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ABSTRACT  We used intracellular recording in the hippocam-
pal slice in vitro to characterize further the mechanisms behind
the unusual excitatory action of opiates and opioid peptides on
hippocampal pyramidal cells in vivo. No significant effect on rest-
ing membrane potential, input resistance, or action potential size
in cortical area 1 (CAl) pyramidal cells was observed with mor-
phine sulfate, B-endorphin, [Met’lenkephalin, or [p-Ala®, D-
Leu®]enkephalin at 1-50 M. However, in all cells studied, these
agents markedly reduced the size of inhibitory postsynaptic po-
tentials generated by stimulation of the stratum radiatum or al-
veus. Excitatory postsynaptic potentials were also diminished in
many of these cells. The effects of the opioids were antagonized
by naloxone. These results are consistent with excitation of py-
ramidal neurons by a disinhibitory mechanism.

The discovery of opioid.peptides has provoked considerable in-
terest in their possible function. The most common action of
exogenous opiates and opioid peptides is naloxone-sensitive in-
hibition of neuronal activity (1, 2). However, several studies
have shown naloxone-sensitive excitation with iontophoresis of
opioids onto hippocampal pyramidal cells (3-5). The hippocam-
pus also exhibits epileptiform activity with opioid peptide
administration (6, 7). On the basis of extracellular studies on the
in vivo hippocampus (4, 8), it was suggested that the pyramidal
cell may be activated by the opiates indirectly through a dis-
inhibitory mechanism—by depression of the firing of inhibitory
interneurons. Results of more recent extracellular studies
(9-14) of the hippocampus in vivo and in vitro have generally
corroborated this view.

However, recent reports of intracellular studies on hippo-
campal pyramidal neurons in vitro reveal several inconsisten-
cies. Thus, Deadwyler and Robinson (15) have found direct
effects of high concentrations (1 mM) of morphine on membrane
potentials of neurons in the hippocampal slice. Still, by virtue
of the ability of pentabarbital to antagonize these potential
changes, these authors suggest that a disinhibitory mechanism
is likely to account for this action (14). Recent studies on the
same preparation from three other laboratories (16-18) have
revealed no effect of lower doses of the opiate peptides on rest-
ing membrane properties. However, whereas Haas and Ryall
(16) and Dingledine (17) found that opioids enhance excitatory
postsynaptic potentials (EPSPs) with no change in inhibitory
postsynaptic potential (IPSP) size, Nicoll et al. (18) showed a
dramatic reduction of both recurrent and feedforward IPSPs.
In contrast, Gihwiler (19) reported that perfusion of opioids
onto hippocampal pyramidal cells in culture has no effect on
resting membrane properties but enlarges spontaneous EPSPs
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and reduces evoked IPSPs, leading to paroxysmal depolariza-
tion shifts.

The reason for these discrepancies is unknown, although they
may arise from the complicated feedback circuitry of the hip-
pocampus and the close interrelationship between excitatory
and inhibitory mechanisms in the pyramidal cell. Thus, it is
difficult to explain how opiates might elevate EPSP size in the
pyramidal cell without concomitant increases in IPSPs. To help
clarify these discrepancies, we pursued ongoing studies of the
action of opioids on both EPSPs and IPSPs in the same pyram-
idal cells of the hippocampal slice preparation (20, 21).

METHODS

Male albino rats of 130- to 200-g body weight were decapitated,
and hippocampal formations were rapidly removed. Transverse
hippocampal slices of 360- to 400-um thickness were cut on a
Sorval brain slicer and immediately placed in cold (6-10°C;
gassed with 95% 0,/5% CO,) 124 mM NaCl/3.3 mM KCl/
1.25 mM KH,PO,/2.4 mM MgSO,7H,0/2.5 mM CaCly/
25.7 mM NaHCO3/10.0 mM glucose. This standard solution
henceforth will be referred to as “CSF.” The slices were then
transferred and incubated in a chamber for 1 hr in CSF that was
continuously perfused at 0.5-2 ml/min and gradually warmed
from 31°C to 35°C. Field potentials in response to stimulation
of the stratum radiatum or the alveus were recorded in cortical
area 1 (CAl) with an extracellular pipette (1 MQ, 3 M NaCl)
(Fig. 1A). Slices with population spikes less than 3 mV (Fig. 1B)
were discarded.

