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Orphanin FQ (OFQ) has recently been reported to be an en-
dogenous ligand for the opioid-like LC132 receptor. The effect
of OFQ on high voltage-gated calcium channels (VGCCs) was
examined in freshly dissociated rat pyramidal neurons using the
whole-cell configuration of the patch-clamp technique. High-
threshold Ba21 currents were reversibly inhibited by OFQ. The
depression of the currents was associated with a slowed rate of
activation and a change in the activation I–V relationship at step
potentials higher than 130 mV. In concentration–response ex-
periments, a mean (6SEM) pEC50 value of 7.0 6 0.07 and a Hill
coefficient of 1.5 6 0.08 (n 5 5) were obtained. The near-
maximum inhibition of the Ba21 currents by OFQ (1 mM)
amounted to 31 6 2.2% of control (n 5 15). Opioid receptors
could not account for the effects of OFQ on VGCCs, because
naloxone, a broad spectrum m-, d-, and k-receptor antagonist,

did not reduce the effectiveness of OFQ. When GTP-g-S was
included in the pipette, the depression of the currents by OFQ
was irreversible, whereas currents from neurons preincubated
with pertussis toxin were not inhibited by OFQ, consistent with
the involvement of a PTX-sensitive G-protein. When selective
blockers of VGCCs were used, it was demonstrated that all
subtypes of VGCCs were affected by OFQ. In conclusion, the
effect of OFQ on VGCCs expressed in hippocampal CA3 and
CA1 neurons may play an important role in the regulation of
hippocampal cell excitability and neurotransmitter release.
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The family of the G-protein-coupled opioid receptors comprising
the m-, d-, and k-receptors (Evans et al., 1992; Kieffer et al., 1992;
Meng et al., 1993; Thompson et al., 1993) was recently extended
by a novel member (Bunzow et al., 1994; Chen et al., 1994;
Fukuda et al., 1994; Mollereau et al., 1994; Wang et al., 1994;
Wick et al., 1994; Lachowicz et al., 1995). This receptor, termed
among other things LC132 by Bunzow et al. (1994), was cloned by
homology-based screening and shares a sequence homology of
64% within the transmembrane regions with the other family
members. In situ hybridization analysis revealed that LC132
mRNA is highly expressed in several brain areas, including the
cerebral cortex, hippocampus, thalamus, hypothalamus, and the
dorsal horn of the spinal cord. When transiently expressed in
COS-7 cells, however, the LC132 receptor did not bind any of the
typical opioid receptor ligands.
Because of its similarity to the opioid receptor family, it was

expected that the LC132 receptor, like the three other opioid
receptor subtypes, would be negatively coupled to adenylyl cy-
clase. In the search for a natural ligand for the LC132 receptor,
inhibition of forskolin-stimulated cAMP production in LC132-
transfected cells by fractionated extracts from mammalian brain
was monitored (Meunier et al., 1995; Reinscheid et al., 1995). A
heptadecapeptide was purified that inhibited cAMP production
and bound selectively the LC132 receptor in a saturable manner
and with nanomolar affinity. Opioid agonists and antagonists did
not interact with the effect induced by the peptide, which there-
fore was assumed to be a natural ligand for the LC132 receptor.

This peptide was named orphanin FQ (OFQ) (Reinscheid et al.,
1995) or nociceptin (Meunier et al., 1995).
In contrast to the analgesic effect after opioid receptor activa-

tion, intracerebroventricular injection of OFQ did not induce
analgesia but produced hyperalgesia in the tail-flick test and
decreased locomotor activity only at higher doses (Reinscheid et
al., 1995). To date, no cellular physiological consequences of
LC132 activation in brain neurons have been described. Many
receptors that negatively regulate cAMP formation couple in
neurons to the inhibition of voltage-gated calcium channels
(VGCCs) and the activation of G-protein-activated inwardly rec-
tifying K1 channels (for reviews, see Anwyl, 1991; Hille, 1992,
1994). Therefore, we reasoned that activation of LC132 receptors
by OFQ might mediate similar effects. Because LC132 is ex-
pressed in hippocampal pyramidal neurons, we examined the
effect of OFQ on VGCCs in freshly dissociated CA3 and CA1
neurons. Furthermore, because the diversity of VGCCs is be-
lieved to lead to the wide variety of physiological functions con-
trolled by these channels, we identified which types of VGCCs
were modulated by OFQ.
A preliminary account of some of these results has been pub-

lished in abstract form (Knoflach et al., 1996).

