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u- and x-Opioid Receptors Selectively Reduce the Same Transient
Components of High-Threshold Calcium Current in Rat Dorsal Root

Ganglion Sensory Neurons

Hylan C. Moises,' Konstantin I. Rusin,' and Robert L. Macdonald'?
Departments of 'Physiology and 2Neurology, The University of Michigan, Ann Arbor, Michigan 48109-0622

Whole-cell patch-clamp recordings were used to examine
the regulation of voltage-dependent calcium channels by
u-and x-opioid receptors in acutely isolated rat dorsal root
ganglion (DRG) sensory neurons. Agonists selective for ei-
ther u- (Tyr-Pro-NMePhe-b-Pro-NH,, PLO17) or «x-opioid re-
ceptors (dynorphin A, U69,593) inhibited high-threshold cal-
cium currents in areversible and naloxone-sensitive manner,
whereas administration of b-Pen?-enkephalin, a 3-selective
agonist, was without effect. However, none of the opioids
reduced low-threshold T-type currents. The inhibitory ef-
fects of PLO17 were blocked by the irreversible u-opioid
antagonist g-funaltrexamine but not the x-opioid antagonist
nor-binaltorphimine, while responses to «-opioid agonists
showed the opposite pattern of antagonist sensitivity. In ad-
dition, many cells responded to both PLO17 and dynorphin
A (or U69,593), and in these neurons the inhibitory response
to one agonist was occluded when tested in the presence
of the other. These data suggest that - and «-opioid recep-
tors are coexpressed on at least some DRG neurons and
appear to be functionally coupled to a common pool of cal-
cium channels.

Both rapidly inactivating (transient) and sustained com-
ponents of high-threshold current, arising from pharmaco-
logically distinct types of calcium channels, were identified
in our neurons. Activation of u-opioid receptors selectively
reduced the transient component of currents evoked at +10
mV from V, = —80 mV, while sparing the sustained com-
ponent. The transient component was irreversibly blocked
by the N-type channel antagonist «-conotoxin GVIA (w-CgTx),
and in one-half of the neurons there was a concomitant loss
of the response to PLO17. In the remaining neurons, PLO17
continued to reduce a small fraction of »-CgTx-insensitive
current and subsequent administration of the L-type channel
blocker nifedipine in saturating concentrations failed to re-
duce the opioid-induced inhibitory effect. These data dem-

onstrate that u-opioid receptors are negatively coupled to .

several pharmacologically distinct types of calcium chan-
nels in DRG sensory neurons, one that was blocked by »-CgTx
and thus likely to be N-type, and a second that was resistant
to blockade by N- and L-type channel blockers.
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Opiates and opioid peptides exert their actions on the nervous
system via three major classes of opioid receptors, consisting of
the commonly accepted u-, 6-, and «-subtypes (see North, 1986,
for review). A prominent effect that is associated with the ac-
tivation of each of these receptors is a reduction in calcium-
dependent neurotransmitter release. Although it remains unclear
how this presynaptic inhibitory action might be manifested,
measurements obtained from neuronal somata suggest that the
various subtypes of opioid receptor might produce their effects
via a common ionic mechanism by reducing calcium entry
through voltage-activated calcium channels. Thus, stimulation
of k-opioid receptors has been shown to inhibit calcium channel
currents directly in voltage-clamp recordings from peripheral
sensory and spinal cord neurons (Macdonald and Werz, 1986;
Gross and Macdonald, 1987; Bean, 1989a; Gross et al., 1990a;
Sah, 1990) and to reduce calcium influx in spinal cord—dorsal
root ganglion cocultures (Attali et al., 1989). Suppression of
calcium cuirents has also been demonstrated after activation of
d-opioid receptors in guinea pig submucosal neurons (Surpren-
ant et al., 1990) and in neuroblastoma—glioma NG108-15 hy-
brid cells (Tsunoo et al., 1986; Hescheler et al., 1987; Taussig
et al., 1992). Although the predominant effect produced in neu-
rons by p-opioid receptors is an increase in membrane potas-
sium conductance (Pepper and Henderson, 1980; Werz and
Macdonald, 1983; North and Williams, 1985; North etal., 1987;
Loose and Kelley, 1990; Wimpey and Chavkin, 1991), recent
studies have revealed a direct suppression of whole-cell calcium
currents after u-opioid receptor activation in rat DRG sensory
neurons (Schroeder et al., 1991, 1993). It should be noted that
x-opioid receptors have been shown previously to be negatively
coupled to calcium channels in these same neurons (Macdonald
and Werz, 1986; Gross and Macdonald, 1987). Hence, these
new data raise the possibility for convergent modulation of cal-
cium channel function by more than one type of opioid receptor.
Interestingly, u-opioid receptors have also been reported to in-
hibit calcium currents in the SH-SY5Y human neuroblastoma
cell line; however, this effect is not produced by stimulation of
s-opioid receptors (Seward et al., 1991).

Mammalian sensory neurons are known to express multiple
types of calcium channels, including those which contribute the
transient low-threshold (T), transient high-threshold (N), and
slowly inactivating/sustained high-threshold (L) components of
whole-cell current (reviewed in Tsien et al., 1988; Bean, 1989b;
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and see Schroeder et al., 1990a; Regan et al., 1991; McCarthy
and TanPiengco, 1992; Scroggs and Fox, 1992). T-currents are
readily distinguishable from the higher-threshold components
by kinetic and voltage-dependent criteria (Nowycky et al., 1985;
Carbonne and Lux, 1987, Fox et al., 1987a,b; Schroeder et al.,
1990b; Scroggs and Fox, 1992). In addition, there is general
agreement that dihydropyridine-sensitive sustained and w-CgTx—
sensitive transient high-threshold current components are as-
sociated with the activation of L- and N-type channels, respec-
tively (Aosaki and Takai, 1989; Hess, 1990; Regan et al., 1991;
McCarthy and TanPiengco, 1992). Previous work from this and
other laboratories has shown that x-selective opioid peptides
preferentially inhibit a rapidly inactivating component of high-
threshold current in rat sensory neurons (Gross and Macdonald,
1987; Bean, 1989a; Gross et al., 1990a; Sah, 1990). By relying
on variations in holding and test potential to separate kinetically
distinct components of high-threshold current arising from mul-
tiple channel types, it was inferred that the opioid-sensitive
current was carried through N-type channels. Schroeder et al.
(1991) reported that a transient, w-CTX-sensitive component
of high-threshold current was reduced by activation of u-opioid
receptors in rat DRG neurons, but in their cells T-currents were
also affected by u-opioids (Schroeder et al., 1991). On the other
hand, slowly inactivating components of high-threshold current
appear to be relatively resistant to inhibition by either u- or
k-opioids, although sensitivity of these currents to dihydropyr-
idines was not tested in any of the studies (Gross and Macdon-
ald, 1987; Gross et al., 1990; Schroeder et al., 1991). Thus, it
remains uncertain whether N-type channels alone provide the
primary target for inhibitory modulation by u-opioid receptors
in DRG sensory cells. In fact, recent findings that these cells,
like many other mammalian neurons, express an additional
transient component of high-threshold current that is insensitive
to dihydropyridines and »-CgTx (Regan et al., 1991; Mintz et
al., 1992a; Scroggs and Fox, 1992) raise the possibility that other
channels types, such as P channels, might contribute a significant
portion of whole-cell calcium current that is modulated by
opioids.

The dual expression of u- and «-opioid receptor coupling to
calcium conductances in rat DRG neurons raises additional
important questions about the nature of calcium channel mod-
ulation by opioids. Specifically, do u- and x-opioid receptors
modulate a common pool of channels, or is there evidence for
a segregation of channels that are targeted by each receptor type?
What type or types of calcium currents are modulated by u-opi-
oid-selective agonists, and is the profile of targeted channels the
same as that described for «-opioids? To address these issues,
we examined the effects of PLO17, a p-opioid receptor-selective
agonist (Chang et al., 1983; Blanchard et al., 1987), on calcium
currents in acutely dissociated rat DRG neurons using the whole-
cell variation of the patch-clamp technique (Hamill et al., 1981).
The effects of PLO17 were compared with those produced by
k- or 3-opioid receptor—selective agonists and tested on distinct
components of the whole-cell current that were distinguished
by their differing kinetics, voltage dependency, and sensitivity
to the calcium channel blockers nifedipine and «-CgTx. We
show that x- and «- but not é§-opioid receptors are coupled to
calcium channels in DRG neurons, and that g-opioid receptor
activation selectively reduces high-threshold transient current,
thus mimicking effects demonstrated previously for x-opioid
receptors (Gross and Macdonald, 1987). Evidence is also pre-
sented that p-opioid receptors may inhibit two types of high-

threshold calcium channels, one that is w-CgTx sensitive and a
second that is resistant to both the toxin and dihydropyridines.

