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Electrophysiological Effects of Cocaine in the Mesoaccumbens
Dopamine System: Studies in the Ventral Tegmental Area

Leslie C. Einhorn,? Patricia A. Johansen, and Francis J. White
Neuropsychopharmacology Laboratory, University of lllinois, Department of Psychology, Champaign, lilinois 61820

Extracellular single-cell recording and microiontophoretic
techniques were used to characterize the effects of cocaine
on the activity of mesoaccumbens A10 dopamine (DA) neu-
rons in the rat ventral tegmental area (VTA), which have been
implicated in the rewarding effects of this and other drugs
of abuse. Because cocaine inhibits the reuptake of DA, nor-
epinephrine (NE), and serotonin (5-HT), and exerts local an-
esthetic actions, the possible involvement of each of these
various mechanisms in the effects of cocaine on A10 DA
neurons was investigated. Intravenous administration of co-
caine caused a significant, dose-dependent, partial inhibi-
tion (50-70%) of the firing of antidromically identified me-
soaccumbens DA neurons. Similar partial inhibition of A10
neurons was observed following intravenous administration
of nomifensine, GBR-12909, and norcocaine, all of which
inhibit DA reuptake. Neither the selective 5-HT uptake in-
hibitor fluoxetine nor the selective NE uptake inhibitor des-
methylimipramine (DMI) inhibited the firing of A10 DA neu-
rons. The local anesthetic agent procaine, which lacks DA
uptake blocking efficacy, caused a slight, transient increase
in firing rate. These results suggest that the effects of co-
caine on A10 DA neurons are due to inhibition of DA reup-
take, a conclusion that has been supported by several other
findings. Pretreatment with reserpine to deplete vesicular
stores of DA significantly reduced the ability of intravenous
cocaine to suppress A10 DA neuronal activity. Microionto-
phoretic administration of cocaine caused only a weak (15-
20%) inhibition of the activity of A10 DA neurons, but sig-
nificantly increased and prolonged the inhibition produced
by iontophoretic DA. This effect was not observed with ion-
tophoretically administered procaine. lontophoresis of co-
caine also significantly potentiated the inhibition of A10 DA
activity caused by electrical stimulation of the nucleus ac-
cumbens (NAc). Both unilateral ibotenic acid lesions of the
NAc and hemitransections of the brain rostral to the VTA
significantly reduced the inhibitory effects of intravenous
cocaine on A10 DA neurons, suggesting that both somato-
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dendritic impulse-regulating DA autoreceptors and inhibitory
NAc-VTA feedback processes are involved in the effects of
intravenous cocaine on A10 DA neurons. Therefore, it is
hypothesized that the relatively weak inhibitory effects of
cocaine on A10 DA neurons may represent a poor compen-
satory response to enhanced DA neurotransmission within
the NAc, and may help to explain the extremely potent re-
warding effects of this important drug of abuse.

During the past 15 years, cocaine use has risen dramatically and
cocaine abuse has become a problem of considerable national
concern (Kozell and Adams, 1986). Although a variety of so-
ciologic, economic, and psychologic variables have undoubtedly
led to the rise in the popularity of cocaine as a drug of recre-
ational use, the potent rewarding effects of this compound are
primarily responsible for its high abuse liability. Surprisingly
little is known regarding the precise neuronal mechanisms by
which cocaine induces its rewarding effects. Self-administration
studies, conducted in a variety of species, have implicated do-
pamine-containing neuronal pathways in the reinforcing prop-
erties of cocaine (Risner and Jones, 1976, 1980; deWit and Wise,
1977; Yokel and Wise, 1978; Wise, 1984). Moreover, several
investigators (Roberts et al., 1977, 1980; Roberts and Koob,
1982; Goeders and Smith, 1983, 1986) have demonstrated a
specific involvement of the mesolimbic and mesocortical do-
pamine (DA) systems, which originate in the ventral tegmental
area (VTA; A10 DA neurons) and project primarily to the nu-
cleus accumbens (NAc) (Andén et al., 1966; Ungerstedt, 1971)
and medial prefrontal cortex (mPFC) (Thierry et al., 1973; Hok-
felt et al., 1974; Lindvall et al., 1974). For example, 6-hydrox-
ydopamine (6-OHDA) lesions of DA terminals in the NAc or
of DA soma within the VTA attenuate cocaine self-administra-
tion, while similar injections into the caudate nucleus or sub-
stantia nigra pars compacta (i.e., the nigrostriatal DA system)
do not (Roberts and Koob, 1982). Furthermore, injections of
cocaine directly into the mPFC can support operant responding
(Goeders and Smith, 1983), thereby suggesting a role for the
mPFC DA system in cocaine reward (Goeders and Smith, 1983,
1986; however, see Martin-Iverson et al., 1986).

Cocaine is a sympathomimetic agent, which possesses both
psychomotor stimulant (Scheel-Kruger et al., 1977) and local
anesthetic properties (Carney, 1955). Cocaine inhibits the nerve
terminal reuptake mechanism for the neurotransmitters DA,
norepinephrine (NE), and serotonin (5-HT) (Ross and Renyi,
1967a, b; Snyder and Coyle, 1969; Heikkila et al., 1975). Be-
cause this reuptake process is the primary means by which syn-
aptic monoamines are inactivated, cocaine increases synaptic
concentrations of these neurotransmitters and thereby enhances



monoaminergic neurotransmission. There also appear to be
mechanisms for dendritic release and reuptake of DA, and these
mechanisms are thought to play a functional role in regulating
DA neuronal activity (Bjorklund and Lindvall, 1975; Groves et
al., 1975; Geffen et al., 1976; Wilson et al., 1977; Chéramy et
al., 1981). Although less is known about these dendritic pro-
cesses, it has been reported that the dendritic release and reup-
take mechanisms for DA within the VTA are similar to nerve
terminal mechanisms (Beart and McDonald, 1980; however,
see Bjorkland and Lindvall, 1975). Therefore, it is possible that
cocaine also blocks dendritic reuptake of DA and thereby in-
creases extracellular concentrations of DA in the VTA, which
would interact with somatodendritic impulse-regulating DA au-
toreceptors on mesoaccumbens DA cells (Wang, 1981b; White
and Wang, 1984a, b, 1986). The present experiments were de-
signed to characterize the effects of cocaine on the electrophys-
iological properties of individual A10 DA neurons within the
mesoaccumbens DA system.

