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Increased
activity of dopamine-containing
neurons in the
ventral tegmental
area is necessary
for the reinforcing
effects of opioids and other abused drugs. Intracellular
recordings from these cells in slices of rat brain in vitroshowed
that opioids do not affect the principal (dopamine-containing) neurons but hyperpolarize
secondary
(GABA-containing) interneurons.
Experiments
with agonists
and antagonists selective for opioid receptor subtypes
indicated
that
the hyperpolarization
of secondary
cells involved the p-receptor. Most principal
cells showed
spontaneous
bicuculline-sensitive
synaptic potentials when the extracellular
potassium concentration
was increased
from 2.5 to 6.5 or 10.5
mM; these were prevented
by TTX and assumed
to result
from action potentials
arising in slightly depolarized
local
interneurons.
The frequency
of these synaptic
potentials,
but not their amplitudes,
was reduced by opioids selective
for p-receptors.
It is concluded
that hyperpolarization
of the
interneurons
by opioids
reduces the spontaneous
GABAmediated synaptic input to the dopamine
cells. In do, this
would lead to excitation
of the dopamine
cells by disinhibition, which would be expected to contribute to the positive
reinforcement
seen with p-receptor
agonists such as morphine and heroin.

The dopamine-containingneuronsof the midbrain ventral tegmental area (VTA) play a critical role in the reinforcing effects
of drugsof abuse(Fibiger and Phillips, 1986; Wise, 1988; Liebman and Cooper, 1989).Behavioral experiments showthat rats
quickly learn to move to a location associatedwith previous
heroin injections (Bozarth and Wise, 1981a); this conditioned
place preference can also be produced by microinjection of
opioids directly into the VTA, and it can be prevented by neurochemical destruction of the dopamine neurons (Phillips and
LePiane, 1980; Phillips et al., 1983). Animals will repeatedly
presslevers to trigger microinjection of opioids or to stimulate
electrically the VTA, and these behaviors also require intact
dopamine neurons (Corbett and Wise, 1980; Phillips and
LePiane, 1980; Bozarth and Wise, 1981b; Phillips et al., 1983;
Fibiger et al., 1987). Opiates and other drugsof abuseincrease
dopaminereleaseand turnover in the nucleusaccumbens(Phillips and Fibiger, 1978; Smith and Lane, 1983; Di Chiara and
Imperato, 1988) suggestingthat the reinforcing effect of opiates
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is mediated by an increasein the output of dopamine. Finally,
opiates administered systemically increasethe firing of VTA
dopamineneuronsrecorded in vivo (Nowycky et al., 1978;Matthews and German, 1984), although they inhibit the firing of
nondopamine VTA neurons (Gysling and Wang, 1983).
The direct action of opioids on neuronselsewherein the nervous system,including other catecholamine-containingcells,is
inhibitory (North and Tonini, 1977; Williams et al., 1982; Mihara and North, 1986; North et al., 1987; Miyake et al., 1989;
reviewed by North, 1992). This raisesthe possibility that the
excitatory effect of the opioids on the principal, dopamine-containing cellsoccurs indirectly; that is, opioids may inhibit nondopamineneuronsin the VTA (secondaryneurons)that provide
inhibitory synaptic input to the dopamine cells,assuggested
by
Gysling and Wang (1983). Therefore, we tested the hypothesis
that opioidsexcite VTA neuronsbecausethey hyerpolarize local
inhibitory interneurons.
Materials
and Methods
Tissue preparation. A detailed description of the methods has been
published elsewhere (Lacey et al., 1989). Briefly, male Sprague-Dawley
rats (180-300 gm) were anesthetized with halothane and killed by a
blow to the chest. A horizontally cut slice of midbrain (thickness, 300
pm) was submerged in a continuously flowing solution (2 ml/min) of
the following composition (in mM): NaCl, 126; KCl, 2.5; NaH,PO,, 1.2;
MgCl,, 1.2; CaCl,, 2.4; glucose, 11; NaHCO,, 18; gassed with 95% 0,
and 5% CO, at 36”c, pH 7.4. The VTA was identified as the region
lateral to the fasciculus retroflexus and medial to the medial terminal
nucleus of the accessory optic tract (Paxinos and Watson, 1986). Cells
in the zona compacta of the substantia nigra, which appeared as a
crescent-shaped semilucent region rostra1 and caudal to the medial terminal nucleus, were not studied.
Intracellular recording. Intracellular recordings were made with glass
microelectrodes containing potassium chloride (2 M; resistance 40-90
MQ) or potassium acetate (2 M, 80-180 MS2). Membrane potentials were
amplified with an Axoclamp 2A amplifier and recorded on a Gould
2400 recorder. In some experiments, potentials were recorded on a
Vetter PCM data recorder (Rebersburg, PA) for later playback on a strip
chart recorder. Input resistance was measured from the amplitude of
small (< 15 mV) hyperpolarizing electrotonic potentials. Reversal potentials were estimated from (Em2 - E,,) = (1 - RJR,) (ERC.,- Em,),
where E,, and E,, are membrane potentials in the absence and presence
of opioid, R, and R, and are the corresponding input resistances, and
E,,, is the estimated reversal potential (Morita et al., 1982).
Evoked synaptic potentials. As described previously (Johnson and
North, 1991) focal electrical stimulation with bipolar tungsten electrodes evoked a short-latency (< 3 msec) synaptic potential that could
be separated into two components. One was mediated by excitatory
amino acids, and the other, by GABAacting at GABA, receptors. When
studying the synaptic potential mediated by excitatory amino acids,
recordings were made with bicuculline (30 PM) or picrotoxin (100 PM)
to block the GABA, component. When studying the synaptic potential
mediated by GABA, receptors, recordings were made with the excitatory amino acid antagonists 6-cyano-2,3-dihydroxy-7-nitroquinoxa-
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line (CNQX, 10 PM) and 2-amino-S-phosphonopentanoic
acid (APV;
30 PM). In about 90% of cells, a train of stimuli (5-10 stimuli at 70 Hz,
delivered every 0.0 16 set) evoked a late (latency z 50 msec) hyperpolarizing synaptic potential that was mediated by GABA, receptors. This
hyperpolarizing potential was routinely recorded in APV (30 PM), CNQX
(10 PM), and picrotoxin ( 100 PM).
Drugs. All drugs were applied by superfusion. Solutions containing
drugs entered the recording chamber within 30 set of turning a tap, the
delay being necessary for passage of the solution through a heat exchanger. Complete exchange of the bath solution occurred within 2 min.
A stock solution of dopamine hydrochloride (Sigma) was made daily
and kept on ice to retard oxidation. Other drugs used were (+)-bicuculline methiodide (Sigma), picrotoxin (Sigma), APV (Research Biochemicals), CNQX (Research Biochemicals), 2-hydroxysaclofen (saclofen; Research Biochemicals), r-amino-n-butyric
acid (GABA, Sigma),
[MeF]enkephalin acetate (Tyr-Gly-Gly-Phe-Met;
Sigma), tetrodotoxin
(Sigma), DAMGO [(Tyr-D-Ala-Gly-MePhe-Gly-01);
Peninsula Laboratories], DPDPE (Tyr-o-Pen-Gly-Phe-D-Pen;
Peninsula), U50488H
(truns-3,4-dichloro-N-methyl-N-(2-(1-pyrolidinyl)-cyclohexyl)-benzeneacetamine; gift from Upjohn), naltrindole hydrochloride (Research
Biochemicals), and CTOP ([CysZ,Tyr-‘,0mS,Pen7]somatostatin-amide;
Peninsula).

