). We
further studied the actions of NCA on the K* current
activated by OFQ (100 nm) in rat VMH neurones. Initially,
NCA was applied alone to determine whether the peptide
activated an outward current in VMH neurones.
Application of the peptide weakly activated an outward
current in VMH neurones but only at high concentrations
(100nm, 0 of 3; 1pum, 12:7+2:8pA, 3 of 17; 3 um,
13:0+ 1-5pA, 4 of 5; data not shown) illustrating some
weak agonist activity for the peptide. Subsequently, the
ability of NCA to occlude OFQ-activated currents was tested.
Application of the peptide (1 gm) for 5 min prior to the
application of OFQ (100 nm) was found to reduce the number
of cells responding to OFQ and the magnitude of current
activation (20 pA, 2 of 6 cells; data not shown). Furthermore,
application of NCA (3 um) following activation of a K*
current by OFQ (100 nm) was found to reverse the activated
current (Fig. 34), suppressing the maximum inward current
(holding potential (Vi) —127 mV) by 795+ 79% (n=6)
(Fig. 3B). These experiments suggested that NCA acted as a
weak partial agonist at the orphan opioid receptor.

Comparison of the effects of OFQ in the VMH with those of
other opioid receptor agonists showed significant outward
current activation by the g opioid DAMGO. Application of
DAMGO (1 um) was found to activate an outward current in
58% of VMH cells (197 + 2:8 pA, 23 of 40 cells) (Fig. 1 Ba).
Perfusion of the slice with BaCl, (300 gm) in the continued
presence of DAMGO reversed the activated current (n= 2).
Prior application of a low concentration of the opioid
antagonist naloxone (100 nm) blocked activation of this
current (12 pA, 1 of 7 cells; data not shown). The §-specific
agonists deltorphin II (1 gm) (11 pA, 1 of 5 cells) and
DPDPE (1 gm) (16 pA, 1 of 10) were found to weakly
activate an outward current in the same cell that also
responded to both OFQ and DAMGO. The « opioid agonist
U69593 (1 um) was not found to activate an outward
current in any of the VMH cells tested (n= 10).
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OFQ has recently been shown to activate a K* conductance
in guinea-pig arcuate neurones (Wagner et al. 1998), an
effect similar to that reported earlier for DAMGO in arcuate
neurones of the guinea-pig and rat (Loose & Kelly, 1990;
Loose et al. 1991). In the rat arcuate nucleus, application of
OFQ (100—-1000 nm) was found to activate an outward
current (13:0 £+ 1-5 pA, 43 of 78 cells) (Fig.14b). As with

A
a
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B
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the current activated in VMH neurones, this current was
inwardly rectifying with a reversal potential of
—92:8 + 2:2mV (n=3) (data not shown). Application of
BaCl, (300 gm, n=6) in the continued presence of OFQ
reversed the activated current (data not shown) indicating
activation of an inwardly rectifying K™ conductance by
OFQ in rat arcuate neurones. DAMGO was also found to

b
OFQ ( fuM)
,‘ PITTTT e LAERNAAR {4341 "W"WW‘EW;-'IIW”W e
_110pA
1 min
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Figure 1. Activation of an outward current by OFQ and DAMGO in arcuate and VMH neurones

Application of OFQ (100 nm or 1 gm) (4) and DAMGO (B) to VMH (a) and arcuate (b) neurones activated an
outward current from a holding potential of —67 mV. OFQ application in this VMH neurone was done in
the presence of TTX (1 gm) and the deflections from baseline indicate the times at which current—voltage
ramps were acquired (C). Traces are scanned images from a chart recording of the holding current. The
downward deflections in Ab and B represent synaptically evoked currents. C, current—voltage relationship
from the points indicated in the VMH cell shown in Aa. The current was measured during a voltage ramp
from —147 to —27 mV, 1 s duration, from a holding potential of —67 mV. Inset, the OFQ-activated current
obtained by subtraction of these traces. D, dependence of the reversal potential of the OFQ-activated