Materials and Methods

Preparation of acutely dissociated neurons. Dorsal root ganglia were
dissected from the lumbar and thoracic regions of 21-30-d-old rats and
placed in a culture dish on ice containing minimal essential medium
(MEM) with Earle’s salts (GIBCO Laboratories, Grand Island, NY),
supplemented with glucose (28.2 mm), NaHCO, (16.5 mm), penicillin
(5 U/ml), and streptomycin (5 ug/ml). The ganglia were treated with
collagenase Type II (Sigma Chemical Co.; 3 mg/ml in MEM), for 50
min at 37°C, followed by an additional 10 min period of incubation in
trypsin type I (Sigma Chemical Co.; 1 mg/m! in MEM). The dispersed
ganglia were transferred to a conical tube containing 5% bovine serum
albumin (80 mg in 4 ml of MEM) to inhibit the enzymes and centrifuged
at 500 x g for 5 min at 4°C. Dissociated ganglia were resuspended in
a 1.5 ml aliquot of fresh medium, centrifuged a second time (5 min at
250 x g), and then mechanically dispersed by triturating for four to
five passages through a fire-polished Pasteur pipette. Cell suspensions
were plated (~200 ul/dish) onto collagen-coated culture dishes and in-
cubated at 37°C for 1 hr, after which an additional amount of MEM
containing 10% horse serum (Sigma Chemical Co.) and nerve growth
factor (50 ng/ml; Bochringer Mannheim, Indianapolis, IN) was added
to bring the total volume to 2 ml/dish. In roughly 90% of the experi-
ments, cells were studied between 2 and 10 hr after plating, and in the
remaining cases within the first 2 d in culture. Cells maintained for more
than 1 d in culture often began to extend processes, and therefore were
excluded from the analysis if the recordings showed any sign of inad-
equate space clamp (e.g., delayed settling of capacitance transient with
time constants of >150 usec and broad tail currents).

Whole-cell patch-clamp recordings. Voltage-clamp recordings were
obtained using the whole-cell variation of the patch-clamp technique
(Hamill et al., 1981). Glass recording patch pipettes, prepared from
Fisher brand microhematocrit tubes and having resistances of 0.8-2.5
MQ, were filled with recording solution of the following composition
(in mMm): 140 CsCl, 10 HEPES, 10 EGTA, 5 ATP (magnesium salt), and
0.1 GTP (lithium salt) (all reagents from Sigma Chemical). The pH was
adjusted with 1 M CsOH to 7.3-7.35 after the addition of ATP and the
osmolality (280-300 mQOsm) adjusted to 10-15% below that of the bath
solution. The neurons were bathed in a solution (pH 7.4, 310-330
mOsm) consisting of (in mM) 67 choline chloride, 100 tetracthylam-
monium chloride, 5.3 KCl, 5.6 glucose, 5.0 CaCl,, 0.8 mgCl,, and 10
HEPES. Under these conditions sodium and potassium currents were
suppressed. In the presence of 200 um Cd?* to eliminate the calcium
currents, no voltage-dependent outward currents were evoked at test
potentials as positive as +30 mV. In some experiments, Baz* (2 mm)
was used in place of Ca?* as the charge carrier.

Recordings were made at room temperature using an Axopatch 1-D
patch-clamp amplifier (Axon Instruments, Foster City, CA). Pipette and
whole-cell capacitance and series resistance were corrected using com-
pensation circuitry on the patch-clamp amplifier. Initial input resis-
tances were in the range of 500 MQ to 1 GQ. Series resistance was
routinely estimated by cancellation of the capacitance-charging current
transient after patch rupture. In approximately 20% of the neurons (n
= 34), series resistance was also calculated from the R-C time constant
of the capacitative transients generated during a 10 mV hyperpolariza-
tion (measured after zeroing of the pipette capacitance and with low
pass filtering set at 20 kHz), using the following formula: series resistance
= capacitance time constant/membrane capacitance (for details, see
Scroggs and Fox, 1992). In all cases, series resistance compensation of
75-90% was obtained without inducing significant noise or oscillation,
resulting in final series resistances ranging from 0.15 to 1.8 MQ. Only
data from neurons with low series resistance and currents small enough
to maintain an error of less than 5 mV in voltage commands were
included in the analysis. In addition, data were discarded if the current
trace showed any signs of problems with series resistance such as a slow
tail current.

Voltage step commands of 100 msec duration were applied every 30
or 60 sec and the evoked currents filtered with a 12 pole low pass Bessel
filter at 10 kHz (—3 dB). In later experiments, where commands of 500
or 1000 msec were used, it was sometimes necessary to extend the period
between test pulses to avoid accumulating inactivation. The filtered
current records were digitized at 5 kHz, stored and analyzed by a 386-
based microcomputer using the program pcLamp (Axon Instruments,
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Figure 1. PLOI17 inhibited calcium
currents in a concentration-dependent
and naloxone-reversible manner. A,
Ensemble of whole-cell calcium chan-
nel currents evoked in a single DRG
neuron by 100 msec steps to +10 mV
from ¥V, = —80 mV before and in the
presence of increasing concentrations
of PLO17 (1-1000 nm). Brief pressure
applications (5 sec at 1 psi) of the u-opi-
oid agonist at concentrations > 10 nm
reduced current amplitude and slowed
the rate of current activation. B, Con-
centration-response curve for the
PLO17-induced inhibition of calcium
current obtained by pooling resuits from
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Foster City, CA). Calcium currents evoked with 100 msec test pulses
and with longer-duration commands were corrected for leak and ca-
pacitative currents using two different methods. In the former cases,
leak current was estimated as the inverse of the current evoked with
100 msec hyperpolarizing commands of equal magnitude to the de-
polarizing commands used to evoke the inward currents. This current
was digitally subtracted from the relevant inward current to obtain the
calcium current. Calcium currents evoked with 500- or 1000-msec-
duration commands were corrected for leak and capacitative currents
by a P/4 routine that involved subtraction of an appropriately scaled
current elicited by a series of four small hyperpolarizing steps, whose
sum was equal in magnitude to the depolarizing test pulse. In many
cases, Cd?* (200-500 um) was applied to the cell at the end of an
experiment and always eliminated the inward calcium currents, includ-
ing any that remained in the presence of opioid agonists or calcium
channel blockers.

Calculations of the magnitude of opioid-induced current inhibition
were corrected for the decline in recordable calcium current (rundown)
that often occurred during the course of whole-cell recording. The rate
of rundown varied from neuron to neuron and tended to decrease over
time, with control currents declining by 10-35% (average of 17.3 +
4.5%, n = 42) from the maximal peak current over a 25 min period of
recording. To adjust for rundown, recovery currents were elicited fol-
lowing termination of agonist application until the amplitude of the
postdrug currents had plateaued. The response to drug was then ex-
pressed as a percentage change in the averaged value of the predrug
current and stabilized recovery current amplitudes. This adjustment
relies on the fact that the establishment of agonist-induced inhibition
in current occurs sufficiently fast (typically within several seconds) that
the extent of current rundown during this time contributes marginally,
if at all, to the absolute reduction in current measured. For determi-
nation of agonist dose-response relationships, testing of multiple con-
centrations of an opioid on individual neurons was carried out in ran-
domized fashion so that any confounding effects due to current rundown
would be averaged out.

Drug solutions and application. In the first phase of experiments,
opioid agonists and antagonists were applied to the cell by using pressure
ejection (6-10 pKa) from blunt-tipped (10-20 um tip diameter) glass
micropipeties positioned approximately 50 um from the cell. Agonist
applications were 2~5 sec in duration and were delivered just before

given in the parentheses. The solid line
connecting the points represents the best
fit of the data by computer to a general
logistic function (see text for details). C,
Current traces from another cell show
that the inhibition of calcium current
by 1 um PLO17 was completely re-
versed by low nanomolar concentra-
tions of the nonselective opioid antag-
onist naloxone. Numbered traces
indicate currents evoked before (/) and
during (2) PLO17 and during applica-
tion of the agonist after washout of nal-
oxone (3).

Naloxone 10nM

currents were evoked. When antagonists were administered to test for
the specificity of agonist action, receptor-selective blockers were con-
tinuously weeped in the immediate vicinity of the cell from a large
tipped puffer pipette (50 um tip diameter), in addition to being coad-
ministered with the agonist by inclusion of these substances in the same
puffer pipette. The drug-containing pipettes were removed from the
bath when not in use. The pressure ejection technique allowed for the
application of compounds to individual neurons, but did not allow
determination of the exact concentration of test substances at the cell
under study, a concentration that is likely to be severalfold less than
the concentration in the pressure-gjection pipette. Of greater importance
was the fact that this method effectively served to limit the duration of
agonist-induced responses, allowing for the sequential testing of multiple
concentrations of a single agent, as well as qualitative assessments of
the actions of multiple agonist or antagonist substances on the same
neuron.