MATERIALS AND METHODS
Cell preparation. Pyramidal neurons from the hippocampus of 8- to
11-d-old Sprague Dawley rats were obtained according to methods de-
scribed by Swartz and Bean (1992). Briefly, slices (450 mm) were cut with
a vibratome in an ice-cold solution that contained (in mM): 125 NaCl, 2.5
KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 25 D-glucose,
bubbled with oxycarbon (95% O2/5% CO2), pH 7.4, and were subse-
quently incubated at 208C in the same solution. When neurons were
needed for electrophysiological experiments, the CA1 or CA3 regions of
three slices were dissected out and treated for 10 min at 378C with a
solution containing (in mM): 82 Na2SO4, 30 K2SO4, 3 MgCl2, 2 HEPES,
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and 3 mg/ml protease XXIII, pH 7.4 with NaOH. Neurons were isolated
by gentle trituration with a Pasteur pipette in a solution containing 1
mg/ml bovine serum albumin and 1 mg/ml trypsin inhibitor and plated on
poly-L-ornithine-coated glass coverslips.
Electrophysiological experiments. The whole-cell configuration of the

patch-clamp technique was used to perform electrophysiological experi-
ments (Hamill et al., 1981). Pipette resistances ranged from 2 to 3 MV
when filled with a solution containing (in mM): 117 TEACl, 9 HEPES, 9
EGTA, 4.5 MgCl2, 1 GTP, 4 ATP, and 14 phosphocreatine, pH 7.2 with
TEAOH, osmolarity 330 mOsm/l. The neurons were perfused with a
standard saline solution that contained (in mM): 140 NaCl, 5 KCl, 2
CaCl2, 1 MgCl2, 10 HEPES, 10 D-glucose, pH 7.4 with NaOH, osmolarity
adjusted to 340 mOsm/l with sucrose. Whole-cell currents were amplified
with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA),
filtered at 5 kHz, and digitized at 10 kHz with a Digidata 1200A acqui-
sition board (Axon Instruments) for subsequent storage on a Gateway
2000 P4D-66 personal computer. The data acquisition and analysis were
performed with the pClamp 6.0 software package (Axon Instruments). To
evoke Ba21 currents, 50 msec voltage steps to 0 mV from a holding
potential of 280 mV were generated while the neuron was perfused with
a solution containing (in mM): 25 BaCl2, 145 TEACl, 10 HEPES, 0.1
EGTA, and 10 D-glucose, pH 7.4 with TEAOH, osmolarity adjusted to
340 mOsm/l with sucrose. Leakage currents were subtracted using the P/4
protocol. For drug-testing experiments, Ba21 currents were generated
periodically while the substances were applied locally to the neuron by
fast perfusion from a double-barreled pipette assembly (Johnson and
Ascher, 1987). The rate of solution exchange of the application system
was assessed by measuring the decrease in Na1 current through AMPA/
kainate receptors induced by exchanging the normal neuron perfusion
solution with a solution containing a 103 lower NaCl concentration. In
these experiments, performed on cultured cortical neurons, the rate of
solution exchange was consistently ;30 msec. We anticipated that the
solution exchange rate around the freshly isolated neurons, which lacked
extensive dendrites, would be considerably faster than this. In concentra-
tion–effect experiments, the peak amplitudes of the current inhibition (I )
obtained from each concentration of agonist were fitted separately for
each neuron using the logistic equation I 5 Imax/(11(EC50/[ago-
nist])ˆHill), where Imax is the maximum current obtained from the fit, EC50
is the concentration of agonist eliciting a half-maximum effect, and Hill is
the Hill coefficient.
OFQ was obtained from Research Genetics (Huntsville, AL), GTP and

ATP from Boehringer Mannheim (Mannheim, Germany), v-conotoxin-
GVIA and naloxone from RBI (Natick, MA), and v-agatoxin-IVA from
the Peptide Institute (Osaka, Japan). All other chemicals were obtained
from Sigma (St. Louis, MO)

RESULTS
Ba21 currents through VGCCs
To record Ba21 currents through VGCCs, 50 msec step potentials
to 0 mV were elicited from a holding potential of 280 mV (Fig.