Materials and Methods

Animals and preparations. Male Sprague-Dawley rats (bred in our an-
imal care facilities from breeders obtained from Harlan, Indianapolis,
IN) weighing between 225 and 325 gm were used in all experiments.
The rats were housed in groups of 2-4/cage with food and water available
ad libitum and were maintained on a 12/12 hr (0700 on/1900 off) light/
dark cycle. Rats were anesthetized with chloral hydrate (400 mg/kg,
i.p.), mounted in a stereotaxic apparatus (David Kopf Instruments,
Tujunga, CA or Activational Systems, Warren, MI), and the scalp was
retracted. During all experiments, body temperature was maintained at
37°C with a thermostatically controlled heating pad (Fintronics, Orange,
CT). A lateral tail vein was cannulated (25-gauge needle) for intravenous
administration of drugs and additional anesthetic. A burr hole was
drilled in the skull over the VTA (3.0 mm anterior to lambda, 0.5-1.0
mm lateral to the midline) according to the atlas of Paxinos and Watson
(1986), and the dura was retracted. All surgical procedures were per-
formed in strict accordance with The NIH Guide for the Care and Use
of Laboratory Animals.

Single-unit recording. For intravenous drug studies, extracellular neu-
ronal activity was recorded through a single-barrel glass micropipette
that had been pulled from 2.0 mm (O.D.) glass tubing with a vertical
electrode puller (Narishige PE-2, Japan), broken back under a micro-
scope to a tip diameter of approximately 1-2 um, and filled with 2 m
NaCl saturated with 1% fast green dye (Fisher Scientific Co., St. Louis,
MO). For microiontophoretic experiments, extracellular neuronal ac-
tivity was recorded through the center barrel of a 5-barrel micropipette
(R & D Scientific Glass, Spencerville, MD), which was similarly pulled,
broken to a tip diameter of 4-7 um, and filled as above. The in vitro
impedance of these electrodes was usually 3-9 MQ, measured at 135
Hz (Winston Electronics BL1000-B, San Francisco, CA).

For single-cell recording, electrical signals were led into a high-imped-
ance amplifier, filtered (bandpass settings 100 Hz and 3 kHz), displayed
on an oscilloscope (Tektronix R5110, Chicago, IL) and fed into a win-
dow discriminator (Fintronics WDR 420) that was set such that the
standard output was triggered by individual action potentials. Integrated
rate histograms generated by the analog output of the discriminator
were plotted on a polygraph recorder (Gould 220, Chicago, IL). Electrical
signals were also monitored by an audio amplifier (Grass AM8, Quincy,
MA) which was driven by the oscilloscope. Recording electrodes were
lowered through the brain with a hydraulic microdrive (David Kopf
Instruments). The digital output of the window discriminator was led
into a computer (Medical Systems Neurograph STA-1, Greenvale, NY),
which determined average firing rates on-line and stored all data for
future off-line analysis.

The A10 DA neurons were identified by anatomical location within
the VTA (6.0-8.5 mm ventral from the cortical surface) and according
to well-established electrophysiological criteria (Bunney et al., 1973;
Wang, 1981a; Grace and Bunney, 1983a). These A10 DA neurons are
characterized by (1) spontaneous firing rates of 1.0-10.0 Hz, (2) either
a slow, irregular firing pattern or a slow bursting pattern with decreasing
spike amplitude within the burst, and (3) biphasic (+/—) or triphasic
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(+/—/+) waveforms with long-duration action potentials (>2.5 msec)
and a characteristic notch in the ascending component of the initial
positive wave.

Intravenous challenge experiments. For intravenous drug studies, each
A10 DA neuron was recorded for at least 3—5 min prior to drug admin-
istration to determine stable basal firing rates. Cocaine, nomifensine,
norcocaine, DMI, fluoxetine, GBR-12909, and procaine were admin-
istered at 60-90 sec intervals such that each dose doubled the previously
administered dose from 0.1 to 3.1 mg/kg. The mean firing rate during
the 60-90 sec interval between doses was determined and expressed as
the percentage change from the basal firing rate. In some cases, the DA
antagonist haloperidol was administered (0.05-0.2 mg/kg, i.v.) to re-
verse the effects of the various compounds and confirm (tentatively)
DA receptor mediation of the agonist-induced suppression. Only one
cell was recorded from each rat in all intravenous drug studies.

Time-course determinations. To study the recovery of A10 DA neu-
rons from cocaine-induced inhibition, single bolus injections of cocaine
were administered intravenously at doses of 0.5 and 1.0 mg/kg (n =
8/group). The cells were held for as long as possible (at least 10 min;
range, 10-23 min), and the percentage change from the basal firing rate
was determined at 1 min intervals.

Reserpine pretreatment. To deplete vesicular stores of DA from the
A10 DA neurons, a group of rats (n = 9) received intraperitoneal in-
jections of reserpine (5.0 mg/kg, dissolved in a minimum of glacial
acetic acid and diluted to the correct volume with 5.5% glucose solution,
pH 4.0) 18-24 hr prior to recording. Cumulative doses of cocaine were
then administered intravenously and the percentage change from the
basal firing rate was determined as described above. Control rats (n =
9) received injections of the reserpine vehicle 18-24 hr prior to record-
ing.

Electrical stimulation. To identify A10 DA neurons projecting to the
NAc (mesoaccumbens DA neurons), bipolar concentric stimulating elec-
trodes (NE-100; David Kopf Instruments) were implanted into the NAc
(anterior, 10.4 mm; lateral, 1.3 mm) ipsilateral to the recording site 7.0
mm below the cortical surface. Digital square-wave pulses (0.05-1.8
mA; 0.15-0.5 msec) were generated by a pulse generator (World Pre-
cision Instruments 1830) and photon-coupled stimulus isolation units
(WPI 1850A). Criteria for antidromic spikes included (1) one antidromic
spike per stimulus, (2) relatively constant latency (<1 msec drift), (3)
ability to follow high-frequency stimulation (up to 50 Hz), and (4) col-
lision between evoked and spontaneous spikes occurring immediately
prior to stimulus onset (Fuller and Schlag, 1976).

Stimulating electrodes were also used to determine the effects of elec-
trical stimulation of the NAc on the neuronal activity of A10 DA neu-
rons and its modification by cocaine. In these experiments, the same
procedures were used as described above, with stimulation currents
ranging from 0.5 to 3.0 mA. Both temporal control of stimulation im-
pulse and the generation of peristimulus time histograms (PSTHs) were
performed with the Medical Systems STA-1 computer.