Slices selected for intracellular recording were then perfused
at about 1-2 ml/min, with complete immersion and superfusion
of the slice to facilitate uniform drug penetration and to prevent
artifacts likely to occur with methods that leave the top surface
exposed. The chamber volume was about 1 ml; together with
the “dead space” of the tubing, this provides a fluid replacement
time of about 2-3 min. Intracellular electrodes were pulled
from fiber-filled tubing and filled with 3 M KCl or 1 M KCl/
1.6 M potassium citrate, 1:10 (vol/vol). Electrode resistances
with KCI were 60-80 M{). CAl neurons were penetrated and
identified as pyramidal cells on the basis of their visible location
in the pyramidal layer and their antidromic and orthodromic
synaptic responses to stratum radiation and alveus stimulation
(Fig. 1 A and D). Intracellular voltage recording and current
injection (0.1-1 nA; 200- to 300-msec pulses) were performed
by standard techniques. Recordings were stored on polygraph
paper and on magnetic tape (38 cm/sec, bandpass to 5 kHz), and
relevant periods were filmed from a storage oscilloscope. Mea-

Abbreviations: IPSP, inhibitory postsynaptic potential; EPSP, excita-

tory postsynaptic potential; CAl, cortical area 1.

* Permanent address: Arthur V. Davis Center for Behavioral Neuro-
biology, The Salk Institute, P.O. Box 85800, San Diego, CA 92138.
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Fig. 1. Recording configuration and potentials obtained from the in vitro hippocampal slice preparation. (A) Schematic of the stimulation (S)
and recording (R) arrangement. Left-most stimulating electrode is positioned on the stratum radiatum and right-most on the alveus. Pyramidal
neurons were recorded in CA1 cells. (B Left) Extracellular recording of population spike recorded in pyramidal cell 1ayer after stimulation of stratum
radiatum (arrow and artifact). Spike is 5.2 mV peak to peak; recording is 22 msec in duration. (B Right) Intracellular recording. Uninterrupted
trains of action potentials generated by intracellular injection of depolarizing current pulse (0.15 nA, top trace). Calibration pulse at the beginning
of the record is 10 mV for 10 msec. (C) Another cell: stimulation of stratum radiatum at a strength supramaximal for spike generation (arrow),
superimposed on a train of spikes evoked by intracellular injection of depolarizing current (0.15 nA). Note hyperpolarization and abolition of spiking
after stratum radiatum stimulation. (D) Another cell: elicitation of a large IPSP by stratum radiatum stimulation (arrow) without spike generation.
The apparent lack of an EPSP may be due to the shunting effect of the IPSP, perhaps indicating a feedforward inhibitory mechanism (22). (E)
Current-voltage curve generated by intracellular injection of constant-current, square-wave pulses of incrementally increasing intensity (roughly
0.15, 0.33, and 0.48 nA), through a bridge circuit and the recording electrode. ®, CSF control; X, during 10 uM B-endorphin perfusion; @, 30-min
CSF washout; RMP, resting membrane potential. (Inset) Superimposed voltage pulses generated by such current before g-endorphin perfusion. Note
the time-dependent rectification of the hyperpolarizing pulses always seen in hippocampal pyramidal neurons; neither the fast-changing nor the
flat portions of the pulse were altered by the peptide. Current—voltage plot was measured from the flat portion; thus, input resistance is not changed.

Calibration pulse at the beginning of the Inset record was 10 mV for 10 msec.

surements of current—voltage relationships, EPSPs, and IPSPs
were taken from filmed records.

Drugs perfused were morphine sulfate, B-endorphin, [D-
Ala®, D-Leu®]enkephalin, [Met®]enkephalin and naloxone-HCI.
Most of the cells were tested two or more times with the same
agonist.