current on [K*],

in the VMH. Reversal potentials for the current were —89-2 + 0-7 mV in 3 mm K¥,

—647+ 14 mV in 9 mm K* and —50+4 + 13 in 16 mm K. Symbols are means + s.E.M. (error bars) for
the number of observations indicated below each point. The continuous line indicates the linear regression
(slope = 53-1 4 1-5 mV (logm) ™" determined for the data.
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(]
Figure 2. Concentration dependence of the OFQ-activated current é T
in VMH neurones g g 75
Increasing concentrations of OFQ were cumulatively applied to VMH 2 %
neurones voltage clamped at —67 mV. Current—voltage relationships at the g E 50
indicated concentrations of OFQ were determined by 300 ms voltage steps = 2 7
to membrane potentials between —127 and —52 mV, in 5 mV increments. % § ’
The relative current activation was determined by normalizing to the 3 g 25-
maximum inward current (Vy —127 mV) obtained with OFQ (1 gm). Data % ~
are means + s.E.M. Data from the concentration—response curves were o 0 : . . : ,
pooled and fitted to a sigmoidal function, logEC,, = —8:11 £+ 0:15, -0 9 -8 -7 -6 -5

EC;o=T78nM (n=15).

activate an outward current of similar magnitude to OFQ,
although in relatively few cells (9:6 + 1:9 pA, 10 of 45 cells)
(Fig. 1 Bb). Arcuate neurones were found to respond to both
OFQ and DAMGO (3 of 32 cells), OFQ alone (13 of 32), or
neither peptide (16 of 32). Application of U69593 (1 um)
(n=>53) and DPDPE (1 um) (n=15) was not found to
activate an outward current in any arcuate cells examined.

Opioid receptor-mediated synaptic depression

In addition to the observed postsynaptic modulation of K*
conductances, G protein-coupled receptors may also act
presynaptically to inhibit the release of neurotransmitters

A
OFQ (100 nM)

10g[OFQ] (logm)

(presynaptic inhibition) (Miller, 1998). To examine the
potential modulation of synaptic transmission by opioid
receptors, local stimulation (15-20 s interval) was used to
evoke glutamatergic EPSCs while recording from arcuate
nucleus or VMH neurones in the discontinuous voltage
clamp mode (V; —60 to —70 mV). Excitatory inputs into the
recording cell were pharmacologically isolated by inclusion
of bicuculline (10 gm) and pL-AP5 (100 gm) in the bathing
solution. Under these conditions evoked EPSCs were
completely blocked by the AMPA /kainate (KA) receptor
antagonist CNQX (10 gm) (data not shown).

VM (mV)

-130 -110 -0 -7

b, ¢

NCA (3uM)
__|20 pA
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<
L-200 —
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Figure 3. Current activation by OFQ was partly reversed by [Phe'¥(CH,NH)Gly?]-nociceptin(1-

13)NH, (NCA) in VMH neurones

A, application of OFQ (100 nm) activated an outward current in this VMH neurone from a holding potential
of —67 mV. OFQ was applied to the VMH neurone for ~9 min during which time no desensitization of the
outward current was observed. NCA (3 gm) application in the continued presence of OFQ caused the current
to partially relax to baseline. B, current—voltage relationship showing the reversal of the OFQ-activated
current by NCA. Shown are the current—voltage relationships determined by a continuous voltage ramp from
—127 to —47 mV, 1 s duration, determined at the time points indicated in A prior to the addition of OFQ (a),
during OFQ application (b and ¢) and following partial reversal of the current by NCA (d).
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In the arcuate nucleus, application of OFQ (100 nm) was
found to depress the amplitude of the evoked EPSC
(—43:5 £+ 2:2%, 23 of 38 cells) (Figs 4, 5B and 6). Following
removal of the peptide, the EPSC returned to baseline
within 15-20 min (Fig. 4). This concentration of OFQ
produced a maximal effect since application of a 10-fold
higher concentration of OFQ (1 gm) was found to depress
the EPSC to a similar extent (=537 + 5:8%, 7 of 10 cells)
(Fig. 6). Many of the cells that responded to OFQ (100 nm to
1 um) with a depression of the EPSC also exhibited
activation of an outward current (14 of 30 cells, see
Fig.14b). Application of NCA (1 gm) was not found to
depress the EPSC amplitude in any cells tested
(+046 £+ 3:6 %, n=12) (Figs 5B and 6). In the presence of
NCA, OFQ (100nM) no longer depressed the EPSC
amplitude (—12:3 +4:3%, n=12) (Figs 5B and 6) nor
activated any outward currents. However, in one of these
cells following 60 min of wash, OFQ application was found
to both depress the EPSC amplitude (Fig. 5B8) and activate
an outward current (418 pA), further supporting the
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antagonist actions of NCA. Application of DAMGO (1 pum)
produced a rapidly reversible (~10 min) depression of the
EPSC in arcuate neurones (—52:6 + 3:6%, 24 of 32 cells)
(Figs 44 and 6). DAMGO depression of the EPSC was
reversed to control by naloxone (100 nm) (—3-4 £ 8:3%,
n=2>5) (Figs 5B and 6). In contrast to OFQ, DAMGO
infrequently modulated both the EPSC and the membrane
holding current of the recording cell (1 of 24). Although
U69593 (1 um) was not found to activate an outward
current in any arcuate nucleus neurones, it was found to
depress the EPSC amplitude (—50-9 + 3:0%, 26 of 44 cells)
(Figs 4B, 54 and 6). Following removal of U69593, the
inhibitory effect required substantially longer washing
periods than other opioids tested (> 45 min) to return to
control (Fig.4B). The depression caused by U69593 was
rapidly reversed to control by the addition of a low
concentration of the « antagonist nor-BNI (100 nm)
(—12:8 + 44 %, n=8) (Figs 54 and 6). DPDPE (1 1) had
little effect on the EPSC amplitude (—14:8 + 2:8%, n=19)
(Fig. 6). Depression of the EPSC by multiple opioid agonists