1A). The mean (6SEM) maximum current amplitude recorded
from 20 acutely dissociated hippocampal CA3 neurons amounted
to 1985 6 173 pA. When the holding potential was changed to
2100 mV and a step potential of250 mV was used, a low-voltage-
activated current was sometimes observed (not shown). The am-
plitudes of the low-voltage-activated currents, when present, were
at least 10-fold smaller than the amplitudes of high-voltage-
activated currents and thus were negligible. Hence, the experi-
ments described here were carried out on the high-voltage-
activated currents. After the establishment of the whole-cell
configuration, an increase in the current amplitude .1–3 min was
sometimes observed. To avoid a misleading interpretation of the
effect of OFQ, the experiments were started only when the cur-
rents had reached a constant amplitude, which was sometimes
followed by a variable but linear rundown.

OFQ inhibition of Ba21 currents
When OFQ (300 nM) was applied to a neuron, Ba21 currents
evoked by 50 msec step potentials to 0 mV from a holding
potential of 280 mV were depressed in a reversible manner (Fig.
1A). In addition, in the presence of OFQ, the rise time of the
Ba21 currents was slowed, and the amplitude of the tail currents
was also reduced (Fig. 1A). The time course of the effect of OFQ
on Ba21 currents was evaluated by generating step potentials to 0
mV every 5 sec (Fig. 1B). In all neurons tested, reversal of the
effect of OFQ was complete or in the same order of magnitude as
the “rundown” obtained under control conditions.

Voltage dependence of the inhibition of Ba21 currents
by OFQ
To assess the voltage dependence of the effect of OFQ, I–V
relationships in the absence (Fig. 2A) and presence (Fig. 2B) of
OFQ (100 nM) were generated. Depolarizing voltage steps in the
range from 245 mV to 130 mV elicited Ba21 currents whose
magnitude depended on the voltage step amplitude (Fig. 2A,B).
I–V relationships were obtained by plotting the maximum current
amplitude as a function of the voltage step potential. As shown in
Figure 2C, the maximum currents were reached, in both the
absence and presence of OFQ, at a voltage step of 0 mV. OFQ
also had the greatest inhibitory effect on peak current amplitude
at this potential; however, when steady-state activation I–V rela-
tionships were generated by plotting the current amplitudes

Figure 1. OFQ inhibition of high-voltage-gated Ca21 channel currents. A, Whole-cell currents were evoked in the absence (1, 3) and presence (2) of OFQ
(300 nM) according to the protocol shown on top of the superimposed traces. B, Time course of the effect of orphanin FQ (OFQ). The ligand was applied
for 45 sec while currents were evoked by 50 msec step potentials to 0 mV from a holding potential of 280 mV at 5 sec intervals.
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evoked 100 msec after the beginning of the test pulse as a function
of the voltage step potential, a voltage-independent inhibitory
effect of OFQ was observed. When the inhibitions by OFQ of
Ba21 currents evoked by depolarizing pulses to 0 and 25 mV were
compared, a significant difference in the mean OFQ effect was
found when the currents were measured 10 msec after the begin-
ning of the test pulse (44.5 6 2.7% inhibition at 0 mV and 27.8 6
1.8% at 25 mV; p , 0.005, two-tailed t test; n 5 4), whereas no
significant difference was found when the currents were measured
after 100 msec (28.3 6 5.6% inhibition at 0 mV and 25.6%67.1%
at 25 mV; p . 0.7, two-tailed t test; same neurons). The voltage-
independent inhibitory effect of OFQ was not relieved by large
depolarizing prepulses, which removed the slowing effect of OFQ
(not shown).

