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The opioid peptide dynorphin decreased somatic calcium-dependent action potential duration in a
portion of mouse dorsal root ganglion (DRG) neurons without altering resting membrane potential or
conductance. Dynorphin action was antagonized by naloxone. Responses of DRG neurons to dynorphin
differed from responses to the opioid peptides leucine-enkephalin, which binds preferentially to delta-
opiate receptors, and morphiceptin, which binds preferentially to mu-opiate receptors. Firstly, many
DRG neurons responded to dynorphin but not to leucine-enkephalin or morphiceptin. Secondly, dynor-
phin responses, unlike leucine-enkephalin or morphiceptin responses, persisted following intracellular
injection of cesium, a potassium channel blocker. We suggest that dynorphin acts at an opiate receptor
distinct from mu- and delta-receptors and that this receptor is coupled to a voltage-dependent calcium
channel.

Previously we reported that both mu- and delta-opiate receptors are present on
the somata of some dorsal root ganglion (DRG) neurons in cell culture, that there
is a heterogeneous distribution of these receptors among DRG neurons, and that
binding of opiates to both receptor types decreases the duration of DRG somatic
calcium-dependent action potentials [13-15]. Additionally, we have suggested that
both mu- and delta-opiate receptors are coupled to potassium channels and that
binding of opioids to these receptors results in an augmentation of a potassium con-
ductance [16]. The purpose of the present investigation was to compare the actions
of the opioid peptide dynorphin, which may preferentially bind to kappa-receptors
[2, 3, 7, 9], with the action of morphiceptin [1], a mu-receptor selective ligand, and
leucine-enkephalin, a delta-receptor preferring ligand [4]. Our data suggest that
dynorphin decreases calcium-dependent action potential duration but that it acts at
a receptor distinct from mu- and delta-receptors.

Preparation of mouse spinal cord and DRG co-cultures and electrophysiological
techniques were as previously described [10]. Recording medium was a Tris-HCI
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buffered (pH 7.2-7.4) balanced saline (320 mOsm) containing (in mM): NaCl, 137;
KCl, 5.3; MgClL,, 0.8; CaCl,, 5.0; Tris-base, 13; glucose, 5.6, and tetraethylam-
monium (TEA), 5.0. DRG neurons were impaled with either 4 M potassium acetate
(KAc)- or 4 M cesium acetate (CsAc)-filled micropipettes (20-40 M) and somatic
calcium-dependent action potentials were evoked by brief (100-500 usec) depolariz-
ing current pulses at a frequency of 4 per min. Dynorphin;.;; (Peninsula), mor-
phiceptin (Peninsula) and leucine-enkephalin (Peninsula) were applied to single
neurons by pressure ejection (0.5-2.0 psi) from micropipettes with tip diameters of
2-5 um. Application was for 1 sec delivered 4 sec prior to evoking an action poten-
tial. Naloxone (Endo Laboratories) was applied by diffusion from 15-25 um
diameter micropipettes positioned approximately 10~15 um from the DRG neuron.

During recording with KAc-filled micropipettes, action potentials were evoked
from resting membrane potential (—45 to — 70 mV) and typically had durations be-
tween 7 and 20 msec. In neurons impaled with CsAc-filled micropipettes, resting
membrane potential, action potential duration and action potential after-
hyperpolarization initially corresponded to those observed with KAc recordings.
Over 1-15 min, resting membrane potential was reduced to 0 to —20 mV, action
potential duration was prolonged to 100-1500 msec and the after-hyperpolarization
was abolished, consistent with substantial blockade of potassium conductance by in-
tracellular cesium [11]. Holding current was applied to maintain baseline membrane
potential at about —60 mV. Opioid peptide action was often initially assessed on
DRG neuron calcium-dependent action potentials during recording with KAc-filled
micropipettes and then re-assessed following reimpalement of neurons with CsAc-
filled recording micropipettes.

A 1 sec application of dynorphin at 1 uM delivered 3-4 sec prior to evoking an
action potential decreased the calcium component of action potentials in 47 of 86
DRG neurons (55%) (Fig. 1A) but did not affect action potential duration or con-
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Fig. 1. Dynorphin decreased the duration and amplitude of the calcium component of DRG neuron
somatic action potentials. In this and all subsequent figures, action potentials were evoked at a frequency
of 4 per min by 100 usec depolarizing current pulses. Action potentials evoked prior to (1) and subsequent
to (2) opioid peptide application were superimposed. A;: pressure application of 1 gM dynorphin;._i;
(DYN) for 1 sec and delivered 4 sec prior to evoking an action potential decreased the duration and
amplitude of the calcium-dependent action potential during recording with a KAc-filled micropipette.
A,: the KAc-filled micropipette was withdrawn and the neuron was reimpaled with a CsAc-filled
micropipette. The DRG neuron response to dynorphin persisted following intracellular injection of
cesium.
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figuration in the remaining 45% of neurons. The portion of DRG neurons that
responded to dynorphin appeared to vary as a function of culture dissection. Of the
neurons that responded to dynorphin, the magnitude of the effect, measured from
the onset of the depolarizing stimulus to the point where potential during repolariza-
tion intersected with resting potential, varied considerably across neurons, with ef-
fects produced by 1 uM dynorphin ranging from 9 to 89% with a mean reduction
“of 32%. Dynorphin action was dose-dependent over a concentration range of 10 nM
to 1 uM. In DRG neurons that had responded to dynorphin during recording with
KAc-filled micropipettes, the response to the opioid peptide persisted after subse-
quent reimpalement and intraceltular injection of cesium (10 of 11 neurons) (Fig.
1B). The mean reduction of calcium-dependent action potential duration produced
by dynorphin in these 10 neurons during recording with KAc- and CsAc-filled
micropipettes was 45% and 49%, respectively.