RESULTS

The CA1 pyramidal cells accepted for inclusion in this study
satisfied several criteria for lack of injury by electrode penetra-
tion (23), including steady membrane potentials above 50 mV,
input resistance above 30 M(Q, large action potentials (70-95
mV), and the capability of generating continuous trains of action
potentials of undiminished size in response to weak depolarizing
stimulation (Fig. 1B; see ref. 23). Thus, 24 cells were recorded
for durations of 1-4 hr. In addition, several other less stable cells
were recorded that showed essentially the same responses.
Most of the neurons utilized in this study (about 60%) did not
display action potentials unless stimulated by intracellular cur-
rent injection or by activation of the alveus or stratum radiatum.
In all such quiescent cells, there was no change in membrane
potential in response to perfusion of the slice with morphine
sulfate (5-50 uM; eight cells), with [Met®]enkephalin or [D-
Ala%, D-Leu®]enkephalin (1-20 uM; eight cells), or with B-en-
dorphin (1-10 uM; five cells). Likewise, there were no signif-

icant changes in input resistance in these 21 cells as assessed.

by generation of current-voltage curves (Figs. 1E and 24). In

three other cells, a slight (1-3 mV) change in membrane po-
tential (one hyperpolarized, two depolarized) was seen on oc-
casion with perfusion of the opioids. However, these changes
were always in the direction expected for, and probably caused
by, changes in the spontaneous firing rate of these neurons: (i)
a reduction in firing (associated with hyperpolarization) was
evoked by [Met®]enkephalin (one cell) and by B-endorphin (one
cell) and (ii) increased firing (with depolarization) was seen with
morphine sulfate (two cells) and B-endorphin (two cells). Nei-
ther the changes in firing nor in membrane potential were as-
sociated with any detectable change in input resistance. Three
cells showed abrupt, prolonged depolarization shifts (10-15
mV) lasting up to 8 sec with B-endorphin, suggestive of epilep-
tiform activity (24).

As shown elsewhere (25), stimulation of the stratum radiatum
with low intensities usually evoked an EPSP that was capable
of triggering single spike at greater stimulus intensities. The
spike or EPSP was usually followed by a hyperpolarization (2-8
mV) identified as an IPSP because of the following properties:
(i) ability to reverse the potentials with cell hyperpolarization
and increase them with depolarization; (ii) long inhibition by
concurrent alveus or stratum radiatum stimulation of spike
trains produced by weak depolarizing currents (see ref. 23! com-
pare Fig. 1 B and:C); (iii) increase in membrane conductance
during the hyperpolarization; and (iv) occasional elicitation of
such hyperpolarizations without preceeding EPSPs or spikes
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Fic. 2. Effects of [Met®lenkephalin ((met]JENK) on a CA1 pyram-
idal neuron in vitro. (A) Superimposition of points (measured at the
flat portion of the electrotonic potential) of the current-voltage re-
lationship show a lack of effect of 10 uM enkephalin perfusion (0) com-
pared to the CSF control (X) and 15-min washout with CSF (4) on input
resistance. Resting potential (RMP) remained constant throughout the
tests. (B) Same cell: stimulus-response (input—output) relationship of
IPSP amplitude with two strengths of low-intensity stratum radiatum
(SR) stimulation. (C) The actual oscillographic records of the IPSPs at
2.6 V SR stimulation (Left) and at 4 V SR stimulation (Right). Note that
the enkephalin reduces the IPSP by 25-60%, with recovery at the 15-
min washout. Tops of spikes were cut off for display. First negative
pulse at beginning of each trace was 10 mV; total trace duration was
1000 ms.

(Fig. 1D). These IPSPs were 3-7 mV in amplitude and appear
identical in form to those described elsewhere (18, 23, 25).