Concentration–effect experiments
The concentration–effect relationship for OFQ inhibition of
VGCCs was evaluated by applying increasing concentrations of
OFQ to the neurons while evoking Ba21 currents with 0 mV step
potentials from a holding potential of 280 mV every 3 sec. The
superimposed whole-cell current traces in Figure 3A were ob-
tained in the presence and absence of OFQ, at the indicated
concentrations. OFQ was always applied until a maximum effect
was reached. The application of higher concentrations of OFQ
resulted not only in a higher degree but also in a faster onset of
inhibition of the currents (Fig. 3B). When the onset of the effect
of OFQ was compared at two different concentrations by fitting
single exponential curves to the time course of inhibition, the
values obtained were significantly different, amounting to 156 1.3
sec (n 5 10) and 4.5 6 0.55 sec (n 5 8) at 100 nM and 1 mM OFQ,
respectively ( p , 0.001, two-tailed t test). The recoveries from
inhibition at the same concentrations, however, were not signifi-
cantly different and yielded values of 33 6 6.7 sec (n 5 10) and
31 6 3.0 sec (n 5 8) at 100 nM and 1 mM OFQ, respectively ( p .
0.7, two-tailed t test). The apparent KD values calculated from the
mean inhibition onset and recovery values amounted to 78 nM at
100 nM OFQ and to 173 nM at 1 mM OFQ. The peak amplitudes
(I) of the current inhibition obtained from each concentration of
OFQ were fitted separately for each neuron using the logistic
equation (see Materials and Methods). The results from five
neurons yielded a pEC50 value of 7.0 6 0.07 and a Hill coefficient
of 1.5 6 0.08. The concentration–response curve in Figure 3C is

the fit through the mean normalized current values of these
neurons and yields a pEC50 value of 7.00 and a Hill coefficient of
1.4. The near-maximum inhibition of the Ba21 currents by OFQ
(1 mM) measured in 15 neurons amounted to 31 6 2.2% of
control.

Lack of effect of naloxone
To demonstrate that the effects of OFQ were mediated by the
LC132 receptor and not the related opioid receptors, the effect of
the broad spectrum opioid receptor antagonist (2)-naloxone on
OFQ responses was examined. The inhibition of Ba21 currents by
OFQ (300 nM) measured in the absence and presence of naloxone
(10 mM) was not significantly different (24 6 5.1%, n 5 3, and
23 6 4.6%, n 5 3, respectively) (Fig. 4). Thus, the depression of
the VGCCs by OFQ is not mediated by any of the m-, d-, and
k-opioid receptors.

G-protein involvement
To confirm that the inhibitory effect of OFQ on VGCCs was
mediated via a G-protein pathway, the effect of GTP-g-S was
examined. In neurons recorded with a patch pipette containing 1
mM GTP, the inhibition of the voltage-gated calcium channel
currents by OFQ (300 nM) was readily reversible and reproduc-
ible, as shown by two consecutive OFQ applications in Figure 5A.
When the recording pipette contained the nonhydrolyzable ana-
log GTP-g-S (1 mM) as a replacement for GTP, the maximum
Ba21 current amplitudes were lower (1392 6 46 pA, n 5 3, vs
1985 6 173 pA, n 5 20), and OFQ (300 nM) was without an effect
on the currents (not shown). When 100 mM GTP-g-S was used,
however, the depression of the currents by OFQ (300 nM) became
irreversible (Fig. 5B). Furthermore, a second application of OFQ
remained without an effect (Fig. 5B). This suggests that a
G-protein is involved in the coupling between the LC132 receptor
and the VGCCs. The degree of inhibition of the Ba21 currents by
OFQ (300 nM) in the presence of GTP-g-S amounted to 34 6
2.9% of control (n 5 3).
To examine further the involvement of specific G-proteins in

the effect of OFQ on VGCCs, neurons were treated with pertussis
toxin, an inhibitor of the Ga0 /ai G-protein family. For this pur-
pose, neurons were kept for 14–16 hr at 378C in a culture medium
that contained 200 ng/ml pertussis toxin. CA1 pyramidal neurons
were used in these experiments, because they displayed a higher

