
ABBREVIATIONS: EPSC, excitatory postsynaptic current; nBNI, norbinaltorphimine; 4-AP, 4-aminopyndine; TEA, tetraethylammonium chloride;
DTx, dendrotoxin; MCDP, mast cell degranulating peptide; EGTA, ethylene glycol bis(�3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; HEPES,
4-(2-hydroxyethyl)-1 -piperazineethanesulfonic acid; GIRK, G protein-activated inwardly rectifying potassium; KATP, ATP-gated potassium current;

V�, holding potential.
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SUMMARY
Activation of K-opioid receptors on mossy fiber terminals in the
hippocampus inhibits excitatory amino acid release. The mech-
anism of presynaptic inhibition at the mossy fiber synapse was
investigated through whole-cell voltage-clamp of CA3 pyrami-
dal cells. The application of a K-Opioid agonist, U69593, re-
duced the amplitude of the excitatory postsynaptic current
response, and this effect was reversed with a K receptor an-
tagonist. Presynaptic potassium channels were blocked by
bath application of channel toxins, and the effect of K receptor
activation was tested. The inhibition caused by U69593 was
blocked by low doses of 4-aminopyridine (30 �M) and the
selective peptide toxins dendrotoxin and mast cell degranulat-

ing peptide. The inhibition was not blocked by low doses of
tetraethylammonium chloride (1 mM), barium, or glibenclamide.
Thus, we conclude that presynaptic K-opioid receptors are
coupled to a Shaker-type voltage-dependent potassium chan-
nel that is sensitive to dendrotoxin and mast cell degranulating
peptide. An increase in presynaptic potassium conductance
would enhance the rate of repolarization after action potential
invasion, thereby limiting calcium influx and neurotransmitter
release. This is the first physiological demonstration of the
involvement of a dendrotoxin-sensitive potassium current in
presynaptic inhibition mediated by a G protein-coupled recep-
tor.

Dynorphin peptides are endogenous ligands for K-opioid

receptors, which are important regulators ofexcitatory trans-
mission in areas such as the hippocampus, stnatum, brain-

stem, cerebellum, and spinal cord (1). In the hippocampus,

K-opioid receptors are localized on presynaptic terminals, and

their activation inhibits excitatory amino acid release (2, 3).
The mechanism by which this presynaptic inhibition is ac-

complished in the hippocampus has not yet been elucidated;

however, several mechanisms have been proposed. For ex-
ample, receptor activation may inhibit the opening of volt-

age-dependent calcium channels or activate specific potas-

5mm channels. Presynaptic inhibition also may occur via

mechanisms downstream of voltage-dependent ion channel

regulation (4).

Although in other cell types, such as dorsal root ganglion

neurons, K receptors inhibit calcium influx through N-type

calcium channels (5), we reported previously that neither

N-type nor L-type calcium channel antagonists block the
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presynaptic effects of K receptors in the hippocampus (6). The

possibility that K receptors inhibit transmitter release by

increasing presynaptic potassium effiux is supported by stud-

ies reporting that K receptors can couple to somatic potas-

sium channels in several systems (7-10).
In this study, we used selective potassium channel block-

ers to determine the pharmacological profile of the presyn-

aptic ion conductance mediating the K-opioid effect. By re-

cording evoked EPSCs in guinea pig CA3 pyramidal cells

with the use of the whole-cell voltage-clamp technique, we

determined that the presynaptic inhibition caused by �-opi-

oid activation is likely mediated by a voltage-dependent po-

tassium channel that is sensitive to 4-AP, DTx, and MCDP.

These data have been presented in preliminary form (11).

Materials and Methods

Hippocampal slices were prepared as described previously (6).

