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intracellular
recordings
were made from layer V pyramidal
neurons in slices of rat anterior cingulate cortex, using electrodes that contained
potassium
methylsulfate
and biocytin.
[Met5]enkephalin
(300 nM to 30 ELM) reversibly
reduced the
amplitude
of EPSPs evoked by stimulation
of the subcortical
white matter; the half-maximal
concentration
was about 800
nM. These EPSPs were blocked
by (?)-2-amino&phosphonovaleric
acid and 6-cyano-7-nitroquinoxaline-2,3-dione.
[Mets]enkephalin
also reduced the amplitude
of bicucullinesensitive
IPSPs evoked by stimulation
within layer V; the
half-maximal
concentration
was about 60 nM. Both these
actions of [Mets]enkephalin
were mimicked by the &selective agonist DPDPE (Tyr-D-Pen-Gly-Phe-D-Pen)
but not by the
F-selective
agonist DAMGO (Tyr-D-Ala-Gly-MePhe-Gly-01);
they were blocked by the &selective
antagonist
naltrindole
(apparent
dissociation
constant of about 0.3 nM) but not by
the p-selective
antagonist
CTOP (D-Phe-Cys-Tyr-D-Trp-OrnThr-Pen-Thr-NH,).
[MePlenkephalin
did not change the amplitudes of depolarizations
evoked by direct application
of
glutamate or hyperpolarizations
evoked by direct application
of muscimol
(at -55 mV). Fifty percent (22 of 45) of pyramidal cells were hyperpolarized
by [Mets]enkephalin;
this
resulted from an increase in potassium
conductance,
and it
was mimicked
by DPDPE and blocked by naltrindole.
Five
of seven
nonpyramidal
cells were hyperpolarized
by
[Mets]enkephalin;
this was mimicked by DAMGO and blocked
by CTOP. It is concluded
that activation of &opioid receptors
hyperpolarizes
some pyramidal
neurons
in the prefrontal
cortex, and also inhibits presynaptically
the release of excitatory amino acids and GABA at synapses onto pyramidal
neurons.
Activation
of r-opioid
receptors
hyperpolarizes
nonpyramidal
neurons but does not inhibit the release of
excitatory
amino acids or GABA onto pyramidal neurons.
[Key words: opioid receptors,
synaptic potentials,
anterior
cingolate
cortex]