Perfusion of the slices with B-endorphin (1-10 uM) reduced
the peak size of the IPSPs (Fig. 3 A and B) by 35 + 21% (mean
+ SD), in all seven cells studied, with slow recovery to the ori-
ginal size on washout with artificial CSF. Likewise, [Met®]en-
kephalin or [D-Ala®, D-Leu®]enkephalin (2-10 uM) always
reduced the IPSPs [by 41% = 16% (mean = SD), six cells; Fig.
2 B and C] as did morphine sulfate [5-50 uM; by 47 + 22%
(mean * SD), 10 cells]. The extent of opioid antagonism of
IPSPs ranged from 17% to 100%. Diminution of the IPSPs oc-
curred without alteration of spike sizes or other membrane
properties, even with perfusion of 40 uM morphine. Moreover,
the opioid-induced reductions in the IPSP were completely
blocked in all of the eight neurons so tested (Fig. 3A) by con-
comitant perfusion of naloxone at doses (10-20 uM) that had
little or no effect on IPSPs or membrane properties.

In many of the same neurons the EPSPs also seemed to be
sensitive to the opiates and peptides, although reproducibly
stable EPSPs without spikes were difficult to obtain. Whether
recorded at resting potential or superimposed on hyperpolar-
izing pulses to prevent spike generation (Fig. 3C), the EPSPs
usually were reduced in size: by 55% and 78% with B-endor-
phin in two of four testable cells, by 25% and 100% with
[Met®]enkephalin in two of four cells, and by 8%, 33%, and 15%
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with morphine sulfate in three of four cells. EPSP size was in-
creased (by 33%) in only one cell with morphine sulfate and in
two cells by B-endorphin (by 4% and 78%). EPSPs of one cell
were not affected by [Met®]enkephalin. The inhibitory effect
of the opioids on EPSP size was reduced or abolished by con-
comitant perfusion of naloxone (20 uM) in two cells; in three
others, the actions of the opioids were not affected.

DISCUSSION

In this study we attempted to determine (i) whether the opiates
and opioid peptides act directly on the pyramidal cell postsyn-
aptic membrane or only on synaptic potentials and (ii) how the
opioids activate pyramidal cells and elicit epileptiform activity
in vivo. With regard to the first question, we have found no
evidence for a direct action of opioids on the resting membrane
properties of the pyramidal cell because perfusion of high con-
centrations of opiate agonists did not significantly alter either
membrane potentials or membrane resistance.

In contrast, the opioids do appear to alter synaptic potentials.
The most striking of these effects in our study is the clear re-
duction in the size of the IPSPs evoked by stratum radiatum
stimulation. Such a reduction of inhibition in vivo would favor
excitatory mechanisms, perhaps even culminating in epilepti-
form activity (6, 7, 15, 19). The involvement of such a disinhi-
bition (4, 8) is generally supported. by unit and field recordings
of pyramidal cells and interneurons in the hippecampus slice
(9, 11-14). In this regard, our data are most in accord with the
recent intracellular results of Nicoll et al. (18) and Gahwiler (19)
who observed opioid-induced diminutions in IPSP size in hip-
pocampal pyramidal cells. However, Gihwiler (19) also ob-
served a concomitant increase in EPSP size in hippocampal
cultures; Nicoll et al. (18) did not report effects of opioids on
EPSPs in the slice preparation. Our results are in strongest con-
trast to those of Haas and Ryall (16) and Dingledine (17) who
report opioid-induced augmentation of EPSPs without effect
on IPSPs. Although the reason for these discrepancies is not
known, we speculate that differences in methods of measuring
EPSPs (e.g., with vs. without spike generation) or in methodol-
ogies of drug perfusion (e.g., with the upper surface of the slice
submerged or exposed) could be responsible.