In about a third of our experiments, including all cases where calcium
channel! blockers were used, a rapid-exchange U-tube system (modified
from Murase et al., 1989) was used to change the solution bathing the
cell under study. This consisted of a gravity fed U-shaped polyethylene
tubing. The delivery port of the tube was positioned within 200 um of
the cell, while the distal end was interfaced to a vacuum line by means
of a digitally controlled switching valve. A laminar flow of control or
drug-containing solution was maintained over the neuron throughout
the recording, while the microenvironment around the cell could be
rapidly exchanged by opening or closing the connection to the vacuum
line.

PLO17, dynorphin A (prodynorphin 209-225, porcine), p-Pen>3-en-
kephalin (DPDPE) and «-CgTx were obtained from Peninsula Labo-
ratories (Belmont, CA). The opioids were prepared as 1 mm stock so-
lutions in sterile water, partitioned into 10 gl aliquots, lyophilized, and
stored at —20°C. w-CgTx was prepared as a 500 um stock solution in
sterile water and stored in the same manner. On the day of the exper-
iment the dried aliquots, as well as the x-opioid agonist (5«,7a,883)-(—)-
N-methyl-N-(7-(1-pyrrolidinyl)-1-oxaspiro(4,5)dec-8-
yl)benzeneacetamide (U69,593; Sigma Chemical) were dissolved in the
extracellular bathing solution to the desired concentrations. Bovine se-
rum albumin (0.1%; Sigma Chemical) was included in all solutions of
dynorphin A and DPDPE when the peptides were applied by pressure
ejection.
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Figure 2. Calcium currents were in-
hibited by u- and x- but not é-opioid
agonists, A, Comparison of inhibitory
effects of dynorphin A, PLO17, and
DPDPE on calcium currents elicited in
the same neuron by steps to +10 mV
from ¥, = —80 mV at times indicated
after patch rupture. Calcium currents
recorded before (7), in the presence of
an agonist (2), and 2 min after washout
of drug (3) have been superimposed for
purposes of comparison. Peptides (1 uM
in all cases) were applied to the cell us-
ing uniform pressure ejection parame-
ters (1 psi for 5 sec) from glass pipettes
of equivalent tip diameter (20 pm), and
currents were evoked at a fixed latency Vh = -80mV
(3 sec) from the onset of drug ejection.
BI, Bar graph showing the pattern of
inhibitory responses that were obtained
to PLO17, dynorphin A (DYN) and
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Nifedipine and the opioid receptor antagonists naloxone, nor-binal-
torphimine (nor-BNI), and g-funaltrexamine (3-FNA) were obtained
from Research Biochemicals Inc. (Natick, MA). 3-FNA was prepared
as a 1 mm stock solution in methanol and stored at room temperature
for a maximum of 1 week. On the day of the experiment, experimental
solutions of these drugs were prepared to the desired concentrations by
dilution with extracellular bath solution. To minimize degradation caused
by exposure to light, nifedipine was held in a light-proof container and
routinely applied to the recording chamber under restricted light con-
ditions.

Statistical comparisons. Statistical comparisons between control and
experimental values were made using either a Student or paired two-
tailed  test. Values in text are given as mean + SEM, unless otherwise
indicated.

Results

Application of the u-opioid receptor-selective agonist PLO17
(300-3000 nm) (Chang et al., 1983; Blanchard et al., 1987),
reversibly reduced calcium channel currentsin 171 of 228 DRG
neurons (Figs. 1, 2). Neurons in which calcium currents were
reduced less than 10% by the agonist (# = 37) or where inhibition
of the current did not exceed the general rate of current rundown
(n = 20, rundown corrected for as described in Materials and
Methods) were considered to be unresponsive to p-opioids. The
proportion of responsive neurons we observed was only slightly
lower than that found in short-term cultures of DRG neurons
from adult rats (88% responded to p-opioids) (Schroeder et al.,
1991). Since the preparations used in both studies contained a
heterogenous population of sensory neurons, these results sug-
gest that there may be little difference in the expression of u-opi-
oid receptors among DRG neurons that encode distinct mo-
dalities of sensation (also see Schroeder and McCleskey, 1993).

The ensemble of traces in Figure 1.4 illustrates the inhibition

of calcium current produced by a 5 sec puffer application of
PLO17, applied at concentrations from 1-1000 nM. Calcium
currents were elicited at 1 min intervals in the absence or pres-
ence of the u-opioid agonist by 100 msec steps to +10 mV from
V,= —80 mV. At this holding potential, low-threshold T-type
currents were at least partially inactivated, and except in the
case of neurons with giant T-currents (see below), accounted for
less 10% of the total whole-cell current (see Gross and Mac-
donald, 1987; Schroeder et al., 1990a; but see Scroggs and Fox,
1992). By comparison, the majority of the whole-cell current in
rat DRG neurons consisted of high-threshold current, which
could be resolved here, as in other studies (Fox et al., 1987a;
Gross and Macdonald, 1987; Schroeder et al., 1990b; Regan et
al., 1991)into several kinetically distinct components. The pres-
ence of both rapidly inactivating (i.e., transient) and slowly in-
activating or sustained components of high-threshold calcium
current was evident in currents evoked by 100 msec commands,
as shown for example in Figure 1C, while their respective con-
tributions to the whole-cell current were readily apparent using
steps of 300-1000 msec duration (see, e.g., Fig. 64). In the earlier
studies, the inactivating or transient components of high-thresh-
old current were assigned to N-type channels, while the more
sustained components were attributed to L-type channel activ-
ity, based in part on their sensitivity to dihydropyridines (Now-
yckyetal., 1985; Foxetal., 1987a; Gross and Macdonald, 1987).
Recent analyses of single-channel activity have revealed, how-
ever, that the same N-type channel can give rise to both inac-
tivating and noninactivating behavior (Plummerand Hess, 1991).
Therefore, reference to the transient and sustained components
of high-threshold calcium current is made here without assign-
ment to particular channel types, unless these distinctions were



also confirmed by determination of their respective pharma-
cological sensitivities. To quantitate the inhibition of calcium
current by PLO17, we measured the effect of the agonist on the
maximal current occurring within 8-15 msec after onset of the
voltage step, referred to here simply as the peak current (Z,),
without regard to the relative contributions of high-threshold
transient and sustained current components to the peak. PLO17
inhibited the current in a concentration-dependent manner (Fig.
14). At each concentration the effect of PLO17 was rapid in
onset, occurring within a few seconds after application (2 sec
being the shortest delay examined between drug delivery and
evoking currents). No evidence of desensitization of the re-
sponse to PLO17 was observed either during prolonged appli-
cations or with successive trials on the same cell, even with
concentrations as high as 30 um (data not shown).

The extent of calcium current inhibition by PLO17 varied
considerably among sensitive neurons (10~90% of I, range for
n =155 at 3 um, mean = 37.3 = 3.4%). Therefore, to construct
a full concentration-response curve we pooled data from a se-
lected number of neurons that were tested with a minimum of
four agonist concentrations, including that which yielded a max-
imal inhibitory effect. As shown by the concentration—inhibition
curve in Figure 1B, the threshold response to PLO17 was ob-
tained at 10 nM and neither inhibition nor enhancement (see,
e.g., Shen and Crain, 1989) of the current was observed at lower
agonist concentrations. In addition, 3 um PLO17 represented a
near saturating concentration in that responses to 10 um were
not significantly greater in the same neuron, and at saturating
concentrations PLO17 only partially suppressed the peak cal-
cium current; the maximum inhibition produced by 3-10 um
of the agonist being 38.4 + 4.4% (mean + SEM, n = 19). When
the data in Figure 18 were fit by computer to the general logistic
equation R/M = [A]"/[A]* + K", where R is the response, M is
the maximal response, [4] is the concentration of agonist, and
K and n are fitting parameters, the concentration of PLO17
producing half-maximal inhibition (EC,;) of the current was
calculated to be 168 nM, with the slope slightly less than unity
(n = 0.82; correlation coefficient > 0.95). It should be noted
that the actual EC,, for PLO17 was likely to be somewhat lower,
since a substantial dilution in final concentrations of the agonist
at receptor sites can be anticipated with puffer delivery of drugs
to neurons maintained in a 1-2 ml volume bath.