The actions of morphine at the cellular level were first investigated in the neocortex (KrnjeviC, 1965), but in the intervening
years there has been “no systematic study of the effects of ligands,having high specificity for different opiate receptors, on
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neuronesof the cerebral cortex” (Dugganand Fleetwood-Walker, 1992). There are three types of reasonswhy an increased
understandingof opiate actions in the anterior cingulate cortex
is desirable. First, morphine and its congenersproduce mood
alterations suchasa feelingof tranquility. The cellular substrates
for these effects are not understood but there is electroencephalographic evidence for direct cortical involvement (reviewed
Dugganand North, 1984;Dugganand Fleetwood-Walker, 1992).
Second, opioid drugs selective for w-receptorsare strongly reinforcing, and this probably involves the dopamine projections
from the midbrain to the nucleusaccumbensand cingulate cortex (DiChiara and North, 1992; Koob, 1992).Third, three types
of opioid receptor, as well as endogenousopioid peptides, are
presentin the cerebral cortex (reviewed Mansour and Watson,
1992).Although there are regional and speciesdifferences,&receptors and [Leus]enkephalin immunoreactivity are diffusely
distributed in layers II, III, V, and VI, whereash-receptors are
most prominent in layers I and III/IV (McGinty et al., 1984;
Mansour et al., 1987, 1988; Blackburn et al., 1988; Mansour
and Watson, 1992). The physiological role of the endogenous
opioids remains obscure.
In several other parts of the nervous system, opiates acting
at p- and b-receptorshave two main direct cellular actions that
are readily detectable electrically (North, 1992). First, they inhibit action potential firing by increasingthe membrane potassium conductance. Where synaptic connectionsamongcellsare
intact, such inhibition of interneurons can lead to excitation of
other cells; this is seenin hippocampal pyramidal cells (Zieglggnsbergeret al., 1979; Madison and Nicoll, 1988) and dopamine-containing neuronsof the ventral tegmental area(Johnsonand North, 1992).Second,opioidsreducevoltage-dependent
calcium currents (reviewed by North, 1992). In many parts of
the CNS and PNS opioids reduce the releaseof neurotransmitters (Illes, 1989) but, in most cases,it remains unclear whether
inhibition of transmitter releaseis causally related to the effects
on potassiumand calcium channels(e.g., Cohen et al., 1992).
The aim of the presentwork was to determine the actions of
opioids selective for p- and K-receptorson neurons of the rat
anterior cingulate cortex. Intracellular recording was used so
that the neuronscould be labeledfor subsequenthistology. Synaptic potentials mediatedby excitatory amino acidsand GABA
were isolated pharmacologically; their amplitudes were used,
with appropriate controls, asindices of the effectsof opioids on
transmitter release.
Materials and Methods
Themethodshavebeendescribed
previously(TanakaandNorth, 1993).
Briefly, rats were killed underdeephalothaneanesthesia
by severing
the greatvessels
of the chest.The brain wasremovedanda block of
tissue that contained
the anterior
cingulate
cortex was sectioned
with a
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vibratome (350 pm). The tissue slice was submerged in a flowing physiological saline that contained (mM) NaCl, 126; KCl, 2.5; CaCl,, 2.4;
MgC&, 1.2; NaH2P0,, 1.2; NaHCO,, 26; dextrose, 10 (saturated with
95% 02, 5% CO>; preheated to 36°C). Intracellular recordings were made
from neurons within layer V, using electrodes that contained potassium
methylsulfate (2 M) and biocytin (20 mg/ml in 10 mM Tris buffer at pH
7.2). Tissues were fixed after the recordings in Zamboni fixative, incubated with extravidin-peroxidase
conjugate, and reacted with diaminobenzidine (5 m&ml in 0.01% hydrogen peroxide). Focal electrical
stimulation was applied using two tungsten-in-glass electrodes; these
were placed on the surface of the subcortical white matter or within
layer V. The components of the synaptic potentials mediated by excitatory amino acids (hereafter referred to as glutamate) and mediated by
GABA were isolated with receptor antagonists (see Tanaka and North,
1993). Bicuculline (500 nM) was used to isolate the glutamate component
and (k)-2-amino-5-phosphonovaleric
acid (APV; 50 FM) and 6-cyano7-nitroquinoxaline-2,3-dione
(CNQX; 10 WM) were added to isolate the
GABA component. Drugs were applied by changing the superfusing
solution. They included [Met5]enkephalin, Tyr-D-Ala-Gly-MePhe-Gly01 (DAMGO), Tyr-D-Pen-Gly-Phe-D-Pen (DPDPE), Tyr-o-Ala-Gly-Phe(DADLE),
trans-(f)-3,4-dichloro-N-methyl-[2-(1D-Leu
pyrrolidinyl)cyclohexyl]benzeneacetamide
(U50488H), naltrindole
hydrochloride, D-Phe-Cys-Tyr-p-Trp-Om-Thr-Pen-Thr-NH,
(CTOP),
naloxone, L-glutamate, and muscimol. Glutamate and [Met5]enkephalin
were also applied by pressure ejection; a few nanoliters of a solution
containing 500 mM glutamate or 10 mM [Mets]enkephalin were ejected
by a pulse of pressure from a glass micropipette, the tip of which (2-5
pm) was positioned beneath the surface of the superfusing solution and
above the tissue slice. The reductions of amplitude of the synaptic
potentials by different concentrations of opioid agonists are expressed
as percentages (mean ? standard deviation). Equilibrium dissociation
constants for naltrindole (I&,, nM) were estimated for individual neurons
from KD = 3/(DR - l), where DR is the ratio by which the agonist
concentration had to be increased to obtain the same percentage inhibition in the presence of 3 nM naltrindole. This assumes that naltrindole
acted as a competitive antagonist (Portoghese et al., 1988); in a few cells
to which several concentrations of naltrindole were applied they produced increasing rightward shifts in the concentration-response curve
for [Mets]enkephalin (see Figs. 3, 6).
Results
The 52 neurons included in this study had resting membrane
potentials of -66 * 6.5 mV (mean & SD) and input resistances