Figure 4. Opioid agonists cause a depression of AMPA
receptor-mediated excitatory synaptic transmission in
the arcuate nucleus

Electrically evoked EPSCs were recorded in the presence of
pL-AP5 (100 pm) and bicuculline (10 pm). EPSCs were evoked
every 15s. A, data from an arcuate neurone illustrating a
reversible depression of the evoked EPSC following application
of OFQ (100 nm) and DAMGO (1 gm). B, data from a different
arcuate neurone showing a reversible depression of the EPSC
following application of OFQ (100 nm) and U69593 (1 pm).
Application of DAMGO (1 um) did not elicit a response in this
cell. For both 4 and B, a represents the time course of the
effects of opioid agonists on the mean EPSC amplitude (each
point represents the mean amplitude of 4 responses), whereas
b—f are averaged EPSCs (3 min) taken from the time points
indicated in a. Neurones were voltage clamped at a holding
potential of —60 mV.
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Figure 5. Antagonism of opioid-induced depression of arcuate nucleus AMPA receptor-mediated

EPSCs

Electrically evoked EPSCs were recorded in the presence of pL-AP5 (100 um) and bicuculline (10 um).
EPSCs were evoked every 15s. A, data from an arcuate neurone illustrating a depression of the evoked
EPSC following application of U69593 (1 um) and subsequent reversal following inclusion of the « opioid
antagonist nor-BNI (100 nm). B, in another arcuate neurone application of NCA (1 um) or the combination
of NCA (1 gm) and OFQ (100 nm) did not reduce the EPSC amplitude. However, ~60 min after the removal
of peptides, OFQ (100 nm) alone was found to reversibly depress the EPSC amplitude. Application of
DAMGO (1 um) also produced a strong depression of the EPSC which was reversed by the addition of
naloxone (NLX, 100 nm). Application of U69593 (1 um) alone or in combination with nor-BNT (100 nm)
had no effect on the EPSC amplitude in this neurone. For both 4 and B, a represents the time course of the
effects of opioid agonists on the mean EPSC amplitude (each point represents the mean amplitude of 4 (4)

or 8 (B) responses),

whereas b—f are averaged EPSCs (3 min) taken from the time points indicated in a.

Neurones were voltage clamped at a holding potential of —60 mV.
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Figure 6. Summary of data for opioid depression of EPSCs in the arcuate nucleus

Columns represent the degree of inhibition of the EPSC produced by the indicated opioid. The number of
observations for each peptide was (number of positive trials per total number of trials): 100 nm OFQ, 23 of
38; 1 um OFQ, 7 of 10; 1 um NCA, 12 of 12; 1 pgm NCA plus 100 nm OFQ, 12 of 12; 1 um U69593, 26 of
44; 1 pm U69593 plus 100 nm nor-BNT, 8 of 8 (data from 8 cells responding to U69593), 1 um DAMGO, 24
of 32; 1 g DAMGO plus 100 nm naloxone, 5 of 5 (data from 5 cells responding to DAMGO); 1 um DPDPE,