The inhibition of calcium current by PLO17 was often as-
sociated with a marked slowing in the rate of current activation
(Fig. 14; see also Fig. 74). For example, in 31 of 55 neurons
that responded to 3 uM PLO17, the time to peak amplitude in
currents evoked from V, = —80 mV increased from 10.6 = 0.4
msec (§-14 msec range) to 36.3 + 2.7 msec (21-90 msec range;
p < 0.01). The slowing of current activation was particularly
evident in neurons that were tested using the agonist at or near
saturating concentrations, and thus the likelihood of occurrence
of the phenomenon as observed here was probably underesti-
mated. This effect of u-opioid receptor activation was indistin-
guishable for the slowed turn-on of neuronal high-threshold
calcium currents that was produced by the x-opioid agonist,
dynorphin A, and by several other neurotransmitters whose
receptors are known to be coupled in an inhibitory manner to
calcium channels via G-proteins (Bean, 1989a; Gross et al.,
1990a; see also Tsien et al., 1988, for a review). In approximately
one-third of the neurons, u-opioid-induced inhibitions in cur-
rent were accompanied as well by a transient runup in current
amplitude above control after washout of the drug (e.g., see Figs.
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4B, 7B). A similar rebound facilitating effect has been described
for the é-opioid agonist DPDPE in NG108-15 cells (Kasai, 1991),
and has been attributed to the removal of “tonic inhibition™ in
calcium channel activity imposed presumably by constituent
activation of G-proteins. It should be noted that control current
values were derived by averaging the amplitudes of the predrug
current and stabilized recovery current (see Materials and Meth-
ods), and therefore such runup in current after agonist washout
would not bias our measurements of responses to opioids.

Mediation of PLO17 effects by u-opioid receptors

Administration of the opiate antagonist naloxone blocked (n =
16) or reversed (n = 10) the inhibition of calcium current by
PLOI17 in all neurons examined with an IC;, of approximately
1 nM (tested against 1 uM agonist). In the neuron shown in Figure
1C, for example, the inhibitory effect of PLO17 (1 um) was
reduced 47.6% (from 34.2% to 17.9% inhibition of ) by 1 nm
naloxone and blocked completely by 10 nM naloxone. Overall,
application of naloxone (100 nm) reduced the mean inhibition
in peak current produced by 1 um PLO17 by 91.5% (from 24.7
+ 4.5% to 2.1 £ 0.2%, n = 16). Although the high sensitivity
of this PLO17 effect to blockade by naloxone is indicative of
its mediation via p-opioid receptors (see North, 1986), such
findings would not preclude the involvement of other types of
opioid receptors, particularly when micromolar concentrations
of the agonist are administered, as was often the case here.
Therefore, we further characterized the receptor subtype me-
diating the inhibition of calcium current by PLO17 by com-
paring its action with those of «- or §-opioid-selective agonists
and using u-selective and «-selective opioid antagonists to block
its effects.

The abilities of u-, x-, and 5-selective agonists to inhibit cal-
cium current were compared in the same cell (7 = 14) by de-
livering equivalent 5 sec applications of each drug at a concen-
tration of 1 uMm in randomized order. PLO17 and the x-opioid
agonist dynorphin A (Chavkin et al., 1982; James et al., 1983)
reversibly reduced the current evoked by steps to +10 mV from
V, = —80 mV, whereas the §-selective agonist D-Pen*3-enkeph-
alin (DPDPE) (Mosberg et al., 1983) was essentially without
effect (Fig. 24). As summarized by the bar graph in Figure 2B1,
DPDPE had no significant effect on calcium currents in any of
the neurons examined, even when administered at concentra-
tions up to 10 um (data not shown). Thus, it was unlikely that
PLO17 exerted its effects through é-opioid receptors. It was
more difficult to exclude an involvement of x-opioid receptors,
since agonists for these receptors clearly inhibited the calcium
current (Figs. 2-4), and in half of the neurons tested currents
were reduced by both PLO17 and dynorphin A (Fig. 2BI).
However, since some neurons that responded to PLO17 (n =
2) showed no inhibition of current by dynorphin A and re-
sponsiveness to dynorphin A alone was similarly expressed in
DRG neurons (# = 3), it was likely that the effects of PLO17
were not mediated via x-opioid receptors. Furthermore, when
sensitivity of DRG neurons to PLO17 (1 um) and to the highly
selective k-opioid agonist U69,593 (3 umM; Lahti et al., 1985) was
directly compared, we found that a high percentage of neurons
responded only to the p-opioid (11 of 22) (Fig. 2B2). Among
seven additional neurons that were sensitive to opioids were
two that responded only to the x-opioid agonist, whereas five
showed an inhibition in calcium current by either drug.

To confirm that the inhibition of calcium current by PLO17
was mediated via activation of u-opioid receptors, we deter-
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Figure 3. Calcium current inhibition
by PLOI17 was lost after irreversible
blockade of u-opioid receptors: calcium
currents (traces) elicited by 100 msec
steps to +10 mV from ¥, = —80 mV
(4) at the times indicated in the graph 1
(B) of peak current versus time after
patch rupture. On initial application (5
sec at 1 psi) PLO17 at 1 um (trace 2)
and U69,593 at 3 um (trace 4), a x-se-
lective agonist, produced roughly com-
parable inhibitory effects on calcium
current, reducing peak current ampli-
tude by 1.3 and 1.1 nA, respectively.
Prolonged application of 3-FNA at 300
nM (2.5 min delivery via a 50-um-di-
ameter tip weeper pipette) also revers-
ibly reduced current amplitudes (trace
6), although to a much lesser extent.
Following washout of 3-FNA, control
currents recovered back toward pred-
rug levels; however, reapplication of
PLO17 1 uM (trace 7) was now without
effect. In comparison, U69,593 (3 um,
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before 3-FNA.

mined whether responses to PLO17 could be blocked selectively
by u- but not k-opioid-selective antagonists. Figure 3 shows the
results of an experiment in which inhibition of calcium current
produced by PLO17 or U69,593 was examined before and after
administration of the irreversible u-opioid receptor antagonist
B-FNA (Takemori et al., 1981). The currents depicted in Figure
34 were recorded at the times indicated in the graph of peak
calcium current versus time after patch rupture (Fig. 3B). Prior
to the application of 8-FNA (300 nm), PLO1 7 (1 um) and U69,593
(3 uM) reduced I, amplitude to a similar extent (by 1.25 and 1.1
nA, respectively). Administration of 3-FNA alone for 2.5 min
also reversibly reduced the calcium current, although to a much
lesser extent (0.2 nA), presumably as a result of its actions as a
x-opioid agonist (Takemori et al., 1981). Following recovery
from the inhibitory effect of 3-FNA, a subsequent application
of PLO17 (1 um) had a negligible effect on the current, whereas
the response to the x-agonist remained largely intact (peak cur-
rent reduced 1.0 nA from 3.5 to 2.5 nA). Similar results were
obtained in four additional cells examined in this manner, with
mean reductions in calcium current before and after 3-FNA
(300-1000 nm, n=5)0f32.3 + 4.4%and 3.5 + 2.5% for PLO17
(1-3 um) versus 24.3 = 5.2% and 21.5 + 4.7% for U69,593 (1-
3 uM). A quite different outcome was obtained in experiments
(n = 7) in which the reversible and highly selective x-opioid
receptor antagonist nor-BNI (Portoghese et al., 1987) was sub-
stituted for 3-FNA. For example, as shown in Figure 4, admin-
istration of nor-BNI (300 nm) nearly abolished the inhibition
of calcium current by dynorphin A, reducing the suppression
in I, amplitude from 1.3 nA to 0.1 nA. However, it did not
reduce the response to PLO17 (I, was suppressed by 1.2 nA and
1.1 nA before and during nor-BNI, respectively) and was with-
out effect on control currents. This same outcome was observed
in five additional neurons and overall, administration of nor-
BNI (300-1000 nMm, # = 7) blocked the dynorphin A-induced
suppression in calcium current by 88 + 3.5% (from 35.7 + 3.8%

15 20 25

TIME (min)

10

to 4.3 + 1.2% inhibition in I, at 1-3 pm), while having little
effect on responses to PLO17 (1-3 um producing 28.5 + 4.5%
and 26.2 + 3.9% inhibition in its absence and presence, re-
spectively). Thus, we were able to conclude that the inhibitory
effect of PLO17 on calcium channels was mediated via the
activation of u-opioid receptors.