Microiontophoresis. For microiontophoretic application of drugs, one
of the 4 outer barrels of a 5-barrel micropipette was filled with 2 M
NaCl and used for automatic current balancing (Salmoiraghi and Weight,
1967). The 3 other barrels contained various combinations of the fol-
lowing solutions: GABA, DA HCI, cocaine HCI, procaine HCIl, and
sulpiride. All compounds were diluted to 0.01 m solutions (pH 4.0),
except for sulpiride, which was diluted to a 0.05 m solution (pH 4.0).
Fiberglass strands were preloaded into each barrel such that the solutions
would fill to the tip by capillarity (Tasaki et al., 1968). The in vitro
impedance of the side barrels was typically 30-100 MQ. Because all
drug solutions were in cationic forms, a retaining current of —10 nA
was continuously applied to the drug barrels to eliminate passive dif-
fusion. Positive currents between 5 and 80 nA were used to gject drugs.
Iontophoretic ejection of drugs and current balancing were controlled
automatically (Medical Systems BH-2). The percentage of inhibition
produced by iontophoretic drug ejection was determined automatically
(Medical Systems PDC-1) by comparing the mean firing rate during a
1 min ejection period to the 3-5 min predrug period used to determine
basal rates.

Ibotenic acid lesions. To determine whether the effects of cocaine
require postsynaptic DA receptors and forebrain feedback pathways
from the NAc to the VTA, a group of rats (n = 8) received unilateral
ibotenic acid lesions of the NAc intended to destroy neuronal somata
without affecting fibers of passage (Schwartz et al., 1979). Chloral hy-
drate-anesthetized rats received a unilateral injection of 5-6 ug of ibo-
tenic acid dissolved in PBS (pH 7.4). A total of 1.0 ul was injected at
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Figure 1. Comparison of the effects of W
cocaine, procaine, and a variety of amine -
reuptake blockers on the firing of A10 ©
dopamine (DA) neurons in the rat ven- g
tral tegmental area (VTA). Each drug m 40
was administered intravenously on a -
regimen in which each dose doubled the c
previously administered dose (0.1, 0.2, 8
0.4 mg/kg, etc.). Drugs used and sample ; 20
sizes were cocaine (COC, 12), nomifen- a

sine (NOM, 12), GBR-12909 (GBR, 8),
norcocaine (NOR, 6), desmethylimip-
ramine (DMI, 6), fluoxetine (FLU, 6)
and procaine (PRQ, 8). Data points rep-
resent means; error bars are not shown 01
to improve the clarity of the figure. In

no case was the SEM >8.2%.

a rate of 0.2 ul/2 min through a Hamilton microliter syringe. At the
end of the injection, the needle remained in place for 5 min to allow
diffusion of the toxin away from the injection site. Following 5-7 d of
postoperative recovery, the rats were used for intravenous cocaine chal-
lenge experiments, as described above, with recording electrodes low-
ered into the VTA ipsilateral to the lesion. A separate group of rats (n =
9) also received unilateral sham lesions of the NAc. Histological pro-
cedures were used to estimate the extent of cell loss in the NAc. Only
the results from rats estimated as showing destruction throughout =85%
of the NAc proper were included in the study. These determinations
were based on histological examination of serial sections stained in the
manner described below.

Hemitransections. As a second method of destroying forebrain feed-
back pathways, hemitransections were made rostral to the VTA (5.0-
5.5 mm A) using fine glass microknives constructed from microscope
slide coverslips (White and Wang, 1983b). These acute knife cuts were
made just prior to recording from the A10 DA neurons. Routine his-
tological examination (below) of 40 um sagittal slices was used to con-
firm the extent of the transection.

Histology. At the end of each experiment, the location of the cell was
marked by passing a 25 uA cathodal current through the recording barrel
for 15 min to deposit a spot of fast green dye. The rats were then perfused
with normal saline (0.9%), followed by 10% buffered formalin. Frozen
serial sections (40 um) were cut, mounted, stained with cresyl violet
and counterstained with neutral red. The dye spot was then located
using a light microscope and, for iontophoretic studies, served as a
reference point for each cell investigated.

Daia analysis. All results were analyzed using a 2-way analysis of
variance (ANOVA) with repeated measures on one variable (dose or
current). Subsequent post hoc or planned comparisons between specific
pairs of means were conducted using the Neuman-Kuels procedure or
Student’s ¢ test (Winer, 1971). To insure that observed differences be-
tween groups were not due to differences in the mean basal firing rates
of the sampled cells (White and Wang, 1984a), analysis of covariance
(ANCOVA) was also performed, with firing rate as the covariant.

Drugs. The drugs used in this study included apomorphine HCI, co-
caine HC], procaine HC, ibotenic acid, reserpine, and haloperidol (all
from Sigma), GBR-12909 [1-(2-[bis(4-fluorophenylymethoxy]ethyl)-4-
(3-phenyl-propyl)piperazine dihydrochloride] (from either Research
Biochemicals, Wayland, MA or NOVO Industri, Copenhagen, Den-
mark), desmethylimipramine (USV Laboratories, Tuckahoe, NY),
fluoxetine HCI (Eli Lilly & Co., Indianapolis, IN), norcocaine (National
Institute on Drug Abuse, Rockville, MD), nomifensine HCI (Hoechst-
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Roussel, Somerville, NJ), dopamine HCIl (Calbiochem-Behring Corp.,
San Diego, CA), and sulpiride (Ravizza, Milan, Italy). All compounds
used for parenteral injections, with the exception of haloperidol and
reserpine, were dissolved in either deionized H,O or 0.9% NaCl. Halo-
peridol was first dissolved in a few drops of 10 mwm citric acid; this was
diluted with deionized H,O and the pH adjusted to 5.0 with NaOH.
Reserpine was dissolved as described above. All drugs used in intra-
venous studies were made fresh on the day of the experiment.

Results

Intravenous cocaine effects on mesoaccumbens A10 DA
neurons

Intravenous administration of cocaine caused a significant
(F(4,44) = 67.6, p < 0.001), dose-dependent, partial (50—70%)
inhibition of the activity of antidromically identified mesoac-
cumbens DA neurons (Fig. 1). Of the 12 identified mesoaccum-
bens A10 DA cells tested, only 2 were completely inhibited by
cocaine. The firing rate of one cell was increased (to 130% of
control) following the first 3 doses of cocaine, but was inhibited
by the last 2 doses (to 56% of control). At doses above 3.1 mg/
kg, cocaine was fatal to all 4 rats tested. The DA antagonist
haloperidol reversed the cocaine-induced suppression of the 8
cells tested (Fig. 44). In contrast, neither the a-1 NE antagonist
prazosin (n = 3) nor the «-2 NE antagonist piperoxane (n = 3)
reversed the effects of cocaine (not shown).