Figure 2. Current–voltage relationship of the OFQ inhibition. Superimposed traces of high-voltage-gated Ca21 channel currents are shown in the
absence (A) and presence (B) of 100 nM OFQ. The currents were elicited by 100 msec voltage steps in the range of 245 to 130 mV from a holding
potential of260 mV at 3 sec intervals. The current–voltage relationships shown in C were obtained by plotting the peak current amplitudes in the absence
(open circle) and presence (filled circles) of orphanin FQ (OFQ; 100 nM) as a function of the test pulse potential.
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rate of survival after the incubation than CA3 pyramidal neurons
did. In neurons treated with pertussis toxin, no inhibition of the
VGCC currents elicited by step potentials to 0 mV from a holding
potential of280 mV by OFQ (300 nM) was observed (2.06 0.9%;
n 5 6). In untreated neurons, however, OFQ (same concentra-
tion) inhibited the peak current by 22.8 6 6.3% (n 5 4). One
neuron was insensitive to OFQ.

Pharmacological distinction of calcium
channel subtypes
We used pharmacological means to assess which of the various
VGCC types expressed in CA3 pyramidal neurons were being
affected by OFQ. When nifedipine (10 mM), an L-type calcium
channel inhibitor, was applied to the investigated neurons, the
maximum amplitudes of Ba21 currents induced by a step depo-
larization to 0 mV were reversibly reduced by 16 6 1.4% (n 5 8)
(Fig. 6A). The effect of OFQ on L-type calcium channels was
tested by applying OFQ (1 mM) to neurons in the absence and
presence of nifedipine (10 mM). The lower degree of inhibition of
the Ba21 current by OFQ obtained when the L-type calcium
channels were blocked by nifedipine demonstrates that OFQ is
able to modulate L-type calcium channels (Fig. 6A). In seven
neurons, the inhibition of the L-type calcium channel currents by
OFQ (1 mM), obtained by comparing the maximum amplitude of
the currents in the absence and presence of nifedipine and OFQ,
amounted to 31 6 9.2% (Fig. 7B). To demonstrate further this
involvement of L-type calcium channels, the ability of OFQ to
reduce the slow component of tail currents induced by the dihy-
dropyridine agonist Bay K 8644 was tested. As represented in
Figure 6B, the Ba21 current obtained by a depolarizing step to 0
mV was enhanced by Bay K 8644 (1 mM). Furthermore, the tail
current generated in the presence of Bay K 8644 by a voltage step
back from 0 mV to 240 mV inactivated with a slower time
constant. OFQ inhibited the current generated during the test
pulse as well as the maximum tail current amplitude and the slow
component of the tail current (Fig. 6B). Similar results were
obtained with six other neurons, whereas in two neurons OFQ had
no effect on the slow phase of the tail current.

Figure 3. Concentration-dependence of the effect of OFQ on high-
voltage-gated Ca21 channel currents. A, Whole-cell currents evoked by 50
msec voltage steps to 0 mV from a holding potential of 280 mV. The
traces of the currents obtained in the absence and presence of the
indicated concentrations of OFQ are shown superimposed. B, Time
course of the effect of OFQ. The ligand was applied in increasing con-
centrations for 1 min at 3 min intervals while whole-cell currents were
elicited at 3 sec intervals. C, OFQ concentration–response curve. The
values of the inhibition of the Ca21 channel peak current amplitudes
obtained with different concentrations of OFQ were fitted individually for
each neuron and normalized to the maximum of the fit (100%). The
normalized values are plotted as a function of the orphanin FQ (OFQ)
concentration. The points represent the mean 6 SEM of four neurons,
and the sigmoidal curve represents a fit through these points.