In neurons that responded to both u- and x-opioids, the rel-
ative potency of agonists for inhibiting calcium current was
dynorphin A > PLO17 > U69,593 (based on comparisons of
their effects at 1 uM; see above). On the other hand, application
of a saturating concentration of each of these agonists produced
qualitatively similar and nearly equivalent reductions in current
in a given neuron (Table 1, Fig. 3). This suggested the possibility
that u- and x-opioid receptors coexpressed in the same neuron
might regulate the activity of a common population of calcium
channels. If true, this arrangement would predict that a u- or
x-agonist would be more effective when administered alone than
in the presence of the other agonist. It would also result in the
nonadditivity of the individual inhibitory effects of PLO17 and
dynorphin A with respect to their combined action when ad-
ministered together. This possibility was tested in six neurons
by determining the inhibitory effects of near maximal concen-
trations of each agonist (PLO17 used at 3 uM and dynorphin at
1 or 3 um) first applied individually to a neuron and then ad-
ministered together. In all cases, administration of one agonist
in the continued presence of the other inhibited a fraction of
calcium current that was significantly smaller than the magni-
tude of the current reduction produced when that agonist was
tested alone. Similarly, in contrast to the marked inhibitory
effect of the first agonist, administration of the second agonist
in its presence induced either no or only a small further reduction
in inward current, as summarized in Table 1. This same out-
come was obtained in four additional neurons when the sum-
mation of responses to PLO17 (3 um) and U69,593 was ex-
amined using saturating concentrations of both ligands (U69,593
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8 oid receptors to inhibit calcium cur-

rents: calcium currents elicited in the

same neuron by 100 msec steps to +10
7 mV from V, = —80 mV (4) at the times
indicated in the graph (B) of peak cur-
rent versus time after patch rupture.
Pairs of current traces from left to right
compare the inhibitory effects on cal-
cium current of PLO17 (3 uM) and of
dynorphin A (1 um) in the absence
(traces 2 and 4, respectively) and pres-
ence (traces 6 and 8) of the x-selective
antagonist nor-binaltorphimine (rnor-
BNI) at 300 nm. Nor-BNI selectively
blocked the response to dynorphin A
(reducing the suppression in current
from 1.25 to0 0.1 nA) without reduction
in the effect of PLO17 (1.2 nA before
vs 1.1 nA after nor-BNI). The «-selec-
tive antagonist was administered con-
tinuously to the cell during the period
indicated by the solid bar in B. This cell
responded to a third application of dy-

TIME (min}

used at 3 uM and 10 uMm). These results were obtained indepen-
dently of whether the u-agonist (n = 5) or the x-agonist (n = 5)
was administered first and whether drugs were applied to the
neuron by puffer application or local superfusion.

Selective inhibition of high-threshold transient currents

The inhibitory effect of PLO17 was not represented by a uniform
reduction in inward calcium current that was recorded over the
duration of the test pulse. Rather, the peak current which was
obtained within 8-15 msec after initiation of the voltage step
was reduced by a greater amount than was the residual current
(I,00) that remained immediately prior to the termination of a
100 msec depolarizing step (see, e.g., Figs. 34, 44). Thus, among
a sample of 55 neurons in which PLO17 was applied at satu-
rating concentrations (3—10 uM), I, was inhibited by an average
of 42.6 £ 2.3% (£SEM), whereas the reduction in I,,, averaged
only 29.8 £ 1.6% (p < 0.05, compared to the reduction in I,).
In addition, whereas control currents elicited by 100 msec steps
to +10 mV from V, = —80 mV were composed of both rapidly
and slowly inactivating components, currents evoked in the
presence of PLO17 (in near-maximal concentrations) often
showed little or no decay during 100 msec depolarizing com-
mands (Figs. 14, 44, 54). This outcome might be expected if
the effect of u-opioid receptor activation was to reduce selec-
tively calcium currents that inactivate rapidly, while sparing
those that exhibit sustained behavior during prolonged depo-
larization. To test this possibility, we examined the effects of
PLO17 on isolated low-threshold T-type current and on kinet-
ically distinct components of high-threshold current that were
distinguished based on differences in their voltage dependence
of inactivation. The results of these analyses are described in
terms of transient and sustained components of high-threshold
current, rather than using designations based on the N-, L-, or
P-type nomenclature, since the correct criteria for identification

Y norphin A (data not shown) that was
30 delivered 6 min after washout of the
antagonist.

of multiple channel types that contribute these components of
whole-cell current in neurons remains uncertain (see Fox et al.,
1987a,b; Swandulla and Armstrong, 1988; Aosaki and Kasai,
1989; Plummer et al., 1989; Regan et al., 1991).

T-type currents were isolated by stepping to test potentials of

Table 1. Comparison of reductions in peak current (in nA) produced
by application of p- and «-opioid agonists alone and when
administered concurrently

Alge-
braic  Coad- Percen-
sum of minis- tage
pwand tration pre-
Dynor- xago- ofpand dicted
Cell PLO17 phin A U69,593 nists « agonists effect
1 0.45 0.43 0.88 0.52 59.1
2 1.10 1.15 2.25 1.52 67.6
3 0.58 1.25 1.25 0.82 65.6
4 1.26 143 2.69 1.48 55.0
5 422 3.80 8.02 4.52 56.4
6 2.07 2.24 4.31 2.32 53.8
Mean 1.63 1.61 3.24 1.86* 59.6*
SEM 0.48 0.46 0.66 0.49 1.0
1 2.30 2.19 4.49 2.40 53.5
2 1.29 1.41 2.70 1.48 54.8
3 0.79 0.75 1.54 0.84 54.6
4 1.02 0.95 1.97 1.10 55.8
Mean 1.35 1.32 2.67 1.46* 54.7
SEM 0.34 0.32 0.65 0.34 0.5

Agonists were used at 3 uM concentrations except for dynorphin A (1 gm for cells
4 and 5) and U69,593 (10 um for cell 2).

* p < 0.01 when compared in a ¢ test with respect to the algebraic sum of inhibitions
produced by each drug alone.
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Figure 5. PLOI17 selectively inhibited high-threshold calcium current. 4, Voltage protocols used to separate low-threshold transient and high-
threshold calcium current components are shown above pairs of the current records elicited in the absence and presence of PLO17 at 1 uMm. All
current records are from the same cell and were elicited by 100 msec steps to the test potentials shown. Low-threshold T-type currents were isolated
by steps to test potentials positive to —60 mV up to —20 mV from ¥V, = —90 mV. The u-opioid agonist had no effect on low-threshold currents
(traces at left), but reduced the peak and late current amplitudes of high-threshold currents evoked by commands to more positive test potentials
(+10 mV) after holding at —80 mV for 1 min (middle pair of traces). Holding at —40 mV for 1 min before stepping to +10 mV markedly reduced
the peak current amplitude (7,) as well as the decay in current seen during the test pulse. This was associated with a corresponding reduction in
the component of high-threshold current that was inhibited by PLO17 (traces at right). B, Bar graph compares the maximal inhibition by PLO17
of I, values in currents evoked by steps to +10 mV from ¥, = —80 mV and —40 mV in each of 29 cells. The height of each bar is the mean
percentage inhibition = SEM (error bars shown in one direction only), which was significantly different (#, p < 0.01) for currents evoked from ¥V,
= —80mV and —40 mV. C, Peak current—voltage plot derived from currents recorded in the absence (open squares) and presence of PLO17 1 um
(solid squares) for the cell shown in 4. The plot was constructed by evoking a series of currents every 10 sec with hyperpolarizing and depolarizing
voltage commands from ¥, = —90 mV at test potentials ranging from —110 mV to +80 mV in 10 mV increments.

—50to —20 mV from ¥, = —90 mV. Among a sample of 47
neurons, 62% displayed the classic profile of T-type channel
current, as illustrated by the neuron in Figure 5. In these neurons
(n = 29), T-current consisted of a rapidly inactivating current
whose maximal amplitude, obtained at test potentials of —25
to —15 mV, was a small fraction (usually between 5% and 25%)
of the peak high-threshold current and gave rise to the char-
acteristic shoulder in the current-voltage plot observed at the
negative range of test potentials (Fig. 5C). Admunistration of
PLO17 had no effect on T-current in any of these neurons (Fig.
54,C), despite the fact that high-threshold currents were reduced
by the agonist in a majority of these cases (n = 22). T-currents
were seen in six additional cells (12.8%), but were unusual in
being larger than the high-threshold current and reached their
peak at more negative test potentials (also see Schroeder et al.,
1990b; Scroggs and Fox, 1992). These giant T-currents were
also unaffected by PLO17, as were the other calcium current
components recorded in these cells. PLO17 reduced high-
threshold current components in 9 of the 12 remaining neurons
which had no T-current. It should be noted that T-currents were
also unaffected by dynorphin A, but were reversibly reduced
10-20% by high concentrations of DPDPE (10 um) in a nal-

oxone-resistant manner (4 of 4 neurons tested, naloxone at 1-
10 um).

We next sought to determine whether PLO17 might differ-
entially affect kinetically distinct components of high-threshold
current by using selective inactivation protocols to distinguish
transient and sustained components of calcium current. In initial
experiments, we evoked currents in many (29 of 31) of the
opioid-responsive neurons studied above using 100 msec steps
to +10 mV at 1 min intervals after patch rupture, alternating
between V), of —80 and —40 mV. Clamping the neuron at —40
mV for prolonged periods prevented the activation of any T-type
currents that were present and largely inactivated the high-
threshold transient component(s), as evidenced by the fact that
there was little difference between the mean values for I, (2.2
+ 0.4nA)and I, (1.9 = 0.3 nA , p > 0.5) of currents evoked
from this reduced holding potential. In this way the sustained
component could be examined in relative isolation and an es-
timate of transient high-threshold current(s) obtained from the
additional more rapidly inactivating current component evoked
at ¥, = —80 mV. Although PLO17 reduced currents evoked
from both holding potentials, there was a clear voltage depen-
dency to the reduction of high-threshold current by the opioid.