Briefly, transverse hippocampal slices (500 �.tm) were made from
male Hartley guinea pigs (Simonsen Labs, Gilroy, CA) with a Camp-
den Vibroslicer. Slices were then submerged in the recording cham-
ber, warmed to 34#{176},and continuously perfused with oxygenated
Krebs-bicarbonate buffer containing 120 mM NaCl, 3.5 mM KC1, 1.3
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mM MgCl2, 2.5 mM CaC12, 1.25 mM NaH2PO4, 25.6 m� NaHCO3, and
10 mM) glucose. EPSCs were evoked with a bipolar stimulating

electrode (0.1 mm contact diameter; Kopfl placed in the dentate

granule cell layer to stimulate mossy fibers (Fig. 1A). Stimuli were
delivered as 0.3-msec square waves, 10-90 pA, at -�-0.2 Hz. Re-

sponses were recorded in the whole-cell mode with glass microelec-
trodes (3-5 Mf�) filled with an intracellular solution that blocked

postsynaptic potassium currents and maximized recording stability

over long periods of time (90-120 mm; modified from Ref. 12). This
solution contained 120 mM CsF, 10 m�t CsC1, 10 mM EGTA, 10 nmi

HEPES, and 5 mM Mg-ATP, pH adjusted to 7.2-7.3 with CsOH

(osmolarity, 260-270 mOsM). Cells were held at -70 mV, except in a

few experiments, as noted.
Evoked responses were considered to be mediated primarily by

mossy fibers ifthey met criteria described previously (13) [i.e., if they

could be elicited by low-intensity stimulation of the granule cells
(�40 pA), appeared at a characteristically short and constant la-

tency, and had a smooth rising phase]. At various times during each

experiment, current-voltage relationships were measured with

20-mV steps from - 120 mV to +20 mV. Current-voltage curves were
generated from the steady state currents and used to monitor the
stability of the recording. Experiments were excluded from analysis

if the capacitance was <3 pF, the series resistance was >20 MCl, or

the series resistance changed by �20% during opioid application.

Cells were allowed to stabilize for -15 mm after establishing the
whole-cell configuration. A potassium channel blocker was then bath

applied, and EPSCs were measured after -40 mm. Perfusion with

the potassium channel blocker continued for the duration of the
experiment. The selective K agonist U69593 (1 �.tM) was bath applied
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Fig. 1. A, Transverse hippocampal slice. Dashed lines, stratum granu-
losum and stratum pyramidale. A granule cell (GC) is shown with its
mossy fiber axon making a synapse with the proximal dendrite of a CA3
pyramidal cell. A stimulating electrode was placed in the granule cell
layer, and the recording electrode was placed in the pyramidal layer. B,
Superimposed EPSCs recorded after the application of no drug (a),
U69593 (b), and nBNl plus U69593 (c). Each trace is the average of
three consecutive responses, and stimulus artifacts are truncated. V,, =

-50 my; stimulus = 80 j.iA. C, Group data showing that the EPSC
amplitude was reduced by U69593 and that this effect was reversed by
nBNl (six experiments). Values are mean ± standard error.

next, and responses were measured after 15-20 mm. Whenever

possible, the selective sc antagonist nBNI (100 nM) was then bath

applied, and responses were again measured after 15-20 mm. Re-

sponses were digitized, stored, and analyzed with pClamp 6.0. Each

trace that is shown is the average ofthree consecutive responses, and

each amplitude value is the average of six responses at a given
stimulus intensity. EPSCs were recorded at two or more stimulus
intensities. The effects of U69593 and nBNI were calculated as the

percent change from the pre-U69593 EPSC amplitude. The percent

change values for two stimulus intensities were averaged to deter-
mine the overall U69593 and n.BNI effects for each experiment.

Stock solutions ofU69593 were dissolved in 50% ethanol; the final

concentration of ethanol applied to the slices was �0.001%. Gliben-

clamide was dissolved in dimethylsulfoxide, and the final concentra-
tion of dimethylsulfoxide applied to the slices was �0.1%. All other

drugs were dissolved in water. U69593, nBNI, and glibenclamide
were obtained from Research Biochemicals (Natick, MA); 4-AP, TEA,

and BaCl2 were from Sigma Chemical Co. (St. Louis, MO); DTx was

from Biomol (Plymouth Meeting, PA); and MCDP was from Bachem

(King of Prussia, PA).