Figure 4. Lack of effect of naloxone on the OFQ modulation of high-
voltage-gated Ca21 channel currents. Orphanin FQ (OFQ; 300 nM) was
applied alone or in the presence of the broad spectrum opioid receptor
antagonist naloxone (10 mM) for the time indicated by the bars. The
currents were elicited by 50 msec voltage steps to 0 mV from a holding
potential of 280 mV at 3 sec intervals. In addition to the rapid coappli-
cation with OFQ, naloxone was present in the bath 1 min before and
during the test.
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The sensitivity of the N-type calcium channels to OFQ was
determined by comparing the OFQ-mediated inhibition of
depolarization-induced Ba21 currents in the absence and pres-
ence of the selective N-type Ca21 channel blocker v-conotoxin-
GVIA. In these experiments, L-type calcium channels were
blocked by nifedipine (10 mM). When v-conotoxin-GVIA (1 mM)
was applied to neurons, the depolarization-evoked currents were
reduced in an irreversible manner by 256 2.8% (n5 8) (Fig. 7A).
The inhibition of N-type calcium channels by OFQ (1 mM) was
more pronounced than that of L-type calcium channels and
amounted to 57 6 6.1% (n 5 8) (Fig. 7B).
The sensitivity of P/Q-type calcium channels to OFQ was as-

sessed by using a concentration of v-agatoxin-IVA that blocks
these channel types. With 200 nM v-agatoxin-IVA, the
depolarization-elicited Ba21 currents were inhibited by 316 3.3%
of control (n 5 8), whereas L-type calcium channels were blocked
by 10 mM nifedipine and N-type calcium channels by 1 mM
v-conotoxin-GVIA. OFQ (1 mM) also acted on P/Q-type calcium
channels (44 6 2.7% inhibition of control, n 5 7) (Fig. 7B).
When all of the L-, N-, and P/Q-type calcium channels were

blocked by co-applying nifedipine (10 mM), v-conotoxin-GVIA (1

mM), and v-agatoxin-IVA (200 nM), the remaining depolarization-
induced Ba21 current amplitude amounted to 28 6 4.3% of the
total current (n 5 8). This remaining current was also sensitive to
OFQ. In seven neurons, the inhibition by OFQ (1 mM) amounted
to 29 6 2.3% of the remaining current (Fig. 7B). In these exper-
iments, a rundown of the effect of OFQ is unlikely to have
occurred, because in control experiments comprising 10 succes-
sive applications of OFQ (100 nM) generated every 3 min, the
degree of inhibition of currents by OFQ was comparable through-
out (not shown). Accordingly, in the OFQ responses of Figures 4
and 5, no noticeable rundown occurred after two or three succes-
sive applications of OFQ, respectively.

DISCUSSION
In the present study, we have shown that OFQ, a natural ligand
for the opioid-like receptor LC132, inhibits VGCCs expressed in
rat hippocampal pyramidal neurons via a G-protein-mediated
pathway. Other members of the opioid receptor family also mod-
ulate VGCCs in neurons. The activation of the m-opioid receptor
inhibited VGCCs in rat sensory neurons (Schroeder et al., 1991).
A k-opioid receptor agonist, dynorphin A, reduced the magnitude

Figure 6. OFQ inhibits the L-type of VGCCs. A, The time course of the effect of orphanin FQ (OFQ; 1 mM) is shown in the absence and presence of
nifedipine applied for the times indicated by the bars. The whole-cell currents were evoked at 5 sec intervals by 50 msec voltage steps to 0 mV from a
holding potential of 280 mV. B, Superimposed current traces obtained by the protocol shown on top in the absence and presence of Bay K 8644 (Bay
K; 1 mM) and the combined presence of Bay K 8644 and OFQ. Bay K 8644 introduced a slow component to the tail currents that was inhibited by OFQ.