5mV
ms

Figure 1. [Met5]enkephalin
inhibits
the EPSP. A:Left, Time course of inhibition. Upward deflections are EPSPs.
[Met5]enkephalin (ME; 10 PM) was applied during the time indicated by the
horizontal bar. The middle record shows
that the effect of [Metslenkephalin was
blocked bv naloxone (1 NM); the lower
record is after the washout of naloxone.
Right, Each panel shows the control
EPSP superimposed on the EPSP in
[Met5]enkephalin (10 FM). Each EPSP
shown is the average of 10. Top, Synaptic potentials
were reduced by
[Mets]enkephalin (ME; 10 PM, 2 min).
Middle, Naloxone blocked the effect of
[Mets]enkephalin.
Bottom, Wash of
naloxone. Membrane potential was - 70
mV. B, Concentration dependence of
inhibition. Each point shows the mean
f SD of three to eight cells tested at
each concentration. Bicuculline (500
nM) was present throughout. Synaptic
potentials were evoked by stimulation
of subcortical white matter.

[measured from the amplitude of small (< 10 mV) hyperpolarizing electrotonic
potentials]
of 58 k 23 MQ. Histological
examination
allowed the cells to be classed as pyramidal or nonpyramidal (see Tanaka and North, 1993); in this study 45 cells
were pyramidal neurons (input resistance of 53 f 19 MO) and
7 cells were nonpyramidal
neurons (input resistance was 93 +
23 MO).
Inhibition

of the synaptic potential

mediated

by glutamate

[Met5]enkephalin
(30 nM to 30 PM) reduced the amplitude
of
EPSPs elicited by electrical stimulation of subcortical white matter (in bicuculline
500 nM) (Fig. 1). The effect developed within
l-2 min of [Met5]enkephalin
reaching the recording chamber
and reversed fully when the tissue was washed with control
solution for 5-l 5 min. The inhibition
of the EPSP persisted as
long as the [Met5]enkephalin
application
was continued (up to
10 min) with no change in the degree of inhibition.
Similar
results were observed
with stimulation
in layer V, and
[Met5]enkephalin
was equally effective at depressing the EPSP
generated from either site when this was compared in the same
cell. The minimal effective concentration
of [Met5]enkephalin
was 30 nM, and the EPSP was inhibited
by 60 * 1.6% (n = 7)
with a concentration
of 30 PM (Fig. 1). The effect of
[Mets]enkephalin
on the EPSP was not different in neurons that
were hyperpolarized
(see below) and those that were not.
The reduction of the EPSP by [Mets]enkephalin
was mimicked by DPDPE (Fig. 2) and by [D-Ala2]deltorphin-II,
which
are agonists selective for &receptors. DPDPE (100 nM, 3 min)
reduced the EPSP amplitude by 39 -t 9.4% (n = 8) of control,
and [D-Ala2]deltorphin-II
(100 nM, 3 min) reduced the EPSP
amplitude
by 33 ? 1.0% (n = 3). The effect was reversibly
blocked by naloxone (1 HM, 10 min) (Fig. 1A) and by naltrindole
(l-l 0 nM) (Fig. 3) which is an antagonist selective for fi-receptors. Naloxone
(1 KM, 10 min) reduced the inhibition
of the
EPSP by [Met5]enkephalin
(10 ELM) from 40 * 5.3% (n = 6) to
13 f 1.8% (n = 6) (Fig. 1). Naltrindole
(10 nM) reduced the
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Figure 2. d-Receptor-selective agonist inhibits the EPSP. A, Synaptic potentials were inhibited by DPDPE (1
pM) but not by DAMGO
(i PM). Details
are as for Figure 1. Resting potential
was -72 mV. B, Depolarization evoked
by glutamate (500 mM, 140 kPa for 30
msec) was unaffected by [Metslenkephalin. Left, Control. Middle, In
[Met5]enkephalin (ME, 10 PM). Right,
Wash. Resting potential was -75 mV.
Svnavtic votentials were induced bv
stimulation to subcortical white matter;
bicuculline (500 nM) was present.
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inhibition
of the EPSP amplitude
by [Met5]enkephalin
(10 PM)
from 52 + 3.4% (n = 5) to 18 -t 0.9% (n = 5). Agonists selective
for F-receptors (DAMGO,
3 PM, y2 = 5) (Fig. 2) and K-reCeptOrS
(U50488,
1 PM, n = 5) had no effect on the EPSP; CTOP (300
nM), an antagonist at p-receptors, did not alter the inhibition
caused by [Mets]enkephalin
(10 PM). Increasing concentrations
of naltrindole
produced rightward
shifts of the concentrationeffect curves for [Met5]enkephalin
(Fig. 3). The apparent dissociation constant for naltrindole
was calculated on the assumption
that the antagonism
between
naltrindole
and
[Mets]enkephalin
was competitive;
it was 0.3 1 + 0.18 nM (n =