Results

Mossy fiber EPSCs were evoked through stimulation of

dentate granule cells. The K-opioid agonist U69593 (1 �.tM)

consistently caused an inhibition of the EPSC amplitude (six

ofsix experiments; Fig. 1, B and C). Mean inhibition was 34.2

± 5.3%, and the inhibition was reversed in five of six exper-
iments by subsequent treatment with the K antagonist nBNI

(100 nM) to 5.4 ± 11.1% (six experiments) below the pre-

U69593 amplitude. U69593 did not alter the pyramidal cell
holding current or membrane resistance (data not shown),

indicating that the agonist was not acting directly on the

pyramidal cell. This observation further supports previous

observations that K receptors in the guinea pig CA3 region

are presynaptic (3).
4-AP is a relatively nonselective potassium channel

blocker, although certain voltage-dependent potassium chan-
nels are particularly sensitive to 4-AP, with IC50 values in

the micromolar range (14). Pretreatment of the hippocampal

slice with 30-100 ,.tM 4-AP produced a dramatic facilitation of
the evoked EPSC, increasing both the amplitude and the
duration ofthe response. The EPSC amplitude was increased
- 10-fold with 30 p.M 4-AP; an even greater facilitation was

observed with 100 �tM 4-AP. Because most postsynaptic po-

tassium channels were blocked by the cesium-filled patch

pipette, it is likely that the facilitation produced by 4-AP was

presynaptic. Facilitation of transmitter release is a well-

established effect of 4-AP (15). In the presence of 4-AP,

U69593 did not affect the evoked EPSC. In 30 ,tM 4-AP,

treatment with U69593 decreased the EPSC amplitude by

only 7.0 ± 2.9% (five experiments; Fig. 2). In 100 j.tM 4-AP,

the EPSC amplitude increased 5.6 ± 6.1% (three experi-

ments; Fig. 2B) after U69593 application.

TEA is another agent that can be used to block a wide

variety of potassium channels (14). At a dose of 10 mrsi, TEA

enhanced the evoked EPSC amplitude by - 10-fold, which is
similar to the effect of 4-AP. In 10 mrvi TEA, the EPSC
amplitude was not affected by U69593 (-4.7 ± 11.6%, four

experiments; Fig. 2B). The application of 1 mrvi TEA had a
smaller facilitatory effect on the EPSC, usually increasing
the amplitude by <2-fold. In the presence of 1 mrvi TEA,

U69593 reversibly inhibited the EPSC amplitude in four of
seven experiments. The average inhibition was 20.3 ± 8.0%
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Fig. 3. Left, superimposed EPSCs recorded before the application of
cadmium (a), in 20 ,�M cadmium (b), and after washout (c). ‘I,, = -70
mV; stimulus = 50 pA. Right, superimposed EPSCs recorded after the
application of 30 �.tM 4-AP (a), 20 �M cadmium (b), and after washout of
cadmium (c). Vh = -50 my; stimulus = 30 .tA.

sensitive potassium conductance rather than via inhibition of

a calcium conductance. Further characterization of the un-
derlying potassium conductance was carried out with more-

selective potassium channel inhibitors.

A strong candidate is the GIRK channel previously shown

to functionally couple to the K-opioid receptor (10). In con-

trast to voltage-gated potassium channels, inward rectifying

potassium currents would inhibit transmitter release by sta-

bilizing the membrane potential to prevent firing (18). Block
of GIRK channels with 300 �tM BaCl2 resulted in a variable

and often dramatic increase in both the amplitude and du-

ration of the EPSC. In the presence of BaCl2 the EPSC

amplitude was inhibited by U69593 in four of four experi-
ments (Fig. 4). Even at stimulus intensities that evoked

EPSCs of > 1 nA, the effect of U69593 was equal to or greater

than its effect in control buffer (two of two experiments; data

not shown). The average inhibition was 45.0 ± 18.5% (four

experiments; Fig. 4), and the effect was reversed by nBNI to

7.3 ± 14.2% below the pre-U69593 amplitude. Thus, the
K-opioid effect at the mossy flber/CA3 synapse was not me-
diated by GIRK channels. Furthermore, the inhibition seen
in BaCl2 suggests that increased excitability alone is not

sufficient to explain the observation that the U69593 effect

was blocked by low doses of 4-AP.