9 of 9. *Significantly different from the depression

¢ test). ** Significantly different from U69593 (1 um),

(P < 0-01, paired ¢ test).

was often observed within the same arcuate neurone,
including OFQ and U69593 (9 of 20 cells) (Fig.4B), OFQ
and DAMGO (Fig.44 and 5B) (10 of 21 cells), DAMGO and
U69593 (10 of 24 cells), or all three agonists (4 of 17 cells).
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To determine the location of opioid receptors modulating
excitatory synaptic transmission in the arcuate nucleus, the
effect of opioid agonists on paired-pulse depression (Baskys
& Malenka, 1991) (0-05 Hz, 30 ms interpulse interval) was
studied in a population of the cells described above. In cells

Figure 7. Application of opioids reduced paired-pulse
depression in the arcuate nucleus

Evoked EPSCs were recorded in the presence of pL-AP5

(100 gm) and bicuculline (10 gm). Paired EPSCs (interpulse
interval 30 ms) were evoked every 20 s. 4, application of
U69593 (1 pm) and DAMGO (1 gm) caused a reversible
depression of the initial ESPC (EPSC,), and an increase in the
paired-pulse ratio (EPSC,/EPSC,)). For A, a represents the
time course of the effects of U69593 and DAMGO on the ratio
of EPSC,/EPSC,, and b—d show the mean EPSCs (3 min) from
the time points indicated in a. B, histogram of the mean
paired-pulse ratio illustrating the decrease in paired-pulse
depression following application of U69593 (n = 9), DAMGO
(n=9)and OFQ (n = 11). [J, the mean control paired-pulse
ratio; M, the mean paired-pulse ratio following application of
the indicated opioid. The pooled data show a significant
increase in the paired-pulse ratio for all opioids tested

(*P< 0-01, paired ¢ test). Neurones were voltage clamped at a
holding potential of —60 mV.
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for which application of DAMGO (1 gm) resulted in a
depression of the first evoked EPSC (EPSC,, —57-1 + 4-2;
n=9), an increase in the paired-pulse ratio (EPSC,/EPSC,))
from 0:88+ 0:08 in control to 1:65+0-21 (P <001,
paired ¢ test) in the presence of DAMGO was observed
(Fig.7). U69593 depression of the EPSC (EPSC,,
—474+6'1; n=29) increased the paired-pulse ratio from
0-88 + 0-07 to 124 + 007 (P < 0-01, paired ¢ test), and
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OFQ depression of the EPSC (EPSC,, —44:4 + 3:3; n=11)
increased the paired-pulse ratio from 0-73 4+ 009 to
1:06 + 0-:08 (P < 0-01, paired ¢ test) (Fig. 7). In cells that
did not respond to these agonists, no significant change in
the paired-pulse ratio was found (data not shown). These
data suggest that u, k and ORL-1 agonists modulate neuro-
transmitter release in the arcuate nucleus through receptors
located presynaptically.
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Figure 8. Application of DAMGO caused a selective depression of glutamatergic EPSCs in all

VMH neurones

Evoked EPSCs were recorded in the presence of pL-AP5 (100 gm) and bicuculline (10 ga). EPSCs were
evoked every 15s. A, application of DAMGO (1 gm) caused a reversible depression of the EPSC (—57 %)
recorded from a VMH neurone. Application of U69593 (1 um), OFQ (100 nm), DPDPE (1 gm) and
deltorphin II (1 gm) did not elicit a response in this cell. A second application of DAMGO (1 gm) 60 min
after the first produced a similar depression of the EPSC amplitude (—48 %). For A, a—d are the same as in
Fig. 4. B, histogram representing the mean inhibition of the evoked EPSC. Columns represent the degree of
inhibition following application of the indicated opioids. The number of observations for each bar was
(number of positive trials per total number of trials): 1 gm DAMGO, 14 of 14; 1 gm DAMGO plus 100 nm
NLX, 5 0of 5; 1 upt DAMGO plus 300 um BaCl,, 5 of 5; and 1 um U69593, 4 of 8. * Significantly different
from DAMGO (1 um) (P < 0-01, unpaired ¢ test). Neurones were voltage clamped at a holding potential of