0
Both the non-NMDA
and NMDA
components of the EPSP
were similarly depressed by DPDPE. In four cells, the EPSP

A

Figure 3. Naltrindole competitively
antagonizes inhibition ofEPSP (recordings from a single cell). A, Each panel
shows two superimposed traces (each
the average of 10 EPSPs) before and
after adding [Mets]enkephalin. Left, Inof
creasing
concentrations
[Mets]enkephalin (indicated in PM) increasingly inhibit the EPSP. Right, in
the presence of naltrindole (10 nM). B,
The effects of [Met5]enkephalin applied
to this cell on 19 occasions. Numbers
beside the curves indicate the concentrations of naltrindole present (nM). Bicuculline (500 nM) was present throughout.

10 mV

was reduced to 39 f 5.2% of control by DPDPE (100 nM); after
adding APV (50 PM), the remaining
non-NMDA
component
was reduced to 44 + 3.7% of control. After washing out the
APV, CNQX (10 PM) was added; DPDPE reduced the NMDA
component
to 36% f 1.2% of control. Glutamate was applied
by pressure ejection and it evoked a depolarization
of lo-30
mV. [Mets]enkephalin
(10 PM) did not affect the response to
glutamate (n = 6) (Fig. 2). The same results were obtained with
(n = 5) or without (n = 3) bicuculline
(500 nM), and with (n =
4) or without (n = 3) TTX (1 KM).

Inhibition of the synaptic potential mediatedby GABA
[Mets]enkephalin
(30 nM to 10 FM) reduced the amplitude
of
the fast IPSP elicited by electrical stimuli to layer V (in 50 PM
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APV and 10 PM CNQX) (Fig. 4). The effect developed within
l-2 min of [Met5]enkephalin
reaching the recording chamber
and fully recovered when the tissue was washed with control
solution for 5-15 min. The inhibition of the IPSP continued
unchanged during applications of up to 10 min. The lowest
concentration tested (30 nM) inhibited the IPSP by 23 + 8.7%
(n = 5); the concentration giving half-maximal inhibition was
about 60 nM (Fig. 4).
The reduction of the fast IPSP by [Met5]enkephalin wasmimicked by DPDPE (Fig. 5), DADLE, and [o-Ala2]deltorphin-II.
It was reversibly blocked by naloxone (1 PM) (Fig. 4) and nal-

Figure 4. [Mets]enkephalin
inhibits
the IPSP. A:Left, Time course of inhibition. Downward deflections are IPSPs.
[Metjlenkephalin
(ME; 10 FM) was applied during the time indicated by the
horizontal bar. The middle record shows
that the effect of [Met5]enkephalin was
blocked by naloxone (1 FM); the /ower
record is after the washout of naloxone.
Right, Each panel shows the control
IPSP superimposed on the IPSP in
[Met5]enkephalin (10 FM). Each IPSP
shown is the average of 10. Top, Synaptic potentials
were reduced by
[Mets]enkephalin (ME; 10 PM, 2 min).
Middle, Naloxone blocked the effect of
[Met5]enkephalin.
Bottom, Wash of
naloxone. Membrane potential, -60
mV. B, Concentration dependence of
inhibition. Each point shows the inhibition + SD of five to eight cells tested
at each concentration. CNQX (10 PM)
and APV (50 PM) were present throughout. Synaptic potentials were evoked by
stimulation within layer V.

trindole (10 nrq 20 min) (Fig. 6). DPDPE (100 nM, 2 min)
reducedthe fast IPSP amplitude by 43 f 5.8% (n = 5) ofcontrol,
DADLE (100 nM, 2 min) reduced it by 38 + 13.3% (n = 5),
and [D-Ala2]deltorphin II (100 nM) reduced it by 73 + 1.O%(n
= 4). Naloxone (1 PM, 10 min) reduced the inhibition of the
fast IPSP amplitude by [Met5]enkephalin (10 FM) from 48 &
7.9% (n = 7) to 14 f 5.8% (n = 7). Naltrindole (10 nM, 20 min)
reduced the inhibition of the fast IPSP amplitude by
[Met5]enkephalin (10 PM) from 5 1 f 7.9% (n = 6) to 27 -t 2.9%
(n = 6). The apparent

dissociation

constant for naltrindole

was

0.15 rt 0.13 nM (n = 8). No reduction of the fast IPSP amplitude

A
DPDPE

-LA=---

DAMGO

J

5 mV

20

ms

1 min

B
Control

ME

Wash

&scimol

Figure 5. S-Receptor-selective agonistinhibitstheIPSP.A, DPDPE(1FM)
but not DAMGO (1 NM) reduced IPSP
amplitude. Details are as in Figure 1.