Time course of cocaine-induced inhibition

Single-bolus intravenous injections of cocaine caused partial
inhibition of most of the A10 DA neurons studied. Figure 2
compares the responses of A10 DA neurons to single doses of
0.5 and 1.0 mg/kg of cocaine (larger bolus doses were not tested
because of their lethality). There was no significant difference
(F(1,12) = 0.25, n.s.) between the 0.5 and 1.0 mg/kg doses in
the overall time-response curve. Note that by 10 min after the
injection, the mean degree of inhibition had leveled off at 70-
80% of basal firing rate in each group (Fig. 2). Several cells were
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Figure 2. Time course for the inhibitory effect of intravenous cocaine
on the firing of A10 DA neurons in the rat VTA. Cocaine was admin-
istered as a single bolus injection of either 0.5 or 1.0 mg/kg, and the
activity of the cell was monitored for recovery for at least 10 min. Data
points represent means, bars represent SEM (n = 8/group).

held for longer than 10 min; only 2 cells returned to within 10%
of their basal rate within the first 10 min, whereas one other
cell returned to within 10% of its basal rate following 14 min.
At the lower dose of 0.5 mg/kg, 7 out of the 8 cells studied were
inhibited and 1 cell was excited. Examples of the responses of
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A10 DA neurons to single injections of 0.5 mg/kg of cocaine
are shown in Figure 3 4, B. At the 1.0 mg/kg dose, 6 cells showed
inhibition, whereas 1 cell showed an increase in firing rate for
6 min, which was followed by a decrease to approximately 50%
of the basal firing rate (Fig. 3D), and 1 cell showed virtually no
response to cocaine. This cell showed only slight (20%) inhi-
bition for the first 2 min, then stabilized at 97% basal firing rate.
Figure 3C shows an example of the typical response to a single
injection of 1.0 mg/kg, i.v., of cocaine.

Intravenous drug comparison studies

Because cocaine inhibits the reuptake of NE, DA, and 5-HT
and exerts local anesthetic effects, a series of comparative ex-
periments was conducted to determine the mechanism(s) re-
sponsible for the effects of intravenous cocaine on A10 DA
neurons. The selective 5-HT uptake inhibitor fluoxetine (Wong
et al., 1974) was used to test a serotonergic involvement, while
desmethylimipramine (DMI), a relatively selective NE uptake
inhibitor (Koe, 1976), was used to test NE involvement. The
local anesthetic procaine was employed to determine whether
the suppression of A10 DA activity was a result of local anes-
thetic actions of cocaine. To ascertain further the role of dopa-
minergic reuptake blockade, we compared the effects of nomi-
fensine, a DA and NE reuptake inhibitor (Van der Zee et al.,
1980; Heikkila and Manzino, 1984), and GBR-12909, a selec-
tive DA uptake inhibitor (Van der Zee et al., 1980; Heikkila and
Manzino, 1984). In addition, norcocaine, the N-demethylated,
active metabolite of cocaine (Williams et al., 1977; Spealman
and Kelleher, 1981; Bagchi and Rielly, 1983) was tested to
determine its CNS activity and potency relative to cocaine.
The comparative effects of intravenous administration of these
various compounds on A10 DA neuronal activity are presented
in Figure 1, in which the percentage of basal firing rate is plotted
as a function of the cumulative dose of drug from 0.1 to 3.1

B COC 0.5 mg/ kg
A

60

COC 1.0 mg/ kg
D ¥
90

0

Figure 3. Examples of the effects of intravenous cocaine (injected at arrows) on the firing of A10 DA neurons in the rat VTA. 4, B, Cumulative
rate histograms illustrating the effects of bolus injections of 0.5 mg/kg. Note that the cell in A recovered to near basal levels within 8 min, whereas
the cell in B was less inhibited by cocaine, but failed to recover within the 19 min recording period. C, D, Cumulative rate histograms illustrating
the effects of bolus injections of 1.0 mg/kg. The cell in C was inhibited completely immediately following the injection, but began to recover slowly,
reaching approximately 60% basal firing rate within the 18 min recording period. The cell in D exhibited a biphasic excitation/inhibition following
the cocaine injection, first accelerating to 152% of its basal rate and then slowing to 50% of basal activity, the rate that was maintained throughout

the remainder of the recording period.
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Figure 4. Cumulative rate histograms showing examples of the effects of cumulative intravenous doses of cocaine, procaine, GBR-12909, and
nomifensine on the firing of A10 DA neurons within the rat VTA. 4, Typical partial inhibitory effect of cocaine (COC; 0.1, 0.2, 0.4 mg/kg, etc.,
at arrows) on an antidromically identified mesoaccumbens A10 DA neuron, and the reversal of that effect by the DA antagonist haloperidol (HAL;
0.2 mg/kg). B, Slight transient increases in firing caused by each injection of procaine (PRO; 0.1-3.2 mg/kg). C, Partial inhibitory effect of GBR-
12909 (GBR; 0.1-3.2 mg/kg), the subsequent further inhibition caused by apomorphine (4P0; 0.001 and 0.002 mg/kg), and the reversal of inhibition
by haloperidol (HAL; 0.2 mg/kg). D, Typical partial inhibition caused by nomifensine (0.1-0.8 mg/kg) and the reversal by haloperidol (HAL; 0.1

and 0.2 mg/kg).

mg/kg. GBR-12909, cocaine, nomifensine, and norcocaine all
caused significant (F(4,100) = 71.8, p < 0.001) dose-dependent,
partial inhibitions of the activity of A10 DA neurons. Significant
differences were obtained between the inhibition curves for GBR-
12909, nomifensine, cocaine, and norcocaine (F(3,25) = 5.5,
p < 0.01). Post hoc tests indicated that the potencies of nom-
ifensine and cocaine did not differ from each other, but were
greater than that of GBR-12909, whose potency was greater
than that of norcocaine (p < 0.01). Thus, the rank order of
potency for these compounds was nomifensine = cocaine >
GBR-12909 > norcocaine, with corresponding ID;, values of
1.5 + 0.4,2.2 + 0.3, 8.2 £ 1.6, and >10 (mean = SEM), as
estimated by log-probit analysis. ANCOVA revealed that the
difference between the ID,, values for the various treatment
groups could not be accounted for (¥(3,24) = 5.2, p < 0.01) by
the difference in the mean basal firing rates of the neurons sam-
pled (see White and Wang, 1984a). Haloperidol reversed the
effects of each of these compounds on A10 DA neurons. Ex-
amples of the effects of intravenous cocaine, GBR-12909, and
nomifensine are shown in Figure 44, C, D.