—60 mV.
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Excitatory neurotransmission was also studied in the VMH.
The u agonist DAMGO (1 um) strongly and reversibly
depressed the glutamatergic EPSC in all VMH cells tested
(—54:4 £ 2:9%, 14 of 14 cells) (Fig. 8). DAMGO inhibition
of the EPSC reversed to control following ~15 min of wash
(Fig.84). Perfusion of the
concentration of the opioid antagonist naloxone (100 nm)
prior to DAMGO (1 gm) strongly reduced the effectiveness
of the agonist (—10:2 + 3:2%, n= 6) (Fig.8B). In order to
determine the locus of the u opioid receptors mediating this
inhibition, the effect of DAMGO on paired-pulse depression
was studied. DAMGO inhibited the initial EPSC (EPSC,,
—62:4 +7:6%; 6 of 6 cells) (Fig. 9) and increased the ratio
of the EPSC amplitudes (EPSC,/EPSC)) from 046 4+ 0-09
to 1:08 £0-13 (P=0-011, paired ¢ test) indicating that
p receptors in the VMH were located presynaptically (Fig.9).
In many cells in which DAMGO depressed the EPSC
amplitude, activation of an outward current was also
observed (11 of 20 cells). In VMH neurones, the k agonist
U69593 produced only a modest depression of the EPSC
(—36:8 + 3:4%, 4 of 8 cells) (Fig.8B) while neither OFQ
(100 nm) (—1-7 £ 3-9% wversus control, n=10) nor DPDPE
(1 ) (—8:05 £ 40 versus control, n= 6) depressed evoked
glutamatergic EPSCs (Fig. 84). Because a heterogeneous ¢
receptor population has been suggested to exist in the VMH
(Hiller et al. 1996), the effect of a 6-2 subtype agonist,
deltorphin II, was also examined. However, cells that were
unresponsive to the dJ-1 agonist DPDPE were also
unresponsive to deltorphin II (1 gm) (=502 + 7-0 wversus
control, n = 4) (Fig. 84).
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Due to the robust inhibition of glutamatergic synaptic
transmission by DAMGO, the mechanism of u opioid
receptor-mediated presynaptic further
examined. As described above, activation of a Ba®"-sensitive
outward current by DAMGO was observed in many VMH
neurones. A similar activation of this conductance in the

inhibition was

presynaptic nerve terminal would serve to shunt the
incoming action potential, reduce the influx of Ca®* into the
nerve terminal, and decrease neurotransmitter release
(Miller, 1998). BaCl, at 300 g, a concentration that blocked
the activation of outward currents by opioids, was not found
to have a significant effect on the EPSC amplitude (data not
shown). In the presence of BaCl,, DAMGO produced a
depression of the EPSC amplitude (=547 £ 5:9%, n=>5)
(Fig.8B) which was not statistically different from that
observed in the absence of BaCl, (P = 0-96, unpaired ¢ test)
indicating that activation of a GIRK-like K* conductance
was not involved in the presynaptic inhibition of the EPSC.
The effects of DAMGO on the amplitude and frequency
distributions of mEPSCs in VMH neurones were also
studied. mEPSCs were recorded in the presence of 10 ym
bicuculline and 100 gum DL-AP5 to isolate AMPA/KA
events, and also in the presence of Na™ (TTX, 1 um) and
Ca®* (Cd**, 100 um) channel blockers to record spontaneous
vesicle release independent of Ca’* entry (Scholz & Miller,
1992). mEPSCs had a mean frequency of 3:7 +1:1 Hz
(n=19) and a mean amplitude of 11:9+ 09 pA (n=9). In
all cells examined, application of DAMGO caused a
significant reduction in the frequency of mEPSCs
(=583 +58%, n=9, P<0:001, paired ¢ test) without a

Figure 9. Application of DAMGO reduced paired-pulse
depression in VMH neurones

Evoked EPSCs were recorded in the presence of pL-AP5

(100 ) and bicuculline (10 gm). Paired EPSCs (interpulse
interval 30 ms) were evoked every 20 s. 4, application of
DAMGO (1 um) caused a reversible depression of the initial
ESPC (EPSC,), and an increase in the paired-pulse ratio
(EPSC,/EPSC,). For A, a represents the time course of the
effect of DAMGO on the EPSC, /EPSC, ratio, and b—d show the
mean EPSCs (3 min) from the time points indicated in a.