KATP �5 thought to be related to the GIRK channels (18).
This current was considered as a possible mediator of the

K-opioid effect because a selective antagonist of the KATP
current, glibenclamide, was shown to inhibit the effect of
morphine in the hippocampus (19). We found that 3 �tM

glibenclamide had little effect on the amplitude of the mossy

fiber EPSC. Furthermore, in the presence of glibenclamide,
U69593 still decreased the EPSC amplitude in three of three

experiments. The average inhibition was 35.1 ± 14.6% (three
experiments; Fig. 4), and this was reversed to -0.5 ± 4.7%

with subsequent application of nBNI. From these results, it

is concluded that the glibenclamide-sensitive current (KATP)

does not mediate the K-opioid effect in the CA3 region.

Voltage-dependent potassium channels of the Shaker fam-
ily are characteristically sensitive to the peptide toxin, DTx

(20). These channels, particularly those with fast inactiva-
tion kinetics (also called A currents), are localized presynap-

tically (21) and participate in the repolanzation ofthe action

potential and neurotransmitter release (14). Application of

200 nr� DTx greatly increased the amplitude and duration of

the evoked EPSC. As was observed with 4-AP, the increase in

the EPSC amplitude was - 10-fold. Furthermore, U69593 did

not affect the EPSC in any experiment in the presence of

DTx. The amplitude ofthe response was increased 2.9 ± 8.3%

30 iM 4-AP 100 �iM 4-AP 1 mM TEA

Fig. 2. A, Left, superimposed EPSCs recorded after the application of
30 �tM 4-AP (a), U69593 (b), and nBNl plus U69593 (c). ��1,, = -50 mV;
stimulus = 25 pA. Right, superimposed EPSCs recorded sequentially
after the application of 1 mM TEA (a), U69593 (b), and nBNI plus U69593
(c). V,, -70 my; stimulus = 40 �.tA. B, Group data showing the effect
of U69593 in the presence of various potassium channel inhibitors. The
effect of U69593 was significantly reduced in the presence of 100 �M
4-AP (three experiments), 30 �M 4-AP (five experiments), and 10 mM
TEA (four experiments) compared with the U69593 effect in the ab-

sence of inhibitors (*, p < 0.05, one-way analysis of variance with least

squared differences post-hoc test). Dashed line, inhibitory effect of
U69593 in the absence of any potassium channel inhibitors (see Fig.
1 C). Values are mean ± standard error.

(seven experiments), was reversed by nBNI (to +29.7 ±

37.7%), and was not statistically different from the control

effect of U69593 (Fig. 2).
These data suggest that the K-opioid receptor may act via a

potassium conductance that is highly sensitive to 4-AP and
only moderately sensitive to TEA. However, because 4-AP

caused such a large increase in transmitter release, it was
not certain that a K receptor-mediated inhibition of calcium

channels could have been detected if it had occurred. To test
this possibility, slices were treated with a known calcium

channel blocker, cadmium, in the presence and absence of
4-AP. Like U69593, cadmium inhibits transmitter release

from the presynaptic terminal (16, 17). CdCl2 (20 j.tM) de-
creased mossy fiber-evoked EPSCs by approximately the
same amount as 1 �M U69593 (34.3 ± 14.0%, three experi-
ments; Fig. 3). In the presence of 30 j.�M 4-AP, the inhibitory

effect of CdCl2 was not diminished (38.4 ± 7.0%, three ex-

periments; Fig. 3). This result is in agreement with previous

results (16), and it indicates that a partial reduction in pre-
synaptic calcium influx could still be detected during potas-