As summarized by the bar graph in Figure 5B, administration
of 3 um PLOI17 had a significantly greater inhibitory effect on
currents evoked from V, = —80 mV (38.7 + 2.3%,) than on
those evoked from V, = —40 mV (17.8 = 2.1%, p < 0.01). The
voltage dependence of this effect was also revealed by comparing
the 7, values of currents evoked from the two holding potentials;
thus, differences in 7, amplitudes observed in control recordings
were largely eliminated in the presence of the agonist (compare
middle and right traces, Fig. 54). The reduction of high-thresh-
old calcium current by PLO17 was found to be voltage depen-
dent in another respect when current-voltage plots were used
to assess the inhibitory action of the opioid on currents evoked
over a larger range of test potentials. PLO17 reduced the peak
inward current evoked at test potentials between —10 and +50
mV, without producing an apparent shift in the voltage depen-
dence of the current—voltage relationship (Fig. 5C). In compar-
ison, outward currents, evoked at test potentials positive to +50
mV, were unaffected by PLO17 (Fig. 5C) in all neurons ex-
amined (n = 28). These data are in keeping with conclusions
reached in earlier reports that high-threshold transient current
represents the principal component of calcium current that is
inhibited by opioids (Gross and Macdonald, 1987; Gross et al.,
1990a; Schroeder et al., 1991; Seward et al., 1991).

While the previous results suggested that the activation of
u-opioid receptors preferentially inhibited high-threshold tran-
sient current, transient and sustained components were often
insufficiently resolved in currents evoked by a 100 msec test
pulse to assess the selectively of this inhibitory effect. Therefore,
in the remainder of our experiments we examined the effects of
PLO17 on currents elicited with longer-duration commands
(500-1000 msec), which yielded clearer separation of kinetically
distinct high-threshold components. In addition, complete in-
activation curves were generated to demonstrate more clearly
any differential effect(s) of the u-opioid on current components
arising from distinct populations of calcium channels. To sep-
arate current components by selective inactivation we applied
prepulses of 3 sec duration rather than holding the cell at various
potentials to minimize possible confounding effects associated
with current rundown. For these experiments, we also replaced
calcium in the external bathing solution with barium (2.0 mm)
as the charge carrier. This enabled us to record stable inward
currents over relatively prolonged periods while avoiding po-
tential confounding problems introduced by calcium-dependent
inactivation.

The curves in Figure 6 were constructed by plotting the I,
values of barium currents elicited by 1 sec steps to +10 mV
before, in the presence, and after washout of 3 um PLO17 as a
function of the prepulse potential. In these cases, an abbreviated
protocol was used with prepulse increments made in 30 mV
steps, rather than 10 mV steps, so that control, drug, and wash
trials could be performed on the same neuron. In control cur-
rents, the transient component was slightly inactivated by a
prepulse to —60 mV, showed half-maximal inactivation follow-
ing a prepulse to —30 mV and was absent after a prepulse to 0
mV. In the neuron shown in Figure 64, PLO17 reduced I, values
of currents elicited following prepulses from between —90 and
—20 mV, but was without effect on the /, values of currents
evoked following more positive prepulse potentials. Results such
as these (three of seven neurons tested) suggest that only the
transient component of high-threshold current was inhibited by
the p-opioid. In contrast, Figure 6B illustrates a neuron (four
total) in which inhibition of peak current amplitudes by PLO17
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was observed following prepulses over the entire range of po-
tentials from —90 to +30 mV. Similarly, in a related series of
experiments, PLO17 continued to suppress a fraction of high-
threshold current elicited by a 1 sec test pulse to +10 mV from
V, = —80 mV following prepulses to —20 mV which prefer-
entially eliminated most of the rapidly inactivating component
of current (7 of 11 neurons tested). Thus, we were unable to
identify a single kinetically defined component of high-threshold
calcium current that was selectively inhibited by x-opioid re-
ceptor activation. Moreover, findings like those shown in Figure
7B suggest that u-opioid receptors might be negatively coupled
to more than one type of calcium channel that contributes rap-
idly inactivating components of high-threshold current.

PLO17 inhibits currents with different pharmacological
sensitivities

In a final series of experiments, we compared the effects of
PLO17 on calcium currents evoked before and after adminis-
tration of the reversible L-type calcium channel blocker nife-
dipine (Fox et al., 1987a,b; Regan et al., 1991) and »-CgTx, an
irreversible and selective blocker of neuronal N-type channels
(McCleskey et al., 1987; Aosaki and Kasai, 1989; Plummer et
al., 1989), to determine whether the channel(s) that contributes
u-opioid-sensitive components of high-threshold current could
be pharmacologically defined. In all cases, drugs were delivered
by superfusion and calcium channel blockers administered at
10 uM, which was a saturating concentration in that the admin-
istration of a higher concentration of either agent, by itself,
resulted in no additional reduction in control currents (data not
shown).

The traces in Figure 74 illustrate the inhibitory effect of 30
sec applications of PLO17 (1 um) on calcium currents evoked
by 500 msec steps to 0 mV from V¥, = —80 mV at the times
and under the conditions indicated in the current versus time
graph depicted in Figure 7B. On initial application, PLO17
reversibly reduced the I, amplitude by 62% from 2.9 nA to 1.1
nA and eliminated most of the rapidly inactivating component
of current (current declined only 27% from its peak amplitude
by the end of the 500 msec step, compared to 62% in control).
Within 1 min after washout of the p-opioid, currents had re-
covered and 7, values now showed a slight runup to 3.0 nA, at
which point «-CgTx 10 um was applied. Administration of
w-CgTx for 20 sec irreversibly blocked 53% of the whole-cell
current (reducing I, from 3.0 to 1.4 nA) and reduced the sup-
pression in current produced by a subsequent application of
PLOL17 (I, now inhibited by 0.6 nA). Thus, PLO17 must have
inhibited the w-CgTx~sensitive current. Supporting this conclu-
sion was the additional finding that in 6 of the 11 neurons in
which «-CgTx was the sole antagonist tested, inhibitory re-
sponses to PLO17 were irreversibly lost following the block of
transient high-threshold current by the toxin. Among these 11
neurons, the mean inhibitory response to PLO17 (1-3 uMm) was
reduced from a 35.9 + 3.6% suppression in control current
amplitude before w-CgTx to 20.1 = 4.7% (p < 0.05, paired ¢
test) inhibition in the peak current measured after w-CgTx.

The results from the neuron in Figure 7 illustrate the addi-
tional point that after the establishment of an irreversible block
of transient calcium current by a saturating concentration of
w-CgTx, reapplication of PLO17 continued to exert a small
inhibitory effect. This result, which was repeated in 10 addi-
tional neurons, strongly suggested that u-opioid receptors inhibit
a second component of high-threshold current that is «-CgTx
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Figure 6. PLO17 reduced a transient high-threshold current that was resistant to inactivation by depolarized holding potentials. 4 and B, Whole-
cell recordings (traces) from two DRG neurons show the inhibitory effects of PLO17 1 uM on barium currents elicited by 1-sec-duration steps to
+10 mV following 3-sec-duration prepulses to —90 mV (41, BI) or 0 mV (42, B2). Traces shown in 4 and B are from different neurons and were
obtained during generation of complete inactivation curves depicted in C and D, respectively. In these experiments, barium currents were evoked
by 1 sec steps to +10 mV following a 3 sec prepulse to potentials of +30 mV to —90 mV (applied in that order) in increments of 30 mV (protocol
illustrated in inset). Between each prepulse and test pulse, the neuron was returned to —80 mV for 30 msec, which is too brief a time for recovery
from inactivation (see Schroeder et al., 1990a). The graphs in C and D show the peak current evoked during the test pulse versus prepulse potential
before (open circles), during (solid circles) and after (open triangles) washout of PLO17 at 1 um for the different neurons. In the neuron shown in
A, a prepulse to 0 mV abolished the transient component of current (42, upper pair of traces) and with it all current that was sensitive to inhibition
by PLO17 (A2, lower traces). Subtraction of traces before and in the presence of drug yielded PLO17-sensitive current (e.g., lower records in A/
and A2). By contrast, although for the cell shown in B) transient current was similarly abolished by prepulses to 0 mV (B2, upper pair of traces),

a large component of slowly inactivating current still remained that was inhibited by the u-opioid (B2, lower traces).

insensitive. We reasoned that if this residual effect of the opioid
were due to an inhibition of the sustained component of high-
threshold current, then it might be prevented or at least reduced
in the presence of nifedipine. As shown for the cell in Figure 7,
administration of nifedipine 10 uM slightly reduced I, (by 0.25
nA) and steady state amplitudes of calcium currents that were
elicited under a background of irreversible blockade stemming
from a prior exposure to w-CgTx. However, even this high con-
centration of nifedipine left unblocked a significant fraction of
slowly inactivating current that was insensitive to «-CgTx.
Moreover, PLO17 continued to exert an inhibitory effect on the
residual component(s) of calcium current that was elicited in
the presence of these two blockers. Overall, we found no evi-
dence that administration of nifedipine in saturating concen-
trations resulted in an attenuation of calcium current inhibition
by PLO17 in any of seven neurons examined in this manner.
A similar outcome was also obtained when this protocol was
carried out at less negative holding potentials (¥, = —40 mV,
n = 3), which are known to promote dihydropyridine block of
L-type channels (Bean, 1984; Fox et al., 1987a; McCarthy and
TanPiengco, 1992). Thus, it would appear that u-opioid recep-
tors are negatively coupled to two types of high-threshold cur-

rent in DRG neurons: one that is sensitive to «-CgTx and a
second that is resistant to block by w-CgTx and dihydropyri-
dines.