B, histogram of the mean paired-pulse ratio illustrating the
decrease in paired-pulse depression following application of
DAMGO (n=6). The pooled data show a significant increase in
the paired-pulse ratio (¥*P < 0-001, paired ¢ test). Neurones
were voltage clamped at a holding potential of —60 mV.
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significant change in the amplitude (—4:6 +1:7%, n=29,
P> 0-05, paired ¢ test) (Fig. 10). Following washout of the
peptide (~20 min) the depression of mEPSC frequency was
partially reversed (—35+7 & 4:5% of control, n = 3) (Fig. 10).

DISCUSSION

The results presented in this study demonstrate that g and
orphan opioids modulate the excitability of arcuate nucleus
and VMH neurones through activation of an inwardly
rectifying K channel. Opioids acting at u, k and orphan
receptors were observed to act on the presynaptic nerve
terminal to depress excitatory glutamatergic synaptic
transmission in the arcuate nucleus. However, in the VMH
only a u opioid was found to act via a presynaptic receptor
to inhibit glutamatergic transmission. Depression of neuro-
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transmitter release in the VMH was independent of Ca**
entry indicating that x opioid effects under these conditions
were probably mediated not by a depression of presynaptic
Ca®" channels, but rather by modulation of the release
mechanism ‘downstream’ of Ca® entry (Scholz & Miller,
1992). However, it is possible that inhibition of terminal
Ca®* channels may also play a role.

Postsynaptic actions of opioids in the arcuate nucleus

and VMH

Hypothalamic opioids are involved in the control of
neuroendocrine,  reproductive, thermoregulatory and
orexigenic systems. Opioid receptor subtypes (#, 6, k and
ORL-1) are present to varying degrees in areas of the
hypothalamus known to control these homeostatic systems.
However, the specific mechanisms by which opioids act are
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Figure 10. Application of DAMGO depressed mEPSC frequency in VMH neurones in the

presence of Cd** and TTX

mEPSCs were recorded in the presence of TTX (1 gm), CdCl, (100 gm), bicuculline (10 gm) and pL-AP5
(100 gm). A and B, consecutive traces before (Control) and following application of DAMGO (1 ). € and
D, cumulative probability distributions of the mEPSC amplitude and interval from 4 min periods before
(494 events), during (130 events) and 25 min after (361 events) the application of DAMGO (1 gm). K and

F,

, effect of DAMGO on the mean change in amplitude and frequency for data pooled from 9 cells and

following wash from 3 cells. The pooled data showed a significant decrease in the mean frequency
(*P < 0:001, paired ¢ test), whereas no significant change in the mean amplitude was observed (P> 005,
paired ¢ test). Neurones were voltage clamped at a holding potential of —60 mV.
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still not completely clear. Previous studies have focused on
the effects of opioids on spontaneous firing rates and
membrane hyperpolarization. These studies suggested that
arcuate neurones are strongly modulated by g (Loose &
Kelly, 1990) and orphan (Wagner et al. 1998) opioids through
activation of an inwardly rectifying K* conductance,
whereas weak actions were observed for & agonists and no
actions were observed for k agonists. Localization of neurones
expressing ORL-1 in rat and mouse brain indicated a strong
expression within the VMH and arcuate nucleus (Mollereau
et al. 1994; Anton et al. 1996). In the present study, OFQ
was observed to activate a Ba>*-sensitive outward current in
nearly all VMH neurones. These findings confirm those
recently published by Lee et al. (1997). In the present study,
the OFQ-activated current was shown to be an inwardly
rectifying K* conductance based upon the greater increase
in conductance at negative potentials and the linear change
in the reversal potential with increasing [K*],. In arcuate
nucleus neurones, OFQ and the g opioid DAMGO also
activated a Ba’*-sensitive outward conductance. These
findings confirm the results of earlier studies in
ovariectomized (OVX) adult female guinea-pigs (Loose &
Kelly, 1990; Wagner et al. 1998) and normally cycling
young adult female rats (Loose et al. 1991). Our findings in
juvenile rats (postnatal days 11—-17) do, however, differ from
the previous studies in the number of arcuate cells
responsive to agonist. OFQ responses were observed in
~50% of rat arcuate neurones versus ~95% of OVX
guinea-pigs and the response to DAMGO was limited to
<25% of rat arcuate neurones wversus ~86% of OVX
guinea-pigs and ~68% of young adult female rats. This
may indicate a dependence on age or sexual maturation in
the development of opioid receptor coupling to K* channels
in the arcuate nucleus similar to that observed for ¢ opioid
receptors in the medial vestibular nucleus (Sulaiman &
Dutia, 1998). Conversely, OFQ activation of a K%
conductance in nearly all VMH neurones indicates that no
such developmental maturation occurs in this area of the
brain and suggests an important role for this receptor
system in the control of VMH neuronal excitability.