Membranepotentialwasheldat -55
mV. B, Hyperpolarization
evoked by
muscimol (5 NM, 10 set) is unaffected
by [Mets]enkephalin.
Top, Control.
Middle, In [Mets]enkephalin (ME; 10
PM). Bottom, Wash. Membrane potential was held at -55 mV. CNQX (10
PM)
and APV (50 PM) were present.
Synaptic potentials were evoked by
stimulation within layer V.
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Figure 6. Naltrindole competitively
antagonizes inhibition of IPSP (recordings from a single cell). A, Each panel
shows two superimposed traces (each
the average of 10 IPSPs) before and after adding DADLE. Left, Effect of increasing concentrations of DADLE.
Right, Repeated in the presence of naltrindole (10 nM). B, The effects of DADLE applied to this cell on 19 occasions. Numbers beside the traces
indicate the concentration of naltrindole present (nM). CNQX (10 PM) and
APV (50 NM) were present throughout.

70 _

60 _
2
&
;

50

-

40-

:g 300
3 2010 _
0

0.00 1

0.01
DADLE

was seenwith DAMGO (300 nM) (Fig. 4) or U50488 (1 KM) (n
= 5 in each case),and CTOP (300 t-r@did not affect the inhibition observed with [Mets]enkephalin (10 PM).
Muscimol wasapplied by brief superfusion(5 PM, 10set) and
it evoked a hyperpolarization of 5-10 mV (membranepotential
held at -55 mV). [Met5]enkephalin (10 PM) did not affect the
responseto muscimol (n = 5) (Fig. 5). The sameresults were
obtained with (n = 3) or without (n = 2) APV (50 KM) and

1

0.1
concentration

CNQX (10 PM),
PM).

Figure7. Hyperpolarization of pyramidal neuron by [Mets]enkephalin mediated by &receptors.
A and B,
[MeFlenkephalin-induced
hyperpolarization was blocked by naloxone (1 PM)
and naltrindole (10 nM). In each experiment, [Met5]enkephalin (10 FM) was
applied before, in the presence of, and
40 min after washing out the antagonist. C, DAMGO (1 PM) had no effect
on membrane potential but DPDPE (1
PM)
hyperpolarized the cell and decreased input resistance. Downward
deflections are electrotonic potentials
resulting from currents of 120 pA for
200 msec applied at 0.2 Hz.

Direct postsynaptic actions of [A4eS]enkephalin
[Mets]enkephalin (300 nM to 30 IBM) hyperpolarized 22 of 45
pyramidal neurons tested and had no effect on 23 pyramidal
neurons. The hyperpolarization
persisted in TTX (1 PM), which
blocked action potentials and synaptic potentials. The hyper-
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8. [MeFlenkephalin
increases
potassium conductance of a pyramidal
neuron. A, [Mets]enkephalin (open arrow, 140 kF’a for 30 msec applied to
pipette containing 10 mM) was applied
in different concentrations of extracellular potassium (left to right) and at different membrane
potentials(topto bottom).
B, Voltage dependence
of
[MePlenkephalin-induced
potential
change, at the three [MeFlenkephalininduced potential change, at the three
Figure

2

-120

-110
I

Voltage

1

Cm”)