In contrast to these agents, fluoxetine, DMI, and procaine
failed to inhibit the firing of A10 DA neurons. In fact, procaine
caused a transient increase in firing rates (Fig. 4B); even at doses
of =12 mg/kg, procaine never caused an inhibition of A10 DA
neuronal activity. Figures 1 and 4 also show that, even at high
doses, the various drugs tested seldom caused complete suppres-
sion of A10 DA activity. The maximum effect was typically 40—
75% of the basal firing rate. Subsequent administration of direct-
acting DA agonists such as apomorphine (APO; 1-10 ug/kg)
further inhibited the firing of neurons that had been partially
inhibited by these indirect agonists (Fig. 4C).

Effects of reserpine on cocaine-induced inhibition

To determine whether the effects of cocaine on A10 DA neurons
were dependent on endogenous DA, rats were pretreated with

reserpine, which causes a depletion of catecholamines (and sero-
tonin) by interfering with vesicular storage (Carlsson et al., 1957).
As is clearly illustrated in Figure 5, the ability of cocaine to
inhibit A10 DA neurons was significantly (F(1,10) = 5.1, p <
0.05) attenuated in rats that had been pretreated with reserpine,
as compared to vehicle-pretreated rats. Of the 9 cells recorded
after reserpine pretreatment, 4 cells showed an initial increase
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Figure 5. Ability of reserpine pretreatment to attenuate the inhibitory
effects of intravenous cocaine on A10 DA neurons in the rat VTA.
Reserpine-treated rats (n = 9) received 5.0 mg/kg, i.p., 18-24 hr prior
to recording, whereas control rats (n = 9) received vehicle injections.
Each rat received cumulative injections of cocaine such that each dose
doubled the previously administered dose (i.e., 0.1, 0.2, 0.4 mg/kg, etc.).
Data points represent means, bars represent SEM. The data points for
the reserpine-treated group are all significantly different from those of
the control groups except at the first dose of cocaine (p < 0.05).
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Figure 6. Effects of iontophoretically administered cocaine (0.01 M) on the activity of A10 DA neurons within the rat VTA. 4, Current-response
curves for the inhibitory effects of cocaine (COC), DA (0.01 m) and DA + COC (20 nA). Filled circles indicate the weak inhibitory effects of
increasing iontophoretic currents applied through the cocaine (COC) barrel (n = 12 cells in 7 rats). Although higher currents often further inhibited
firing, this effect was usually accompanied by a decreased amplitude of the waveform, suggesting local anesthetic effects (see text). Open circles
indicate the inhibitory effects of DA alone (n = 10 cells in 5 rats), whereas filled squares indicate the effects of coadministration of DA and a 20
nA current of COC on those same 10 cells. For the coadministration data points, the inhibition produced by COC alone was determined first and
subtracted from the amount of inhibition produced by the coadministration of COC and DA. COC significantly increased the inhibitory effect of
DA at all currents of DA (p < 0.01). B, COC also significantly increased the duration of the inhibitory effect of DA on those same 10 cells shown
in A. The 80 nA current includes only 4 of the 10 cells. For these determinations, the duration of inhibition was defined as the time required for
the cell to recover to =85% of its basal rate for 3 consecutive 10 sec epochs. Data points represent means, bars indicate SEM.
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Figure 7. Cumulative rate histograms illustrating the effects of iontophoretic cocaine and DA on A10 DA neurons within the rat VTA. 4, The
inhibitory effects of cocaine and DA on this A 10 DA neuron were almost completely blocked by coadministration of the D-2 DA receptor antagonist,

L-sulpiride. B, Cocaine (20 nA) only slightly inhibited the firing of this neuron, but increased both the amount and the duration of inhibition caused
by DA. Lines and numbers represent the duration of iontophoretic current and the amount of current in nanoamperes.
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Figure 8. The ability of iontophoretically administered cocaine (0.01 M, 20 nA) to enhance the inhibition of firing of antidromically identified
mesoaccumbens A10 DA neurons caused by electrical stimulation of the nucleus accumbens (NAc). 4, Peristimulus time histogram (PSTH)
illustrating the inhibition of firing of a mesoaccumbens DA neuron during NAc stimulation (2.0 mA for 0.5 msec). B, PSTH obtained from the
same cell shown in 4 during iontophoretic administration of cocaine (20 nA). Each PSTH was obtained from 25 sweeps initiated 100 msec before
the onset of the electrical stimulation (bin width, 4 msec). Shock artifacts are evident at 100 msec. C, Averaged data obtained from 6 cells tested
in the manner shown in 4 and B. For these cells, the onset of the inhibitory period was defined as the point at which 3 consecutive bins accumulated
0 events and the termination of the inhibition was defined as that point at which at least 2 consecutive bins accumulated at least 2 events. For
each cell, 25 sweeps were collected at each intensity with a 1 min recovery period between each intensity. Following a 3 min recovery period,
cocaine iontophoresis was initiated 1 min prior to beginning a second current-response curve and was maintained throughout the duration of the
second determination. The difference between the control and cocaine conditions was significant at all current intensities (p < 0.01).

in firing rate, followed by slight inhibition. Two cells in the
vehicle group were excited by cocaine administration. None of
the cells in the reserpine group were inhibited to less than 57%
of the basal firing rate.

Microiontophoresis

To test directly the possibility that cocaine inhibited mesoac-
cumbens DA neurons by blocking dendritic DA reuptake and
potentiating the stimulation of autoreceptors by DA, cocaine
was administered directly onto DA neurons via microionto-
phoresis. Surprisingly, cocaine produced only a 20% inhibition
of firing of antidromically identified mesoaccumbens DA neu-
rons at the currents tested (5-40 nA). However, constant ap-
plication of a 20 nA current through the cocaine barrel signif-
icantly (F(1,18) = 4.7, p < 0.05) increased the inhibitory potency
of iontophoretic DA (Fig. 64). When the duration of DA-in-
duced inhibition was measured as the length of time (number
of 10 sec epochs) before the cell regained its basal rate, cocaine
was also observed to increase significantly (F(1,10) = 34.8,p <
0.001) the duration of the inhibitory period produced by in-
creasing iontophoretic currents of DA (Fig. 6B). Moreover, the
significant (F(4,40) = 8.81, p < 0.001) interaction between cur-
rent and groups indicated that the potentiating effects of cocaine
were enhanced as the amount of current applied to the DA barrel
was increased. Examples of these effects are shown in Figure 7.