Results
Opioid hyperpolarization of secondarycells
Intracellular recordingsfrom the VTA showedtwo types of cell,
as previously described in the substantia n&a (Lacey et al.,
1989).Seventy-one cellswere testedwith dopamine(30 MM) and
[Mets]enkephalin (30 PM): 46 cells were hyperpolarized by dopamine but not by [Mets]enkephalin (principal cells, Fig. lA),
15 cells were hyperpolarized by [Mets]enkephalin but not by
dopamine (secondarycells, Fig. lA), and 10 cellswere not classified. Secondary cells had relatively narrow action potentials
(mid-spike width < 0.7 msec)and are presumedto be neurons
that do not contain dopamine (Grace and Bunney, 1980, 1983;
Grace and Onn, 1989; Lacey et al., 1989; Johnson and North,
1992; Yung et al., 1991). The sensitivity to opioids of the nondopamine cells is consistent with autoradiographic studies

10mV

Figure 1. Hyperpolarization
of secondary cells by r-receptor agonist. A, A
Principalcell is hyperpolarized by dopamine but not [Met5]enkephalin (a)
and a Secondary
cell is hyperpolarized
by [MeF]enkephalin but not by dopamine (b). As shown here, principal cells
usually fired spontaneously in vitro
whereas secondary cells did not. B, Hyperpolarization of a Secondary
neuron
by the p-receptor agonist DAMGQ (Tyro-Ala-Gly-MePhe-Gly-01)
(a) compared with lack of effects of b-receptor
agonist DPDPE (Tyr-D-Pen-Gly-Phe-uPen) and K-selective agonist U50488H
(b, same cell as in Ab).