-2
-3

polarization was associatedwith a decreasein cell input resistance. The amplitude of the hyperpolarizing responsebecame
larger when the neuron was held at a depolarized level, and
smallerwhen appliedto a hyperpolarized cell. With extracellular
potassiumconcentration([K+],,) of2.5 mM, the [Mets]enkephalinmediated hyperpolarization reversed in polarity at - 103 + 5.5
mV (n = 4). When [K+], was 5 mM and 10 mM these values
were -85 + 1.7 mV (n = 4) and -66 + 3.1 mV (n = 4)
respectively (Fig. 8). This correspondsto a changeof 6 1 mV for
a lo-fold change in [K+], (Fig. 8). DPDPE (100 nM to 3 WM)
hyperpolarized all pyramidal neuronsthat were hyperpolarized
by [Mets]enkephalin (n = 5) (Fig. 7) and this wasalso concentration dependent. DAMGO (up to 3 FM) had no effect on the
membrane potential of pyramidal neurons. Naloxone (1 FM)
and naltrindole (10 nM) reversibly blocked the membrane hyperpolarization by [Mets]enkephalin (10 PM) (Fig. 7).
[Met*]enkephalin (l-10 KM) hyperpolarized five ofseven nonpyramidal neurons(sparselyspiny cell) testedand had no effect
on two nonpyramidal neurons.The hyperpolarization persisted
in TTX (1 KM) and was associatedwith a decreasein cell input
resistance.DAMGO (100 nM to 3 WM) alsocauseda concentration-dependent hyperpolarization of all five nonpyramidal neurons, but DPDPE (up to 3 PM) had no effect (n = 5). CTOP (300
nM) reversibly blocked the membrane hyperpolarization by
[Met5]enkephalin (10 PM) (Fig. 9).
Discussion
Presynaptic inhibition qf the EPSP and the IPSP
Both NMDA and non-NMDA componentsof the EPSP,aswell
as the GABA, receptor-mediated IPSP, were inhibited by

55

potassium
concentrations.

opioids. Theseeffectswere observedin pyramidal cellsin which
there wasno changein membranepotential or input resistance.
The reduction of EPSPs and IPSP showed little decline with
prolonged applications, but reversed readily when the
[Met5]enkephalin was washed out. [Met5]enkephalin did not
changethe depolarization evoked by direct application of glutamate or the hyperpolarization evoked by direct application of
muscimol. Theseresultsare most simply interpreted to indicate
that [Mets]enkephalin presynaptically inhibits the releaseof glutamate and GABA.
Considerableevidence supportsthe conclusionthat the opioid
receptor type involved in this presynaptic inhibition is a &receptor. This includes the mimicry of the action of
[Mets]enkephalin by DPDPE and [D-AlaZ]deltorphin-II, and the
lack of effect of DAMGO and U50488. In similar experiments
on mammalian neurons in vitro, DPDPE and DAMGO show
virtually complete selectivity for 6- and p-receptor subtypesat
these concentrations (North et al., 1987). The evidence also
includes the block of the effect by naltrindole at low nanomolar
concentrations. Considerableerrors are associatedwith the estimates of the dissociation equilibrium constant (Ku) for naltrindole becausecomplete observations with many antagonist
concentrations could rarely be made in a singlecell (e.g., Figs.
5, 6) and we therefore used an estimate based upon a single
naltrindole concentration and the assumption of competitive
antagonism.The estimatesare closeto those reported by others
for d-receptors(Portogheseet al., 1988) and there was no difference between these estimatesof the K, values for the inhibition of the EPSP and the IPSP.
Presynaptic inhibition of the releaseof excitatory amino acids
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Figure 9. Hyperpolarization
of nonpyramidal neuron by [MeF]enkephalin
mediated
by
p-receptors.
A,
[Met*]enkephalin-induced
hyperpolarization, and accompanying decrease in
resistance, was blocked by CTOP. Top,
Control. Middle, In CTGP (300 &).
Bottom. Wash (after 40 min). B. DAMGO (3 ‘ELM), but not DPDPE ‘(3 FM),
caused a hyperpolarization
with decreased resistance. Downward deflections are electrotonic potentials caused
by passing current pulses of 110 pA for
200 msec across the cell membrane at
0.2 Hz. In the experiments shown in
the top trace of A and the bottom trace
of B, the membrane potential was restored to its original level by passing a
sustained current for about 30 sec.