When cocaine was ejected at currents =40 nA, apparent local
anesthetic effects were sometimes observed, i.¢., diminished spike
amplitude and flattened waveform. However, it seems unlikely
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Figure 9. Effects of removing possible forebrain feedback pathways
on the inhibitory potency of cocaine on A10 DA neurons within the rat
VTA. Both ibotenic acid-induced lesions of the NAc 1 week prior to
recording (n = 8) and acute hemitransections of the brain rostral to the
VTA (n = 8) significantly attenuated the inhibitory effects of intravenous
cocaine on A10 DA neurons as compared to a sham-operated control
group (n = 9). Cocaine was injected on a cumulative dose basis such
that each dose doubled the previously administered dose (0.1, 0.2, 0.4
mg/kg, etc.). Data points represent means, bars represent SEM. The data
points for both of the lesion groups were significantly different from
those of the sham group except at the 0.1 mg/kg dose of cocaine (p <
0.01).
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Figure 10. Photomicrograph illustrating unilateral (4) ibotenic acid-induced lesions of the nucleus accumbens (NAc) as compared to the intact,
contralateral NAc (B). For this lesion, there was near-total elimination of cell bodies within the NAc, with minimal damage to the caudatoputamen
(CP), ventral lateral septal nucleus (LSV) or olfactory tubercle (OT). Other abbreviations: ac, anterior commissure, ICj, Island of Calleja; LV,

lateral ventricle.

that local anesthetic effects were involved in the effects of co-
caine ejected at lower currents, because such effects were com-
pletely blocked by simultaneous administration of the D-2 DA
receptor antagonist (L)-sulpiride (Fig. 74).

Electrical stimulation of the nucleus accumbens

As a means of determining whether cocaine could potentiate
the effects of endogenously released DA on DA autoreceptors,
electrical stimulation of the NAc was used to antidromically
stimulate dendritic DA release (Wang, 198 1b). Figure 84 shows
a PSTH that illustrates the inhibition of an antidromically iden-
tified mesoaccumbens DA neuron following electrical stimu-
lation of the NAc (2.0 mA for 0.5 msec). During iontophoresis
of cocaine (20 nA), the duration of inhibition of this neuron
was considerably prolonged (Fig. 8B). Figure 8C shows the av-
eraged data obtained from 7 mesoaccumbens DA neurons. The
duration of inhibition caused by NAc stimulation was signifi-
cantly (F(1,12) = 30.6, p < 0.001) longer during cocaine ion-
tophoresis. The ANOVA also revealed that duration of inhi-
bition produced by the stimulation was significantly (F(3,36) =
42.3, p < 0.001) related to the current intensity and that the
degree of potentiation produced by cocaine increased with in-
creasing currents, i.e., there was a significant interaction
(F(3,36) = 12.6, p < 0.001).

Removal of forebrain feedback pathways

To determine the role of possible NAc-VTA inhibitory feedback
pathways in the effects of cocaine on A10 DA neurons, both

ibotenic acid lesions of cells within the NAc and acute hemi-
transections were used to eliminate this possible source of af-
ferent control. In both groups of rats, the ability of intravenous
cocaine to inhibit the activity of A10 DA neurons was signifi-
cantly reduced as compared to that in sham-operated animals
(F(2,20) = 26.1, p < 0.001) (Fig. 9); this effect was not due to
differences in basal firing rates between the various groups
(F(2,19) = 24.3, p < 0.001). The maximal inhibitory effect of
cocaine was only 25% in the NAc lesion group and only 18%
in the hemitransection group. Similar doses in the sham-oper-
ated animals resulted in nearly a 70% inhibition of neuronal
activity.

For 5 of the 8 ibotenic acid-lesioned rats, the extent of the
lesion was primarily circumscribed within the NAc proper, with
slight damage to the dorsal olfactory tubercle or to the most
ventral aspects of the caudate nucleus (see Fig. 10, for example).
Two rats had more extensive damage, which encroached upon
the ventral lateral striatum and lateral septal nucleus. One rat
had significant additional damage to the olfactory tubercle.

Discussion

These experiments have demonstrated that systemic (i.v.)
administration of cocaine caused a dose-dependent, partial in-
hibition of the firing of antidromically identified mesoaccum-
bens A10 DA neurons. For those cells tested for recovery, firing
rates usually returned to within 80% of basal levels within 20
min following cocaine administration, a finding that is in agree-
ment with the well-known short duration of the psychoactive
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effects of this drug (Fischman et al., 1983). The inhibitory effects
of cocaine on A10 DA neurons were slower in onset and longer
in duration that the pressor effects of cocaine, as observed in
rats under highly similar conditions (Pitts and Marwah, 1987),
indicating that the cardiovascular effects of cocaine are probably
not responsibie for the observed neuronal inhibition.

Although cocaine is known to inhibit the reuptake of DA,
NE, and 5-HT (Ross and Renyi, 1967a, b; Snyder and Coyle,
1969; Heikkila et al., 1975), the inhibitory effects of intravenous
cocaine on A10 DA cells appeared to be dependent on increased
stimulation of DA receptors, since they were reversed by the
DA antagonist haloperidol, but not by the a-1 antagonist pra-
zosin or the «-2 antagonist piperoxane. In addition, neither the
relatively selective NE uptake inhibitor DMI (Koe, 1976) nor
the selective 5-HT uptake inhibitor fluoxetine (Wong et al.,
1974) suppressed the activity of A10 DA cells. In contrast, the
catecholamine uptake inhibitor nomifensine (Williams et al.,
1977) and the highly selective DA uptake blocker GBR-12909
(Vander Zee et al., 1980; Heikkila and Manzino, 1984) inhibited
A10 DA neurons in a dose-dependent, partial, haloperidol-re-
versible manner similar to that of cocaine. Although cocaine
exerts local anesthetic actions (Carney, 1955), such a mechanism
did not appear to be involved in the effects of intravenous co-
caine on A10 DA cells, since the local anesthetic procaine, which
does not block DA uptake (Ritchie and Greene, 1980), failed
to inhibit A10 cells even at high doses. In fact, procaine caused
a transient increase in the activity of most A10 DA cells tested.
Moreover, intravenous cocaine never caused decreases in the
spike amplitude of DA neurons, an effect typically associated
with a local anesthetic action (see below).

Additional evidence for an indirect action of cocaine on A10
DA neurons via alterations in DA reuptake was obtained by
demonstrating that pretreatment with reserpine, which depletes
vesicular stores of DA (Carlsson et al., 1957), significantly re-
duced the inhibitory effects of cocaine. The fact that some in-
hibition still occurred in reserpinized rats may be explained by
the release of newly synthesized (cytoplasmic) DA and/or in-
complete depletion of vesicular stores. Moreover, DA may be
stored in vesicles only within proximal dendrites (Groves and
Linder, 1983), since there is little evidence for storage vesicles
within distal DA dendrites (Wassefet al., 1981). Therefore, both
vesicular and nonvesicular processes may contribute to the re-
lease of dendritic DA (Chéramy et al., 1981).