The reduction of EPSPs often seen in the present study with
perfusion of the opioids parallels the findings of Zieglginsberger
and coworkers (26, 27) and may suggest a mechanism by which
the IPSPs are reduced. It is likely that the pyramidal cells ac-
tivate inhibitory interneurons by releasing the same excitatory
transmitter as that with which they activate each other (25).
There is good evidence that this transmitter is glutamate (see
28). The opioids may antagonize a glutamate-induced postsyn-
aptic activation of Na-channels in the inhibitory interneurons,
as suggested for spinal neurons (26-29), although a presynaptic
blockade of transmitter release (30-33) or hyperpolarization of
the inhibitory interneuron cannot be ruled out by the present
studies. A similar action at synapses between one pyramidal cell
and another would account for our frequent observation of
opioid-induced reduction in EPSPs. Although it is possible that
some proportion of the presumed EPSPs were contaminated
by depolarizing feedforward IPSPs (22) sensitive to the opioid
agonists (18), our preliminary studies show that [DAla® D-
Leu®]enkephalin also frequently antagonizes the depolarizing
actions of glutamate on the hippocampal pyramidal cell.

‘The occasional changes in firing rate produced by the opioids
(and small membrane potential changes sometimes associated
with these) may be a reflection of the changes in IPSPs and
'EPSPs. Thus, the direction of change in firing rate for a given
cell may be dependent on the synaptic drive to that cell and the
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Fic. 3. Effectsof 10 uM B-endorphin on synaptic potentials of a CA1 neuron. (A) Stimulus-response curve of peak IPSP amplitudes after stim-
ulation of stratum radiatum (SR) by four different intensities.®, CSF control; x, B-endorphin (10 min); ®, 20-min washout; larger x, 10 uM B-en-
dorphin plus 20 uM naloxone (8-E + N). (B) Same test: oscillographic data of IPSPs before drug perfusion (CSF control; Top), during B-endorphin
perfusion (Middle), and at 20-min washout (CSF recovery; Bottom). Note dramatic reduction in the IPSPs and abolition of spiking in this cell by
B-endorphin. Whereas IPSPs show recovery, spiking does not. The effect on IPSPs is blocked by 20 uM naloxone (shown in A only). Neither membrane
potential nor resistance were altered by S-endorphin. (C) Stimulus-response curve for EPSPs from the same cell. In this cell.all EPSPs were su-
perimposed on a constant 0.35-nA hyperpolarizing current pulse to prevent contamination by spikes. @, Control; x, 8-endorphin; a, recovery (=30
min). (Insets) Oscillograph records of EPSPs, with increasing stimulus intensity from bottom to top, before (Left), during (Middle), and 30 min after
(Right) 10. uM B-endorphin perfusion. The SR-stimulating voltages used to generate each EPSP is shown in the stimulus-response plot. Largest
stimulus intensity generates a spike (not plotted). Note reduction in both the peak and rise-time of the EPSPs by.the S-endorphin. Calibration bars,

20 mV, 50 msec; arrows, SR stimulus. Tops of spikes in B and € were cut.off for display.

balance between inhibitory and excitatory influences: a rela-
tively greater or more widespread reduction in IPSPs than in
EPSPs would favor increases in firing. The strong reduction in
EPSPs sometimes seen in our study could account for the ob-
servation of occasional inhibitory actions. of iontophoretically
applied opioids in hippocampus in vivo (e.g., ref. 5).

During B-endorphin perfusion, several cells exhibited rap-
idly reversible, paroxysmal depolarization shifts suggestive of
epileptiform activity (19; 23). These shifts may represent an in
vitro intracellular correlate of the interictal episodes produced
by B-endorphin in vivo (6, 7) and in oculo (34). Evidence is ac-
cumulating (35) that these epileptiform episodes, like the unit
excitations evoked by iontophoretically applied opioids (3-5),
are also produced by a disinhibition of pyramidal cells. These
electrographic phenomena may represent only pathological or
pharmacological curiosities, or they may signify some physio-
logical role of the opioid peptides in hippocampal function.
Recent immunohistochemical studies of hippocampus have
demonstrated enkephalin-like substances in structures resem-
bling nerve fibers, especially in regio inferior of hippocampus,
but also to a lesser degree in CAl (36-38). However, ultra-
structural elucidation of the target cell(s) for these enkephalin-
containing fibers will be required to support a disinhibitory
function for the endogenous peptides in hippocampus.
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