Figure 5. G-protein involvement in the effect of OFQ on VGCCs. Time courses of the effect of orphanin FQ (OFQ) are shown in the absence (A) and
the presence of 100 mM GTP-g-S (B) in the pipette. Whole-cell currents were elicited by 50 msec voltage steps to 0 mV from a holding potential of 280
mV at 3 sec intervals. In contrast to the reversible effect of OFQ shown in A, the effect of OFQ on the presence of GTP-g-S in the pipette (B) is
irreversible, and a subsequent application of OFQ (same concentration) remained without an effect.
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of inward calcium channel currents in mouse dorsal root ganglion
neurons (Macdonald and Werz, 1986). [Met5]-enkephalin also
reduced calcium channel currents in submucosal neurons acutely
dissociated from guinea pigs, an effect mediated via the d-opioid
receptor (Surprenant et al., 1990). Because the LC132 receptor
shares a high sequence homology with the other members of the
opioid receptor family (Bunzow et al., 1994), it was expected that
activation of the LC132 receptor would trigger similar intracellu-
lar signaling mechanisms. The finding that OFQ inhibits high
VGCCs corroborates this hypothesis. The experiments performed
with the broad spectrum m-, d-, and k-opioid receptor antagonist
(2)-naloxone demonstrate that the effects of OFQ were not
mediated by any of the m-, d-, and k-opioid receptors but presum-
ably were mediated by the LC132 receptor. The concentration of
(2)-naloxone used in the present study (10 mM) is far above those
required to displace the m-, d-, and k-opioid receptor-selective
radioligands (Ki values of 2.3, 17, and 0.93 nM, respectively)
(Raynor et al., 1994) and therefore would be high enough to
antagonize all of the m-, d-, and k-opioid receptors. Moreover, in
a study in rat dorsal root ganglion neurons, naloxone reduced the
inhibition of VGCC currents produced by PLO17 (1 mM) by
91.5% at a 100-fold lower concentration (Moises et al., 1994b).
Many transmitters modulate VGCCs by changing the time

course of activation and the voltage dependence of the currents
(Bean, 1989; Carbone and Swandulla, 1989; Anwyl, 1991; Luebke
and Dunlap, 1994). OFQ also followed this commonly occurring
mechanism of modulation, because the time course of activation
of calcium channel currents was slower in the presence of OFQ,
and a maximum effect on peak current amplitude was measured at
a depolarizing step of 0 mV. When the effect of OFQ on the
calcium channel currents was measured at steady-state (100
msec), however, a voltage-independent effect remained, similar to
previous findings on the inhibitory actions of g-aminobutyric acid
and norepinephrine on N-type calcium channels (Luebke and
Dunlap, 1994). Also, in agreement with this latter study, large
depolarizing prepulses left the voltage-independent inhibitory ac-
tion of OFQ unchanged, although they suppressed the slowing
effect of OFQ.

OFQ potently and reversibly inhibited the voltage-gated cal-
cium channel currents, with a pEC50 value of 7.0. This value is in
agreement with the KD values calculated from the mean onset and
recovery of the inhibition of the currents by OFQ (78 nM at 100 nM
and 173 nM at 1 mM). In LC132-transfected cells, OFQ inhibited
forskolin-stimulated cAMP accumulation with IC50 values of 1.0
nM (Reinscheid et al., 1995) and 0.9 nM (Meunier et al., 1995).
The 100-fold difference in potency found in the present study
might be attributable to a much lower receptor density in neurons
as compared with that in transfected cells, which often show levels
of expression several orders of magnitude above physiological
levels.
Two lines of evidence for a G-protein-linked inhibition of

voltage-gated calcium currents by OFQ are presented here.
First, when a low concentration of GTP-g-S (100 mM) was
present in the patch pipette, the inhibition of the currents by
OFQ became irreversible. A second application of OFQ had no
effect, demonstrating that the G-protein coupling system was
presumably activated permanently by OFQ in the presence of
GTP-g-S. This finding is in line with the common observed
effect of GTP-g-S on transmitter modulation of VGCCs (An-
wyl, 1991). When a high concentration of the nonhydrolyzable
GTP analog GTP-g-S was present in the patch pipette (1 mM),
OFQ was ineffective on calcium channel currents. The obser-
vation that the current amplitudes were lower when GTP-g-S
(1 mM) was included in the pipette also indicates, presumably,
that a direct inhibition of the currents by GTP-g-S occurred.
This finding is consistent with the decrease of calcium current
in hippocampal neurons after activation of caged GTP-g-S by
ultraviolet light (Frank et al., 1996); however, in contrast to
baclofen, which remained effective on GTP-g-S-inhibited cur-
rents (Frank et al., 1996), OFQ in the present study was
ineffective in the presence of high concentrations of GTP-g-S.
The second evidence for a G-protein-linked effect of OFQ
arises from the fact that calcium channel currents recorded
from CA1 pyramidal neurons treated with pertussis toxin were
not inhibited by OFQ. This suggests an involvement of a Gi or
Go type of G-protein (Hille, 1994). The finding that LC132