sium channel blockade. Therefore, the results suggest that

the K-opioid effect was mediated via the activation of a 4-AP-
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Fig. 4. A, Superimposed EPSCs recorded
after the application of a potassium chan-
nel blocker (a), U69593 (b), and nBNl plus
U69593 (c). Top left, GIRK channels were
blocked with 300 �tM BaCl2. ‘I,, = -70 mV;
stimulus = 20 �A. Top right, ATP-gated
potassium conductance was blocked with
3 j.tM glibenclamide. ‘I,, = -70 mV; stimu-
lus = 50 �.tA. Bottom left, voltage-depen-

dent potassium channels were blocked
with 200 nM DTx. V,, = -70 my; stimulus =

25 pA. Bottom right, voltage-dependent
potassium channels were blocked with

300 nM MCDP. V,, -70 mV; stimulus =

40 jtA. B, Group data showing the effect of
U69593 in the presence of various potas-
sium channel inhibitors. The effect of
U69593 was significantly reduced in the
presence of DTx (five experiments) and
MCDP (four experiments) compared with
the U69593 effect in the absence of inhib-
itors (*,p < 0.05; one-way analysis of van-
ance with least squared differences post-
hoc test). Dashed line, inhibitory effect of

U69593 in the absence of any potassium
channel inhibitors (see Fig. 1C). Values are
mean ± standard error.

(five experiments; Fig. 4). This result suggests that K-opioid

receptors may inhibit transmitter release by increasing a

presynaptic DTx-sensitive potassium conductance.

DTx-sensitive potassium channels also are, in many cases,

sensitive to another peptide toxin, MCDP (20). Treatment

with 300 nM MCDP typically enhanced the amplitude of the

evoked EPSC by <3-fold. This increase is smaller than that

observed with 4-AP and DTx, suggesting that MCDP may act

on a smaller subset of voltage-dependent channels than the

other two blockers. Even with this relatively moderate de-

gree of enhanced transmission, the U69593 effect was com-

pletely abolished in the presence ofMCDP. That is, the EPSC

amplitude was reduced by only 2.4 ± 10.3% (four experi-

ments; Fig. 4) during U69593 application compared with the

pre-U69593 response. Taken together, our results suggest
that K-opioid receptors in mossy fiber terminals are function-

ally coupled to a voltage-dependent potassium channel that

is sensitive to low doses of 4-AP as well as to the peptide

toxins DTx and MCDP.

Discussion

We used whole-cell voltage-clamp recording of mossy fiber-

evoked EPSCs to characterize the mechanism by which K-opi-

oid receptors inhibit excitatory neurotransmission. Previous

work from Weisskopf et al. (3) demonstrated that K-opioid
receptors are localized on mossy fiber terminals and not on

CA3 pyramidal cell somata or collaterals in the guinea pig.
Thus, as in other regions of the CNS, these K receptors

mediate presynaptic inhibition oftransmitter release. In con-

trast to results obtained in other cell types (5), our data

suggest that K-opioid receptors on mossy fiber terminals in
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the hippocampus do not inhibit calcium channel activity but

rather increase the conductance of a specific class of potas-

sium channels.

In the current study, we used potassium channel blockers,

which prolong the depolarization ofthe presynaptic terminal,
thereby allowing increased calcium influx and increased

transmitter release. It was important to demonstrate that

this increase in calcium influx was not merely overwhelming

the otherwise moderate effect of the K-opioid agonist. First,

we demonstrated that a partial reduction in calcium influx

produced by a low dose (20 �M) of cadmium was still evident

in the presence of 4-AP. Therefore, if K receptors did inhibit

presynaptic calcium channels, the effect of U69593 should

have been seen during 4-AP treatment. We further showed

that the degree of enhancement of base-line EPSC ampli-

tudes did not correlate with the blockade of the K-opioid

effect. That is, when the base-line EPSC amplitude was en-
hanced by treatment with barium, U69593 was still effective
in reducing the response; conversely, the effect of U69593

was not seen in the presence of MCDP, which only moder-
ately increased base-line transmission. Together with our

previous findings that the inhibitory effect ofU69593 was not

altered by prior treatment ofthe slice with L-type and N-type

calcium channel antagonists (6), these results indicate that
K-opioid receptors on mossy fiber terminals do not couple to

voltage-dependent calcium channels.