showing that r-receptor binding in the VTA is not changedby
destruction of dopamine-containing cells (Dilts and Kalivas,
1989).
The hyperpolarization of secondary cells was mediated by
activation of p-receptors,becausethe p-selectiveagonistDAMGO washighly effective (Fig. 1B) whereasagonistsselectivefor
b-receptors(DPDPE; 3 PM; n = 3) and K-rt?CeptOrS
(U50488H;
30 PM; n = 3) were ineffective (Fig. 1B). DAMGO at 100 nM
hyperpolarized the membrane 2 f 1 mV (n = 3); 300 nM produced a 7 f 2 mV hyperpolarization (n = 3), and 1 JLM caused
a 12 f 4 mV hyperpolarization (n = 6). The hyperpolarization
produced by [Mets]enkephalin wasprevented by the p-receptor
antagonist CTOP (300 nM; n = 4) (Gulya et al., 1986)but was
unaffected by the d-receptor antagonist naltrindole (1 PM; n =
3) (Portogheseet al., 1988).The hyperpolarization resultedfrom
an increasein membranepotassiumconductancebecauseit was
associatedwith a decreasein neuron input resistanceand had
an estimated reversal potential of - 105 f 6 mV (n = 4; this
and other values are mean f SEM).
Opioid inhibition of spontaneousinhibitory synaptic potentials
The possibility wasnext investigatedthat the secondaryneurons
provided inhibitory input to the principal neurons;in this case,
hyperpolarization of the inhibitory interneuronsby opioidscould
be the explanation for excitation of the principal dopaminecontaining cells. Spontaneoussynaptic potentials occurred in
about 50% of principal cells when the extracellular potassium
concentration wasincreased(from 2.5 to 6.5 or 10.5 mM). These
potentials were depolarizing when recording electrodescontained potassiumchloride (reversal potential, estimatedby extrapolation, was - 22 + 4 mV, n = 5; Fig. 2) and hyperpolarizing
when electrodescontained potassiumacetate(reversalpotential
was -79 + 6 mV, n = 4; data not shown). The spontaneous
depolarizing synaptic potentials were often severalmillivolts in
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Opioidsreducethefrequencyof spontaneous
GABA-mediatedsynapticpotentials.Synapticpotentialsaredepolarizing
because
recordings
weremadewith anelectrodecontainingpotassium
chloride.A, A highconcentrationof [MeV]enkephalinblocksspontaneously
occuningsynaptic
potentialswithout changingtheir amplitude(a) whereasbicucullineprogressivelyreducesthe amplitudeof the synapticpotentialsuntil they
disappear
(b). B, The reductionin frequencyof spontaneous
synapticpotentialsobservedwith a low concentrationof [Met5]enkephalin
(100no,
a) ismimickedby a submaximal
concentrationof TTX (100nM,b). Higherconcentrations
(1 PM)of TTX completelyblockedspontaneous
synaptic
potentials.

Figure 2.