Figure 7. A, OFQ inhibits the N-type of VGCCs. Orphanin FQ (OFQ; 1 mM) was applied alone or in the presence of v-conotoxin-GVIA (1 mM) for the
time indicated by the bars. The currents were elicited by 50 msec voltage steps to 0 mV from a holding potential of 280 mV at 3 sec intervals. In addition
to the rapid coapplication with OFQ, v-conotoxin-GVIA was present in the bath before the test and until a maximum block was achieved. B, OFQ inhibits
all types of VGCCs expressed in CA3 pyramidal neurons. The total height of the bars (open and hatched) represents the mean (6 SEM) contribution of
the indicated calcium channel type to the total evoked calcium channel current. The hatched bars represent the mean (6 SEM) inhibition by OFQ of the
corresponding calcium channel type.
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receptors couple, in neurons, to VGCCs via a pertussis toxin-
sensitive G-protein correlates with studies on the modulation
of VGCCs by opioid receptor ligands (Surprenant et al., 1990;
Moises et al., 1994a; Nomura et al., 1994; Rhim and Miller,
1994).
In whole-cell recordings, the N-type channel is the most com-

mon calcium channel inhibited by transmitters (Anwyl, 1991).
OFQ inhibited the v-conotoxin-GVIA-sensitive component of
the calcium current by 57%. This value is in close agreement with
the inhibition of the v-conotoxin-GVIA-sensitive N-type calcium
channels by the m-opioid agonist PLO17 found in rat sensory
neurons (55%) (Rusin and Moises, 1995). The finding that OFQ
inhibits the L-type channel is of particular interest, because in rat
sensory neurons m-opioid receptor activation did not modulate
the L-type channel (Rusin and Moises, 1995), although in GH3
cells transfected with rat m-opioid receptor cDNA, a coupling of
the m-opioid receptors to L-type channels was reported (Piros et
al., 1995). The low percentage of L-type calcium channels found in
rat sensory neurons (15% of the total current) cannot account for
the lack of effect of the m-opioid agonist PLO17 on L-type calcium
channels, because in the present study, a similarly low contribu-
tion of L-type calcium channels to the total high-voltage-activated
current was found (16%). In a study performed on rat CA3
hippocampal neurons, a higher percentage of L-type calcium
channels than that found here was reported (36%) (Mintz et al.,
1992), whereas in CA1 hippocampal neurons an L-type percent-
age of 38% and 19% were found by Ishibashi et al. (1995) and
Mintz et al. (1992), respectively. The variation of L-type channel
contribution to the total calcium channel current could be attrib-
utable to the different dihydropyridines used: nifedipine in the
present study and nimodipine or nitrendipine in the other two
studies. A heterogeneity in calcium channel expression, however,
cannot be excluded.
The effect of OFQ on the v-agatoxin-IVA-sensitive calcium

channels, presumably P/Q-types, is of importance, because in
addition to N-type calcium channels, these channels have also
been implicated in controlling neurotransmitter release (Horne
and Kemp, 1991; Luebke et al., 1993; Takahashi and Momiyama,
1993; Wheeler et al., 1994).
In conclusion, the G-protein-mediated effect of OFQ on all of

the different types of VGCCs expressed in hippocampal CA3
neurons may play an important role in the regulation of hip-
pocampal cell excitability, synaptic transmission, and plasticity.
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