Our data demonstrate that K-opioid receptors inhibit neu-

rotransmitter release by modulating presynaptic potassium
channels. Potassium channels localized on presynaptic ter-

minals control the rate of repolarization after an action po-

tential invasion. Shorter action potentials allow less calcium

entry into the terminal and, therefore, less transmitter re-
lease. Several types of potassium currents are thought to

participate in action potential repolarization, including mac-
tivating voltage-dependent currents, noninactivating volt-
age-dependent currents, and the large conductance, Ca2�-
dependent potassium current (14). These currents can be
differentiated by pharmacological, as well as electrophysio-

logical, characteristics.
The combination of sensitivity to low doses of 4-AP, as well

as DTx and MCDP, is characteristic of the Shaker (Kvl)
voltage-dependent potassium currents (20, 23). Shaker po-

tassium channels are heteromeric combinations of a and �3

subunits, and different combinations exhibit different elec-

trophysiological and pharmacological properties (24-26). It
is likely that the channels coupled to K receptors contain

either Kvl.1, Kvl.2, or Kvl.6 a subunits, which confer sen-

sitivity to DTx (27). It is also possible that the opioid-sensi-

tive channel contains Kvl.4 and/or the �31 subunit because in

the rat hippocampus, these two subunits are enriched in the

mossy fiber terminal zone (21, 28, 29). Channels that include

the Kvl.4 a subunit or the f31 subunit exhibit rapidly mac-

tivating A currents (26).
A number of other G protein-coupled receptors have been

reported to act via voltage-dependent potassium currents,
including muscarinic acetylcholine receptors (16, 30), a1-ad-
renergic receptors (31), and dopamine receptors (32). In ad-

dition, we previously found that j�-opioid receptors in inter-

neurons from the rat subiculum can potentiate at least two
distinct potassium currents: one is an inward rectifier and

the other is a voltage-dependent outward current (33). This
study is the first to physiologically show that presynaptic

inhibition of neurotransmission caused by the activation of a

G protein-coupled receptor can be mediated by an increase in

a DTx-sensitive potassium conductance.
The signal transduction pathway coupling the K receptor to

the potassium channel remains unknown, but many exam-

ples exist of modulation of potassium channel activity via a

change in phosphorylation state (23, 34, 35). Indeed, jt-opioid
receptor activation of a voltage-dependent potassium current
was blocked by stimulation of cAMP-dependent protein ki-

nase (36). Arachidonic acid increases a potassium conduc-

tance that is sensitive to both DTx and MCDP (37), so this
second messenger must also be considered. The single-chan-

nel basis for modulation of whole-cell potassium current re-

mains to be determined. In the case of -y-aminobutyric acidB

receptor activation, potentiation of an A current is achieved

by shifting the voltage dependence of inactivation to more

positive potentials, which results in a greater proportion of

available channels and thus a larger whole-cell current (38).

K opioids inhibit long term potentiation in the hippocam-

pus (2, 3, 39). Interestingly, potassium channel toxins, in-

cluding MCDP, induce long term potentiation (40). The func-

tional association of the K receptor with a MCDP-sensitive

potassium channel suggests that a common mechanism may

account for both observations. For example, presynaptic cal-

cium concentrations are likely to be important for induction
of long term potentiation; increased potassium conductance

by K receptor activation would limit presynaptic calcium in-
flux, and the potassium channel toxin would have the oppo-
site effect. Furthermore, K-opioid agonists inhibit seizures in

some animal models of epilepsy (41), whereas blockade of

voltage-dependent potassium channels with MCDP induces
epileptiform activity that is believed to originate in the hip-

pocampus (42). It is likely, therefore, that stimulation of the
MCDP-sensitive potassium channel by K opioids accounts for

the anticonvulsant actions of these drugs.
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