Discussion

The present results demonstrate that PLO17, a highly selective
u-opioid agonist (Chang et al., 1983; Blanchard et al., 1987),
inhibited calcium channel currents in DRG sensory neurons
acutely isolated from juvenile and young adult rats. This result
is consistent with and extends recent findings by Schroeder and
colleagues (1991) that activation of u-opioid receptors by DAGO
reduces calcium currents in adult rat DRG neurons in short-
term culture. The inhibitory effects of PLO17, like those of
DAGQO, appeared to be mediated via the activation of u-opioid
receptors. Several lines of evidence support this conclusion.
First, we were able to block or reverse the inhibition in calcium
current produced by 1 um PLO17 using naloxone in a nanomolar
range of concentrations (1-10 nm) that corresponded well with
the reported equilibrium dissociation constant of this antagonist
at u-opioid receptors (see Williams and North, 1984; North,
1986). Second, PLO17 inhibited calcium currents in neurons
that did not respond to administration of the x-opioid-selective



agonists dynorphin A or U69,593, and it was without effect in
other neurons that showed a reduction in current by x-opioids.
Moreover, in neurons that responded to u- and x-opioid receptor
agonists, administration of the «-selective antagonist nor-BNI
blocked responses to U69,593 while sparing the inhibition in
current produced by PLO17. Thus, PLO17 must be acting at a
site distinct from «-opioid receptors to reduce the current in at
least some cells. Third, administration of 3-FNA which is known
to irreversibly block u-opioid receptors (Takemori et al., 1981)
abolished responses to PLO17, whereas inhibitions in calcium
current by x-opioid agonists remained largely intact. Lastly, the
d-opioid agonist DPDPE failed to inhibit high-threshold calcium
current in any neuron, thus ruling out §-opioid receptors in the
mediation of PLO17’s effects. Although high concentrations of
DPDPE slightly reduced T-current, this effect was insensitive
to blockade by naloxone and therefore not mediated by opioid
receptors.

Administration of the x-opioid peptide dynorphin A reduced
calcium currents in many of the neurons, including a large per-
centage that showed responses to PLO17. We attributed these
effects to the activation of «-opioid receptors, since inhibition
of calcium current by the peptide was blocked in a selective
manner by the x-opioid antagonist nor-BNI and was mimicked
by application of U69,593. Given the high selectivity of U69,593
and nor-BNT for the &, -subtype of opioid receptors (Nock et al.,
1988; Zukin et al., 1988) and that the dynorphins exhibit much
higher affinity for «,-opioid binding sites, compared to the «,-
opioid binding sites in brain (Nock et al., 1990), it is likely that
«,-type opioid receptors are negatively coupled to calcium chan-
nels in rat DRG neurons. The finding that dynorphin A was
more potent than U69,593 in suppressing calcium current can
be explained by its having 20-fold higher affinity for the «,-type
opioid receptor from rat brain (Meng et al., in press). Overall,
dynorphin A also appeared to be somewhat more effective than
U69,593 (e.g., compare graphs in Fig. 2B), but it is unclear
whether this was due to a difference in intrinsic efficacy of the
two compounds or simply reflected an increased likelihood of
“crossover” to u-opioid receptors by the peptide, compared to
the more «-selective U69,593.

In neurons that responded to x-opioids and PLO17, the in-
hibition in calcium current produced by one class of agonist was
often maintained, while responses to the other agonist were
blocked by administration of antagonists having appropriate
selectivity for its receptor. This result, which was obtained when
using either a y-opioid (3-FNA) or «-opioid (nor-BNI) receptor—
selective antagonist, indicated that calcium channels can be
modulated by both u- and x-opioid receptors on the same DRG
sensory neuron. In all neurons that were sensitive to opioids,
the effect of u-opioid receptor or x-opioid receptor activation
consisted of a reduction in calcium current, including those cases
in which responses were obtained using low nanomolar con-
centrations (10 nM being the lowest effective concentration) of
agonists. The inability here and in previous studies (Macdonald
and Werz, 1986; Schroeder et al., 1991) to substantiate the
finding of Crain and coworkers (Shen and Crain, 1989, 1990)
that opioids in low concentrations (1-10 nMm) increase neuronal
calcium conductance suggests to us that this latter effect may
reflect a phenomenon that is uniquely expressed in fetal mouse
DRG neurons in explant cultures.

Although PLO17 was generally found somewhat less potent
than dynorphin A in reducing calcium current, the two agonists
were equally efficacious, producing equivalent maximal reduc-
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Figure 7. PLOL17 inhibited w-CgTx-sensitive current and current that
was resistant to both the toxin and nifedipine. 4, Calcium currents
(traces) elicited by 500 msec steps to 0 mV from V, = —80 mV (voltage
command protocol shown below current records) at the times indicated
in the graph (B) of current versus time after patch rupture. Adminis-
tration of PLO17 1 um for 30 sec (indicated by solid bars in B) markedly
reduced current amplitude (62% decrease in [,) and eliminated a large
fraction of rapidly inactivating current. Administration of w-CgTx in a
saturating concentration (10 uM, open bar in B) irreversibly suppressed
the whole-cell current by 53% and this was associated with a reduced
response to PLO17. However, PLO17 continued to inhibit a small
fraction of the current that remained after the establishment of an ir-
reversible blockade by the toxin (middle pair of traces). Moreover, the
inhibitory effect of PLO17 was not diminished in the presence of a
saturating concentration of nifedipine (10 um, hatched bar in B) (traces
at right), which by itself reduced a small portion of the current that
remained after exposure to w-CgTx. B, Open and solid squares in the
graph (B) indicate peak current and amplitude of the late current, re-
corded at the end of the step, respectively.

tions in peak current when administered in saturating concen-
trations in a given neuron. In addition, the inhibitory effects of
u- and x-opioids were found to be nonadditive. Thus, the in-
hibition of calcium current produced by PLO17 or dynorphin
A alone was occluded when one of these agonists was applied
in the presence of the other. These observations suggest that u-
and «-opioid receptors might be functionally coupled to a com-
mon population of calcium channels in DRG neurons. Because
the dynorphins exhibit limited selectivity in their binding to «-
versus u-opioid receptors (Goldstein and Naidu, 1989), the pos-
sibility cannot be precluded that the observed nonadditivity
might be in part a reflection of both PLO17 and dynorphin A
acting as agonists on the same populations of opioid receptors.
Yet, when the summation of responses to PLO17 and U69,593
(or dynorphin in some cases) was examined using saturating
concentrations of these ligands to permit a clear expression of
nonadditivity (see Deterre et al., 1982), the application of a
maximal concentration of one agonist virtually eliminated the
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response to the other opioid. These results strengthen the ar-
gument for convergent modulation of calcium channels by u-
and «-opioid receptors, since the apparent affinity of U69,593
for k-opioid receptors, like that exhibited for u-opioid receptors
by PLO17, is nearly 4 orders of magnitude greater than that
shown for other subtypes (Goldstein and Naidu, 1989). More-
over, they are compatible with the notion that u- and «-opioid
receptors might inhibit calcium channel function via a common
mechanism. Conceivably, this might occur through convergence
in the intracellular transduction mechanisms to which they are
coupled. Indirect evidence in support of such an hypothesis
comes from recent demonstrations that a pertussis toxin-sen-
sitive G, or G,-type G-protein mediates the inhibitory coupling
of u- and x-opioid receptors to N-type calcium channels in SH-
SYS5Y human neuroblastoma cells (Seward et al., 1991) and rat
nodose ganglion neurons (Gross et al., 1990a), respectively. Re-
cently, we have shown that a pertussis toxin-sensitive G-pro-
tein—linked mechanism is similarly involved in mediating the
inhibitory effects of w-opioid receptor activation on calcium
currents in rat DRG neurons (Moises et al., in press).