We compared the actions of dynorphin (1 uM) to morphiceptin and leucine-
enkephalin (10 or 20 uM) on single DRG neurons (n=46) during recording with
KAc-filled micropipettes. The order of opioid peptide application was varied and
did not affect the results. Of these neurons, 25 did not respond to any of the opioid
peptides, and the majority of the remainder responded only to dynorphin (n = 16).
Only 4 neurons responded to all 3 opioid peptides, and one DRG neuron responded
to leucine-enkephalin but not dynorphin (morphiceptin was not tested on this
neuron).

We compared the actions of dynorphin, morphiceptin, and leucine-enkephalin on
single DRG neurons recorded initially with KAc-filled miropipettes and subsequent-
ly with CsAc-filled micropipettes. During KAc recording, some DRG neurons
responded only to dynorphin but not leucine-enkephalin or morphiceptin (n=6)
(Fig. 2A), while others responded to dynorphin as well as morphiceptin and/or
leucine-enkephalin (n=35) (Fig. 2B). In all cases but one, dynorphin responses per-
sisted following intracellular cesium injection while responses to leucine-enkephalin
and morphiceptin were abolished (Fig. 2A;, 2B;). The one DRG neuron in which
dynorphin responses were abolished by intracellular cesium injection had also
responded to leucine-enkephalin and morphiceptin during KAc recording. The
responses of this neuron to leucine-enkephalin and morphiceptin were also abolish-
ed by intracellular cesium injection.

We previously reported that leucine-enkephalin and morphiceptin responses were
antagonized by naloxone [13-15]. Dynorphin-mediated decreases of action potential
duration were tested for sensitivity to naloxone antagonism. The paradigm followed
was to obtain a control response to a 1 sec application of dynorphin. Then a 1 uM
naloxone-containing micropipette was positioned near the DRG neuron which
allowed the antagonist to diffuse into the medium surrounding the cell after which
dynorphin was re-applied. Finally, the naloxone-containing micropipette was
removed from its position near the neuron, and dynorphin was re-applied. Nalox-
one reversibly antagonized decreases in calcium-dependent action potentials produc-
ed by dynorphin (n=28) (Fig. 3).
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Fig. 2. DRG neuron responses to dynorphin, leucine-enkephalin and morphiceptin were heterogeneous.
A and B: a DRG neuron that responded well to dynorphin but not leucine-enkephalin (L-ENK) or mor-
phiceptin (MC) (A;) and a DRG neuron that responded to all 3 of the opioid peptides (B;) during recor-
ding with KAc-filled micropipettes. Subsequent reimpalement of the neurons with a CsAc-filled
micropipette and intracellular injection of cesium did not attenuate neuronal responses to dynorphin in
either case (A2, Bz). Ba: although dynorphin responses persisted following intracellular iontophoresis of
cesium, leucine-enkephalin and morphiceptin responses were blocked.
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We observed many DRG neurons that responded to dynorphin but not to mor-
phiceptin or leucine-enkephalin. Furthermore, dynorphin responses, in contrast to
leucine-enkephalin or morphiceptin responses (see also ref. 16), were not blocked
by intracellular injection of the potassium channel blocker cesium. Based on these
data, we suggest that on DRG neuron somata dynorphin acts at a receptor distinct
from mu- and delta-receptors. Based on rank order of potency, cross-tolerance and
selective protection paradigms in the peripheral nervous system [2, 3, 7, 18] and
binding studies in the central nervous system [3, 9], dynorphin has been proposed
as an opioid peptide with high affinity for kappa-receptors. Recently a high in-
cidence of kappa-binding sites has been reported in spinal cord [12] and intrathecal
injection of kappa agonists has produced analgesia [8, 17]. Thus, the dynorphin
specific responses we observed on DRG neurons may be mediated by kappa-opiate
receptors. Therefore, we suggest that dynorphin(kappa)-receptors as well as mu-
and delta-receptors are present on DRG neuron somata. Furthermore, it appears
that the distribution of opiate receptors among DRG neurons is variable. Of the
DRG neurons with somatic opiate receptors, our results suggest that the largest por-
tion have dynorphin-receptors and a minority of these also have mu- and/or delta-
opiate receptors.

The action of mu-, delta- and dynorphin-receptors is to decrease calcium entry
into DRG neurons. A similar action of opiates at synaptic terminals of DRG
neurons would result in a decrease of neurotransmitter release [5, 6]. However,
dynorphin receptors decrease calcium-dependent action potential duration, and
hence calcium entry, by a mechanism different from mu- and delta-receptors.
Dynorphin receptors appear to be coupled to voltage-dependent calcium channels
while mu- and delta-receptors may be coupled to voltage- and/or calcium-dependent
potassium channels. Interestingly, simultaneous activation on the same synaptic ter-
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Fig. 3. Naloxone antagonized dynorphin-induced decreases of DRG neuron somatic calcium-dependent
action potential duration. Action potential duration was decreased following application of dynorphin.
When action potential duration had returned to baseline, a micropipette with tip diameter of 20 um and
containing 1 xM naloxone (NAL) was positioned to within 20 pm of the neuron. After naloxone was per-
mitted to diffuse from the micropipette for 1 min, application of dynorphin did not affect action poten-
tial duration. Following removal of the 1 uM naloxone-containing micropipette from its position near
the cell, dynorphin application again decreased the duration of the calciurn component of the action
potential. The recording micropipette contained 4 M CsAc.
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minal of dynorphin-receptors with either mu- or delta-receptors might be additive
and thus produce a maximal decrease of calcium entry and neurotransmitter release.
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