The series of microiontophoretic experiments revealed more
direct evidence that cocaine-induced suppression of A10 DA
neurons results from blockade of the DA reuptake mechanism.
Microiontophoretic administration of cocaine onto A10 DA
cells in the VTA caused only weak (15-20%) suppression of the
activity of A10 DA neurons even at relatively high ejection
currents (40 nA). At higher currents, a decrease in spike am-
plitude, concomitant with a slowing of firing, was observed.
Similar effects were obtained with iontophoretic administration
of procaine. These effects are thought to be indicative of local
anesthetic actions (Taylor, 1959; Nicoll et al., 1977). However,
the rate suppression observed at lower cocaine currents ap-
peared to be DA-dependent, since it was blocked by coionto-
phoresis of the selective D-2 DA receptor antagonist L-sulpiride
(Creese et al., 1983; White and Wang, 1984b). More important,
low currents of cocaine, which alone produced little rate suppres-
sion, significantly increased and prolonged the inhibition pro-
duced by iontophoretic ejection of DA.

Cocaine also potentiated the effects of endogenously released

DA on mesoaccumbens A10 DA cells. As previously reported
(Wolfe et al., 1978; German et al., 1980; Yim and Mogenson,
1980; Wang, 1981b), electrical stimulation of the NAc caused
a poststimulus inhibition of A10 DA activity due to DA released
upon antidromic invasion of the DA neurons (Korfet al., 1976;
Wang, 1981b). The duration of the inhibition was directly re-
lated to the intensity of the current, presumably because higher
currents spread through the NAc, recruiting more DA fibers and
thereby increasing the number of DA neurons releasing den-
dritic DA in the VTA. Low iontophoretic currents of cocaine
(20 nA) caused a significant prolongation of this stimulation-
induced inhibition, suggesting that cocaine reduces DA reuptake
along the somatodendritic extent of A10 DA neurons, thereby
increasing extracellular levels of DA and prolonging its effects
at somatodendritic impulse-regulating autoreceptors.

Taken together, the findings obtained from the intravenous
and iontophoretic experiments indicate that systemically ad-
ministered cocaine inhibits the activity of mesoaccumbens DA
neurons by blocking the reuptake of DA, thereby enhancing its
effects on DA receptors. Unlike most DA agonists, which com-
pletely suppress A10 DA neuronal activity (Bunney et al., 1973;
Wang, 1981a, ¢c; White and Wang, 1984b), the maximal effect
was typically only 50-70% inhibition, suggesting that, while
cocaine increases concentrations of DA and thereby enhances
DA-induced inhibition of A10 DA neurons at the somatoden-
dritic autoreceptor, the mechanism of reuptake blockade in itself
may be insufficient, i.e., does not raise extracellular somato-
dendritic DA levels enough to halt the firing of A10 DA neurons
completely.

It is also interesting to note that, whereas intravenous admin-
istration of cocaine usually resulted in a 50-70% inhibition of
mesoaccumbens DA neuronal activity, iontophoretic admin-
istration in the VTA resulted in only a very weak (10-20%)
suppression of firing. Although this discrepancy might be ex-
plained by ineffective ejection of cocaine from the pipettes, this
seems unlikely, since marked inhibition of NAc neurons has
been observed under identical conditions (White, 1986b; White
et al., 1987). Contributions to this difference are also likely to
result from the failure of iontophoretic cocaine to reach distal
dendrites, where additional uptake sites may be located and
where extensive electrical coupling might exist (Grace and Bun-
ney, 1983b). However, preliminary recordings obtained from
in vitro VTA slice preparations indicate that, when superfused
over the slice, cocaine only partially inhibited most A10 DA
cells (Brodie and Dunwiddie, 1986; F. J. White, unpublished
observations). In view of these considerations and preliminary
results indicating that iontophoretic administration of cocaine
onto NAc neurons resulted in a significantly greater inhibition
than that observed on A10 DA neurons (White, 1986b; White
et al., 1987), a situation unlike that with other DA agonists
(White and Wang, 1986), we suspect that the difference between
the potencies of iontophoretic and intravenous cocaine on A10
DA neurons may have been due to the additional involvement
of a NAc-VTA feedback pathway in the inhibitory effects of
intravenous cocaine.

Although considerably less extensive than the striatonigral
pathway, a NAc-VTA GABAergic (inhibitory) feedback path-
way has been indicated by several anatomical (Nauta et al.,
1978; Phillipson, 1979), biochemical (Waddington and Cross,
1978; Walaas and Fonnum, 1980) and electrophysiological
(Wolfe et al., 1978; German et al., 1980; Yim and Mogenson,
1980; White and Wang, 1983a) studies. For example, the in-



hibitory effects of electrical stimulation of the NAc on some
A10 DA neurons are enhanced by iontophoretic application of
the GABA reuptake inhibitor nipecotic acid into the VTA, and
blocked by similar administration of the GABA antagonist pic-
rotoxin (Wolfe et al., 1978; Yim and Mogenson, 1980). In ad-
dition, lesions of the NAc decrease levels of the GABA-synthe-
sizing enzyme glutamic acid decarboxylase (GAD) in at least
some portions of the VTA (Waddington and Cross, 1978; Wa-
laas and Fonnum, 1980).

Our experiments support a role for NAc-VTA pathways in
the effects of cocaine on A10 DA neurons since both ibotenic
acid lesions of the NAc and acute hemitransections significantly
attenuated the suppression of firing produced by intravenous
cocaine. Thus, by blocking the DA uptake mechanism at DA
nerve terminals within the NAc, cocaine increased synaptic con-
centrations of DA, thereby inhibiting NAc neurons (White,
1986b; White et al., 1987) and activating feedback mechanisms
to the VTA. If this pathway is GABAergic, then it is necessary
to postulate that, as in the striatonigral feedback pathway (Grace
and Bunney, 1985), the primary target of such afferents would
be inhibitory interneurons within the VTA. Previous pharma-
cological evidence suggests the existence of such interneurons,
probably themselves GABAergic, within the VTA (Waszczak
and Walters, 1980; Gysling and Wang, 1983; O’Brien and White,
1987). If the presumed GABAergic neurons terminate both on
interneurons and on the A10 DA neurons within the striato-
nigral pathway, as has been suggested (Grace and Bunney, 1985),
then the net effects of cocaine would be determined by the
relative degree of innervation of the A10 DA cell by the direct
and indirect pathways. Such an arrangement could help to ex-
plain the occasional A10 DA cell that is excited by intravenous
cocaine, since excitation (disinhibition) would be predicted if
certain A10 DA cells received primarily direct NAc-VTA GA-
BAergic inputs.