Presynaptic actions of opioids in the arcuate nucleus
and VMH

Arcuate nucleus neurones express both ionotropic (van den
Pol et al. 1994) and metabotropic glutamate receptors
(Ghosh et al. 1997). Excitatory neurotransmission mediated
by AMPA/KA glutamate receptors has been suggested to
mediate the majority of fast excitatory synaptic transmission
in the medial basal hypothalamus (van den Pol et al. 1990).
These glutamatergic systems have been shown to play an
important role in the release of hormones from the pituitary
(Brann & Mahesh, 1997). Within the arcuate nucleus,
glutamatergic neurones synapse locally onto neurones whose
axons then project to the median eminence, indicating their
neuroendocrine function (Belousov & van den Pol, 1997).
Presynaptic modulation of these glutamatergic systems may
underlie the actions of neuropeptides in the hypothalamus.

J. Physiol. 517.2

In the arcuate nucleus, u, k and orphan opioids depressed
excitatory glutamatergic postsynaptic currents. Presynaptic
localization of opioid receptors controlling glutamate release
in the arcuate nucleus was suggested based upon an agonist-
induced decrease in paired-pulse depression (Baskys &
Malenka, 1991). Although K* current activation was
observed in only a few cells in response to the g agonist
DAMGO and no cells were responsive to the k agonist
U69593, the glutamatergic inputs into 60—70% of arcuate
neurones were depressed by these agonists, indicating that
presynaptic modulation of glutamatergic transmission is the
predominant mechanism by which these opioids modulate
neurotransmission in the arcuate nucleus. OFQ was found to
depress glutamatergic transmission and activate a K*
conductance in approximately the same percentage of
arcuate neurones indicating both a presynaptic and a
postsynaptic role for the orphan opioid receptor in the
arcuate nucleus. The finding that opioid receptors function
to depress glutamate release shown here, and the recent
demonstration that presynaptic receptors for neuropeptide Y
(Rhim et al. 1997) and galanin (Kinney et al. 1998) depress
while those for hypocretin/orexin (van den Pol et al. 1998)
potentiate glutamatergic neurotransmission suggests a
possible mechanism by which neuropeptides may control
hypothalamic systems.

In all VMH neurones, excitatory glutamatergic
postsynaptic currents were depressed by the u opioid
DAMGO while no other opioid agonists produced a significant
depression. Neuronal excitation was further depressed by
DAMGO in about half of VMH neurones by the
simultaneous activation of a hyperpolarizing postsynaptic
K™ conductance. The presynaptic localization of u opioid
receptors controlling glutamate release was suggested by a
decrease in the magnitude of paired-pulse depression and
also a decrease in the frequency of mEPSCs without a
change in their amplitude. Although opioids have been
shown to modulate the entry of Ca®* into neurones of the
nucleus tractus solitarii (Rhim & Miller, 1994) and to
increase a Ba>*-sensitive K conductance (North & Williams,
1985), neither of these mechanisms appears to be involved
in the depression of spontaneous glutamate release from
presynaptic in the VMH. In the
hippocampus (Capogna et al. 1996) as well as periaqueductal
grey (Vaughan & Christie, 1997), presynaptic g opioid
receptors were shown to modulate spontaneous neuro-
transmitter release through a mechanism that does not
involve presynaptic Ca®* influx. In the present study,
addition of Ba®* had no effect on the observed depression of
the electrically evoked EPSC by DAMGO, illustrating that
presynaptic K* channel activation was not involved.
Furthermore, in the presence of Cd** and TTX, DAMGO
still produced a depression of mEPSC frequency without an
alteration of the amplitude distribution in all VMH cells
tested, indicating that this depression was not dependent
upon entry of Ca®* through voltage-gated Ca’* channels.
These findings suggest that presynaptic modulation of
neurotransmitter release by g opioids in the VMH may

nerve terminals
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involve a direct modulation of the vesicle release mechanism.
Interestingly, the depression of mEPSC frequency
(—58:3 & 5:8%) was similar to the observed depression of
the amplitude of electrically evoked EPSCs (—56-4 + 2:7 %).
The similarity between the depression of electrically evoked
EPSCs and mEPSCs in both the number of cells responding
to DAMGO and the magnitude of this depression may
suggest that modulation occurs through the
mechanism. However, these results do not exclude a possible
contribution of opioid modulation of presynaptic Ca** influx
in evoked transmission.