intemeurons by hyperpolarization, rather than reducing the
amplitude, allowing singleinputs to be discriminated from the
amount of GABA releasedby each action potential.
amplitude histogram (Figs. 2, 3).
The excitation by opioids that is seenin vivo is probably not
Bicuculline (10-30 PM; n = 7) progressivelyreduced the amseenin vitro becauseof the lossof tonic activity through deafplitude of spontaneouspotentials until they completely disapferentation. To test this, we recorded from principal cells with
peared(Figs. 2Ab, 3A). In contrast, a low concentration of TTX
potassiumacetate-filled electrodesand increasedthe inhibitory
(100 nM; II = 6) reducedtheir frequency without affecting their
effect of local intemeurons by increasingthe extracellular poamplitude (Fig. 2Bb) whereasa higher concentration (1 PM)
tassium concentration (6.5-10.5 mM). In these conditions,
completely blocked the spontaneouspotentials. Similar to TTX,
[Met5]enkephalin (10 or 30 PM) and DAMGO (1 and 3 PM)
[MeVlenkephalin (0.1-10 PM) reduced the frequency of spondepolarized and excited the cells (Fig. 4; four of five neurons
taneous synaptic potentials without affecting their amplitude
(Figs. 2, 3). This was likely to be a presynaptic action because tested). This excitation resulted from reduced GABA release
from intemeurons becauseit was mimicked by bicuculline (10
[Met5]enkephalin (10 PM) had no effect on the membrane poor 30 KM; n = 4).
tential changesproducedby exogenouslyapplied GABA (1 mM;
IZ= 4) or muscimol(l0 PM; II = 3). DAMGO ( 100nM) mimicked
Opioid inhibition of evoked synaptic potentials
the effect of [MeV]enkephalin by reducingthe frequency of sponAt low concentrationsof [MeVlenkephalin (0. l-l FM), there was
taneous synaptic potentials by 88 f 6% (n = 3). Moreover,
no effect on the GABA, receptor-mediated synaptic potential
inhibition of spontaneous synaptic potentials by [Metslenkephalin wasblocked by CTOP (300 nM) but not by naltrindole
when evoked by electrical stimulation. Only at high concentrations (3-30 PM) was the synaptic potential depressed,and then
(1 FM) (n = 1). Therefore, p-opioid receptors mediate both the
maximally by 41% (Fig. 3B). The excitatory amino acid comsuppressionof spontaneoussynaptic potentials and the hyperpolarization of secondarycells; the concentration of enkephalin
ponent of the synaptic potential was also reducedby high concentrations of [Mets]enkephalin; inhibition was 5 + 9% (n = 5)
neededto produce these two effects was similar, with a 50%
by 3 KM, 14 f 12% (n = 6) by 10 FM, and 34 f 13% (n = 6)
maximal effect for each of about 1 PM (Fig. 3B). The lack of
effect of opioids on the amplitude of the spontaneoussynaptic
by 30 PM. Similarly, the hyperpolarizing synaptic potential mediated by GABA, receptorswasreducedby high concentrations
potential suggeststhat they reduce the frequency of firing of
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Figure 3. A, Amplitude histograms of
the spontaneous synaptic potentials
(such as shown in Fig. 2) illustrate that
[Met5]enkephalin
reduces their frequency whereas bicuculline reduces
their amplitude. Ordinate is the number of events counted in 50 set recording periods, separated by amplitude into
0.5 mV bins. The smooth curves are
Gaussian functions fitted by leastsquares minimization. In this cell, 100
nM [Met5]enkephalin had almost no effect, but 1 PM [Met’lenkephalin
reduced the number of events without
significantly changing the shape of the
distribution. Bicuculline reduced the
mean amplitude but not the total number of events. B, Concentration-response curves show that similar concentrations of [Mets]enkephalin
are
effective to reduce the frequency of
spontaneous postsynaptic potentials and
to hyperpolarize secondary neurons.
Higher concentrations are required to
reduce the amplitude of electrically
evoked GABA,-mediated
synaptic potentials (shown by the open squares).
Evoked potentials were recorded in the
presence of 10 PM CNQX and 30 PM
APV. Results are expressed as mean +
SEM for three to nine experiments.
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of enkephalin; inhibition
was 25 + 5% (n = 6) by 3 PM, 30 f
6% (n = 6) by 10 PM, and 33% f 4% (n = 4) by 30 PM. It should
be noted that spontaneous synaptic potentials mediated by excitatory amino acids (i.e., that persisted in bicuculline)
or by
GABAacting
at GABA, receptors were not observed, even when
the potassium concentration
was increased to 10.5 mM.

DAMGO

Figure 4. DAMGO excites a principal
VTA neuron when the recording is made
with an electrode containing potassium
acetate. Spontaneous hyperpolarizing
synaptic potentials (GABA, mediated)
can be seen that were not present until
the potassium concentration of the superfusing solution was increased to 8.5
mM. The DAMGG-induced
excitation
is mimicked by bicuculline, indicating
that it results from inhibition of tonically active inhibitory interneurons.
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Discussion
A body of work indicates that the principal cells identified in
the present study on the basis of their electrophysiological
properties correspond to dopamine-containing
neurons (Grace and
Onn, 1989; Johnson and North, 1992; Yung et al., 199 1) where-
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the accumbens(Wise, 1984; Uchimura and North, 1990). In
as the secondary cells do not contain dopamine. It is not known
the caseof nicotine, a direct excitation of dopamineneuron cell
whether the secondary cells include nondopamine projection
bodieshas been shown (Grenhoff et al., 1986; Calabresiet al.,
neurons, but they are presumed to include the GABA-containing
1989). The present work indicates that opioids also fit within
intemeurons known to exist in the VTA (Mugnaini and Oertel,
the dopaminergic hypothesis of reward but that the excitation
1985). The finding that opioids hyperpolarize local intemeurons
of dopamine neurons results from inhibition of local GABA
is consistent with results in the hippocampus and olfactory bulb
intemeurons.
(Nicoll et al., 1980; Madison and Nicoll, 1988); the finding that
they do so by increasing the membrane potassium conductance
is consistent with results in many mammalian neurons (reReferences
viewed by North, 1992).
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