The present findings represent the first report of an involve-
ment of NAc-VTA feedback pathways in the effects of a DA
agonist on A10 DA cells. Several investigators have postulated
that mesolimbic and nigrostriatal DA systems differ in the rel-
ative degree of autoreceptor regulation (predominant on me-
solimbic neurons) versus long-loop feedback regulation (pre-
dominant on nigrostriatal neurons) of impulse flow (Wang, 198 1c;
Andén et al., 1983; Chiodo and Bunney, 1984). For example,
it has been shown that the inhibitory effects of the DA-releasing
agent d-amphetamine on A9 DA neurons are diminished by
lesions placed along the striatonigral pathway (Bunney and
Aghajanian, 1976), whereas such effects on A10 DA neurons
are unaffected either by lesions of the NAc or by hemitransec-
tions (Wang, 1981c¢). Our findings are not necessarily inconsis-
tent with this view. In fact, we have recently replicated the
previous failure of ibotenic acid lesions to alter the inhibitory
effects of d-amphetamine on A10 DA cells (White et al., 1987).
We propose that the difference between amphetamine and co-
caine in this regard relates to differences in their mode of action,
i.e., enhancement of dendritic DA release by d-amphetamine
produces significantly greater extracellular concentrations of DA
within the VTA than does blockade of DA reuptake by cocaine.
Given that the inhibitory effects of cocaine are much greater
postsynaptically (within the NAc) than at the somatodendritic
autoreceptor on A10 DA cells (White, 1986b; White et al., 1987),
it is tempting to speculate that the NAc-VTA feedback pathway
is used only (i.e., is not redundant) when autoreceptor-induced
inhibition of A10 DA neurons is insufficient to compensate for
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enhanced activation of postsynaptic DA receptors.

The present findings have several potentially important im-
plications for the hypothesis that enhanced activity within the
mesoaccumbens DA system may be responsible, at least in part,
for the rewarding effects of cocaine and other drugs of abuse
(Wise, 1980, 1984; White et al., 1987). First, the decrease in
A10 unit activity produced by DA agonists is entirely consistent
with this hypothesis, because such decreases represent a com-
pensatory decrease in impulse flow as a consequence of en-
hanced DA neurotransmission within the NAc. Other classes
of drugs that possess reinforcing properties increase A10 unit
activity via non-dopaminergic mechanisms. These include
opioids (Gysling and Wang, 1983; Matthews and German, 1984),
ethanol (Gessa et al., 1985; see also Imperato and Di Chiara,
1986), benzodiazepines (O’Brien and White, 1987), and nicotine
(Yoon et al., 1986). The ability of these drugs to increase A10
unit firing results in enhanced mesoaccumbens DA transmis-
sion, whereas the decrease in A10 DA neuronal impulse flow
caused by DA agonists results from enhanced activation of NAc
DA receptors, i.e., increased DA transmission. It is possible that
the drugs that stimulate DA transmission by working at non-
dopaminergic receptors (opioid, benzodiazepine/GABA) in some
way ““override’ autoreceptor control, perhaps because increased
DA impulse flow may be inversely related to dendritic DA
release (Chéramy et al., 1981).

Since the various classes of compounds possessing rewarding
properties affect A10 DA cells differently, it will not be possible
to predict the potential abuse liability of drugs solely on the
basis of their effects on A10 DA cells. Clearly, such predictions
will require an analysis of the net effects of each compound on
in vivo DA activity within the mesoaccumbens pathway. In this
respect, it is interesting to note that all of the drugs that inhibited
A10 DA cell firing in the present study appear to possess rein-
forcing efficacy. In addition to cocaine, its N-demethylated de-
rivative norcocaine is readily self-administered by laboratory
animals (Risner and Jones, 1980; Spealman and Kelleher, 1981).
Although self-administration experiments have not been re-
ported for nomifensine and GBR-12909, both of these drugs
produce a conditioned place preference (Martin-Iverson et al.,
1985; R. Brooderson, S. R. Wachtel, and F. J. White, unpub-
lished observations), an effect thought to reflect reinforcing ef-
ficacy (Mucha et al., 1982). Given that these drugs exert effects
on A10 DA cells that are similar to those of cocaine, it is likely
that they also act via a combination of autoreceptor and feed-
back mechanisms.

A final implication of these experiments relates to how the
observed effects of cocaine on mesoaccumbens DA cells differ
from those exerted by other DA agonists. Because D-2 DA
autoreceptors within the mesoaccumbens pathway are 3—-10 times
more responsive to DA and DA agonists than are postsynaptic
D-2 receptors within the NAc (White and Wang, 1986), most
DA agonists not only stimulate DA receptors in the NAc but
also activate compensatory autoreceptor mechanisms that di-
minish DA impulse flow, synthesis, and release (Carlsson, 1975;
Roth, 1979). In contrast, by blocking the reuptake of both DA
and 5-HT, cocaine potently suppresses the firing of a subpop-
ulation of NAc neurons that is inhibited by both of these amines
(White, 1986a, b; White et al., 1987), but only weakly activates
somatodendritic autoreceptor mechanisms to diminish A10 DA
neuronal impulse flow. In fact, during cocaine administration,
NAc-VTA inhibitory feedback processes are required to com-
pensate, albeit still only partially, for increased postsynaptic
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transmission. Thus, the net effect of cocaine may be an even
greater enhancement of mesoaccumbens DA transmission as
compared to that of other DA agonists. This hypothesis may
account for the extremely potent rewarding effects of cocaine as
compared to other drugs of abuse (Wise, 1984; White et al.,
1987). Moreover, the almost total lack of inhibition of anti-
dromically identified mesocortical (mPFC) DA cells by intra-
venous cocaine (White et al., 1987) suggests that enhanced DA
transmission within the mesocortical DA system may be even
less well-compensated by diminished impulse flow, owing to
the relative lack of impulse-regulating DA autoreceptors on these
neurons (Bannon and Roth, 1983; Chiodo et al., 1984; White
and Wang, 1984a). Obviously, studies of the effects of cocaine
within the mPFC are of considerable importance, given the
speculated role of this system in the initiation of cocaine-in-
duced reward (Goeders and Smith, 1986). Such studies should
help to shed light on the relationship between alterations in
relevant neuronal activities and the reinforcing efficacy of co-
caine and other important drugs of abuse.
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