same

The activation of a K* conductance by OFQ and inhibition
of glutamatergic synaptic transmission were specific to the
ORL-1 receptor since these effects were dose dependent and
could be blocked by an OFQ antagonist, [Phe'¥(CH,NH)
Gly?]-nociceptin(1-13)NH, (NCA) (Guerrini et al. 1998). The
efficacy of this peptide has generated considerable debate
regarding its actions at the ORL-1 receptor. Initial studies
indicated that NCA antagonized the actions of OFQ in both
the guinea-pig ileum and mouse vas deferens (Guerrini et al.
1998). However, this peptide has been shown to have both
agonist actions in an in vitro expression system using the
human ORL-1 receptor (Butour et al. 1998) and antagonist
actions on the OFQ-activated K' conductance in rat
amygdaloid neurones (Meis & Pape, 1998). In the present
study, NCA was shown to weakly activate an outward
current in VMH neurones and also partially reverse the
response to OFQ, suggesting that NCA is a weak partial
agonist. NCA was also found to weakly depress calcium
currents and occlude the response to OFQ in a HEK293 cell
line expressing both the mouse orphan opioid receptor and
N-type calcium channels (P. J. Emmerson & R. J. Miller,
unpublished observations). The observed discrepancy
between our data and those obtained from a human ORL-1
expression system may be the result of differences between
the efficacy of NCA at the human and rat and mouse orphan
opioid receptors. The human receptor differs from the rodent
receptors in several areas, most notably in the amino
terminus but also at point mutations in the external loops.

Role of opioids in the arcuate nucleus and VMH

Opioid receptors clearly play an important role in the
control of food intake (Levine & Billington, 1997). Injection
of g-endorphin into the VMH stimulated food intake
(Grandison & Guidotti, 1977) whereas injection of naloxone
into the VMH or paraventricular nucleus suppressed food
intake (Gosnell et al. 1986). Recent studies have also
suggested that orphan opioid receptors in the VMH are
involved in the control of food intake (Stratford et al. 1997).
The involvement of g opioid receptors in food intake is
supported by the orexigenic action of the u-specific
endomorphin peptides (Asakawa et al. 1998). Although the
actions of g and orphan opioids in the VMH differ with
respect to their actions on the presynaptic nerve terminal,
both agonists result in the activation of a hyperpolarizing
K* conductance in these neurones, suggesting a possible
mechanism for the observed effects on food intake. However,
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while OFQ activated a K" conductance in nearly all VMH
neurones, DAMGO depressed excitatory glutamatergic
transmission into all VMH neurones, suggesting that an
overall depression of VMH excitability may be involved in
the opioid control of food intake.

Opioids acting in the hypothalamus have also been shown to
result in the stimulation of the release of prolactin, growth
hormone and corticosteroids, and depression of the release
of luteinizing hormone, oxytocin and vasopressin (Delitala,
1991). Central administration of OFQ has been shown to
stimulate prolactin and growth hormone secretion (Bryant et
al. 1998) and modulate urinary excretion of water (diuresis)
and sodium (antinatriuresis) in a manner similar to
dynorphin A (Kapusta et al. 1997). Thus, the observed effects
of opioid and ORL-1 agonists on glutamatergic neuro-
transmission in the arcuate nucleus and the known role of
these glutamatergic neurones in hormone release (Belousov &
van den Pol, 1997) suggest a possible mechanism for opioid-
mediated modulation of hormone release.

Based upon the effects of opioids observed in the present
study, the depression of neuronal excitation in the VMH and
arcuate nucleus includes both presynaptic inhibition of
glutamate release and postsynaptic membrane hyper-
polarization resulting from the activation of a K*
conductance. These effects are likely to underlie the
observed effects of opioids, including stimulation of food
intake and modulation of hormone release. The finding that
opioid receptors display only partially overlapping
presynaptic and postsynaptic localization as well as
differential localization of receptors between the VMH and
arcuate nucleus may suggest that these opioid receptor
subtypes serve distinct modulatory functions.
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