In the present experiments, PLO17 selectively reduced high-
threshold components of calcium current, whereas low-thresh-
old T-type currents were unaffected. The lack of an opioid effect
on low-threshold current contrasts with recent findings by
Schroeder et al. (1991) who found that the activation of g-opioid
receptors inhibited T-type channel currents in adult rat DRG
neurons in short-term culture. We doubt that our failure to
demonstrate an effect of PLO17 on T-type channels could be
attributed simply to sampling error, because this outcome was
obtained among different subsets of DRG neurons exhibiting a
heterogenous profile of low-threshold T-type currents (see also
Schroeder et al., 1990b). This discrepancy in results between
studies is also unlikely to be attributed to differences between
freshly isolated and cultured cells, since we found that low-
threshold currents were also unaffected by the u-agonist in neu-
rons that were maintained up to 6 d in culture. Moreover, we
have shown previously that T-type currents were not reduced
by dynorphin A in cultured mouse DRG neurons (Gross and
Macdonald, 1987) and were similarly unaffected by «- and p-opi-
oid agonists in acutely dissociated rat nodose ganglion neurons
(Gross et al., 1990a). It is conceivable that the modulation of
T-type channels by p-opioid receptors might reflect an age-de-
pendent phenomenon that is expressed in adult sensory neurons,
but absent in cells derived from juvenile rats (used here and in
our studies on nodose neurons) or mouse embryos (Gross and
Macdonald, 1987). As far as we know, no attempt has yet been
made to address this issue in a systematic way. However, if this
proves to be the case, the expression of this modulation of T-type
calcium channels must appear after the first postnatal month,
which was the cutoff date for the age of animals used in our
experiments. Furthermore, the age-related nature of this change
in coupling between opioid receptors and their targeted channels
would suggest that u-opioid receptors are likely to influence
different aspects of sensory neuron function during development
and maturation compared to adult life.

Although transient and sustained components of high-thresh-
old calcium current could be readily distinguished in whole-cell
recordings from rat DRG neurons, the identity of the specific
channel types that contribute to these different components re-
mained unclear (Hess, 1990; Regan et al., 1991, Mintz et al,,
1992a). Without attempting to resolve this issue, we were able
to conclude that PLO17 selectively reduced current through

calcium channels that show rapid inactivation. This conclusion
was based on the following observations. First, when variations
in holding potential were used to separate kinetically distinct
components of high-threshold current elicited by 100-500 msec
commands, administration of the opioid primarily affected the
additional rapidly decaying current component evoked from V),
= —80 mV, compared to the sustained current evoked from V),
= —40 mV. Second, the kinetic effect of PLO17 was to eliminate
the decay in current that occurred throughout the duration of
voltage steps delivered from negative holding potentials. Our
interpretation of these data is that the effect of the u-opioid
agonist was to reduce a rapidly inactivating current component
that was sensitive to depolarizing holding potentials, while spar-
ing a sustained component of high-threshold current. However,
an alternative explanation is that PLO17 inhibited a single, high-
threshold current component that was very sensitive to calcium-
dependent inactivation. In the latter case, a decrease in the
amount of calcium influx by the opioid would have the com-
bined effect of reducing macroscopic current amplitude and
slowing the rate of current decay. We have rejected this possi-
bility in favor of the first hypothesis, since the effect of PLO17
was the same whether calcium was used as the charge carrier
or replaced by extracellular barium to minimize or prevent cal-
cium-dependent inactivation (Eckert and Chad, 1984; Fox et
al., 1987a).

Recent studies suggest that three types of calcium channels,
commonly referred to by the designations of L-, N-, and P-type
(for review, see Tsien et al., 1988; Hess, 1990) contribute high-
threshold current in a variety of mammalian neurons, including
rat DRG neurons (Regan et al., 1991; Mintz et al., 1992a). The
properties of the transient current component that was inhibited
by PLO17 suggest that the current may be contributed at least
in part through N-type calcium channels. Thus, N-type channels
have been shown to be sensitive to holding potential and exhibit
more prominent inactivation during a maintained depolariza-
tion, than do L-type channels (Nowycky et al., 1985; Fox et al.,
1987b), although the overlap in their inactivation kinetics ap-
pears to be more considerable that previously thought (Aosaki
and Kasai, 1989; Plummer et al., 1989). The finding in a high
percentage of neurons that reduction of calcium current by PLO17
was largely and irreversibly suppressed after administration of
a saturating concentration of w-CgTx is also consistent with the
notion that N-type calcium channels are inhibited by u-opioid
receptor activation. In keeping with conclusions reached in our
earlier report (Gross and Macdonald, 1987), N-type channels
in DRG neurons appear to be inhibited by x-opioid receptors,
as well, since the loss of responses to PLO17 after toxin ad-
ministration was associated with a concomitant suppression of
inhibitory effects elicited by dynorphin A.

Despite the arguments presented above, other data suggest
that the profile of calcium current inhibition produced here by
PLO17 cannot be readily attributed to the modulation of a single
type of calcium channel. For example, in some neurons (as
shown in Fig. 6B), administration of the opioid inhibited peak
and steady state amplitudes of currents elicited following in-
activation protocols that largely eliminated the transient com-
ponent of high-threshold current. Recent demonstrations that
the same N-type channel can exhibit rapidly inactivating ki-
netics and sustained, noninactivating behavior (Plummer and
Hess, 1991) could provide an explanation for the kind of ex-
perimental outcome depicted in Figure 6. However, in the sin-
gle-channel recordings where this switching in inactivation ki-



netics was seen, all N-type channel activity could be completely
and irreversibly blocked by w-CgTx (Plummer and Hess, 1991;
see also Aosaki and Kasai, 1989). By comparison, in approxi-
mately 40% of the neurons we examined with w-CgTx, PLO17
continued to reduce a sizeable fraction of the current that re-
mained after establishment of an irreversible block of transient
high-threshold current by a saturating concentration of the tox-
in. An inhibitory effect of u-opioids on w-CgTx~insensitive high-
threshold current has also been found in short-term cultures of
adult rat DRG neurons (Schroeder et al., 1991), aithough this
was observed much less frequently than in the present study.
We think it unlikely that the residual current that remained
sensitive to PLO17 after «-CgTx was contributed by L-type
channels, since inhibitory responses to the opioid were undi-
minished in the presence of a maximally effective concentration
of nifedipine (10 uM; see, e.g., McCarthy and TanPiengco, 1991).
Moreover, the opioid continued to inhibit a component of cur-
rent that was resistant to both blockers when we sought to pro-
mote the nifedipine block of L-type channels by eliciting cur-
rents from depolarized holding potentials (Bean, 1984; McCarthy
and TanPiengco, 1992). In any event, we conclude that PLO17-
sensitive current is contributed primarily by a calcium channel
that was blocked by w-CgTx and possibly by a second type of
channel that was resistant to blockade by dihydropyridine block-
ers and «-CgTx.

At this point we can only speculate as to the identity of the
channel(s) that contributes the residual fraction of w-CgTx-in-
sensitive (non-N-type) and dihydropyridine-resistant (non-L-
type) current that was inhibited by PLO17. It is worthwhile to
note that Bean and coworkers have provided evidence for a
distinct type of high-threshold calcium channels in rat DRG
neurons that are not blocked by «-CgTx or dihydropyridines
(Regan et al., 1991; Mintz et al., 1992a). Interestingly, the cor-
responding component of high-threshold current found to be
resistant to both types of blockers in their experiments resem-
bled the residual fraction of PLO17-sensitive current described
here, in that both high-threshold components exhibited inac-
tivation kinetics similar to that shown by CgTx-sensitive cur-
rent, but were resistant to inactivation by depolarized holding
potentials. Recent experiments involving use of the funnel web
spider toxin, w-Aga-IVA, suggest that the dihydropyridine-re-
sistant and w-CgTx~insensitive high-threéshold current found in
many rat central and peripheral neurons, including DRG neu-
rons, is carried, at least in part, by channels similar to P-type
channels described in Purkinje neurons (Mintz et al., 1992a).
Hence, it will be of importance in future studies to determine
the extent, if any, to which this spider toxin might affect the
fraction of u-opioid-sensitive current that is insensitive to both
N-type and L-type calcium channel blockers. The finding that
Aga-IVA blocks 70-80% of depolarization-induced calcium en-
try into rat brain synaptosomes compared with an average of
30-40% of high-threshold current in cell bodies of central neu-
rons has led to the suggestion that P-type channels might be
preferentially concentrated in nerve terminals (Mintz et al.,
1992b). Accordingly, the possibility that u-opioid receptors are
negatively coupled to P-type calcium channels could provide a
potentially significant mechanism by which opioids exert pre-
synaptic inhibitory regulation of transmitter release.

Note added in proof

Since the submission of this article, Mintz and Bean (1993) have
described the modulation of Aga-IV A—sensitive, high-threshold
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P-type calcium channels in mammalian neurons by other per-
tussis toxin-sensitive G-protein-coupled inhibitory receptors.
In recent experiments we found that Aga-IVA eliminated the
PLO17-sensitive component of calcium current that persists
after w-CgTx and nifedipine in a subset of DRG neurons, sug-
gesting that u-opioid receptors are negatively coupled to P-type
channels.
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