Wash

10 mV

B

1 min

DPDPE

DAMGO

through d-receptors has previously been reported for the rat
striatum (Jiangand North, 1992; Yuan et al., 1992);in that case
k-selective agonistsare also effective, raising the possibility that
the samepresynaptic fibers have both types of receptor. Inhibition of releaseof excitatory amino acidsby activation of FL-receptors is also seenin the dorsal horn of the rat spinal cord
(Hori et al., 1992)and rat dentate granulecells(Xie et al., 1992)
and by K-reCeptOrS
in the rat locus ceruleus(McFadzean et al.,
1987) and guinea pig dentate gyrus (Wagner et al., 1992). The
rat anterior cingulate cortex is unusual in that the presynaptic
inhibition of glutamate releaseis exclusively through Lreceptors. The origin of the glutamate-containing fibers is not known.
Some of them may arise from other pyramidal cells, which
would be consistentwith our observation that about half of the
pyramidal cells express&receptors, as detected by the somatic
hyperpolarization.
Presynaptic inhibition of the releaseof GABA also resulted
from b-receptor activation, as previously reported for the rat
striatum (Jiang and North, 1992) lateral amygdala(Sugita and
North, 1993) and dentate gyrus (Piguet and North, 1993).The
anterior cingulate cortex again differs from those sitesin that
only d-selectiveagonistswere effective, not both 6- and FL-agonists. The origin of the inhibitory GABA-releasing fibers is not
known for certain; however, the stimulating electrodes were
placed within layer V, so it is reasonableto assumethat local
interneurons were being excited. Such local interneurons may
be a different population from those directly hyperpolarized by
opioids, becausethe hyperpolarization of nonpyramidal cells
wasapparently mediatedby a h-receptor rather than a &receptor
(seebelow). However, it is also possiblethat a group of interneurons expressp-receptors on their somata, through which
hyperpolarization occurs, and d-receptors on their terminals
through which inhibition of transmitter releaseis mediated.

I
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There was a difference of about lo-fold between the concentrations of [Mets]enkephalin that inhibited the EPSPand those
that inhibited the IPSP. One possibility isthat [Met5]enkephalin
is more susceptibleto degradation asit diffusesto the excitatory
terminals ascomparedto inhibitory terminals; this would imply
a very discrete localization of degradative enzymes. A second
possibility is that the mechanismby which releaseis inhibited
may be different. For example, the IPSP may be reduced not
only becauseof an action near the terminals but also because
hyperpolarization of the cell bodieswithin the slicereducestheir
excitability. Third, the receptor reserve may differ for the two
setsof neurons.Fourth, the result may indicate distinct subtypes
of d-receptor on the glutamate- and GABA-releasing nerve terminals. If this is so, then they do not differ markedly in their
affinity for naltrindole; there was no difference between our
estimatesof the KD for the receptorsinvolved in EPSPand IPSP
inhibition. There is evidence for the existenceof b-receptorsubtypes (Sofuoglu et al., 1991); the isolation of a d-receptorcDNA
clone (Evans et al., 1992; Kieffer et al., 1992) will now allow
the subtypes to be definitively identified, and the distribution
of their RNAs to be determined at the cellular level in the cortex
and other tissues.
The direct action of [Met5]enkephalin on about one-half of
pyramidal cells was a hyperpolarization that resulted from activation of &receptors. As in other neurons (guinea pig submucous plexus, Mihara and North, 1986; rat dentate granule
cells, Piguet and North, 1993), this resulted from an increasein
membrane potassium conductance. The finding is consistent
with the presence&opioid binding sites in layer V of the rat
anterior cingulatecortex (Mansour et al., 1987, 1988; Blackbum
et al., 1988);presumably a subsetof layer V pyramidal cellswill
contain d-receptormRNA. A striking finding ofthe presentwork
wasthat nonpyramidal cells, histologically identified, were also
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hyperpolarized
but in this case an agonist selective for p- rather
than d-receptors was effective. Although
the sample of cells is
small, the results strongly suggest that layer V interneurons
express l-receptors.
This result is in agreement with the presence
,u-opioid binding sites in layer V of the rat anterior cingulate
cortex (Mansour
et al., 1988). Hyperpolarization
of nonpyramidal cells by p-receptor agonists has also been described in
the CA1 region of the hippocampus
(Madison and Nicoll, 1988).
In summary,
[Met5]enkephalin
directly reduces the excitability of pyramidal cells and nonpyramidal
cells through distinct opioid receptor types by membrane hyperpolarization.
A
further indirect action is to inhibit the release of excitatory
amino acids and of GABA. Both these latter actions involve
&receptors, but the inhibition
of the EPSP is less sensitive to
[Mets]enkephalin
than the inhibition
of the IPSP. The interplay
of these actions presumably
underlies the complex effects of
iontophoretically
applied [Mets]enkephalin
and its analogs, as
well as morphine, on the firing of neocortical neurons (Williams
and Zieglginsberger,
1981; Janiri et al., 1988; Stanzione et al.,
1989).
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