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Alterations in ]Baseline Activity and Quinpirole 
Sensitivity in f>utative Dopamine Neurons 
in the Substantia Nigra and Ventral 
Tegmental Area after Withdrawal 
from Cocaine ]?retreatment 
Wei-Ying Gao, M.S., Tong H. Lee, M.D., Ph.D., George R. King, Ph.D., 
and Everett H. Ellinwood, M.D. 

Using in ,:;ivo single-unit recording, we compared in rats 
the effects of continuous infusion and once-a-day injections 
of cocaine on the activity of single putative dopamine 
neurons in the substantia nigra and ventral tegmental area. 
After a 7-day withdrawal, we determined: (1) the number of 
spontaneously active neurons and their bursting patterns 
and (2) sensitivity of these neurons tc intravenous 
quinpirole. In the substantia nigra, continuous cocaine 
infusion reduced the number of neurons without affecting 
the bursting patterns; daily injectionE were without effects. 
In the ventral tegmental area, continuous infusion reduced 
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In animals, chronic intermittent cocaine or amphet
amine injections produce sensitization to their ability to 
stimulate locomotor activity and stereotypy. This be
havioral phenomenon has been hypothesized as a 
model of the increasing reinforcing effects of cocaine in 
humans, especially during the early stages of abuse 
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the bursting activity without affecting the number of 
neurons, whereas injections increased number of neurons 
without changes in the bursting pattern. Acute sulpiride 
normalized all the changes in both cell body areas. The 
quinpirole sensitivity was selectively increased in the nigral 
neurons following withdrawal from continuous infusion. 
Possible role of Diautoreceptor mechanisms in these 
changes is discussed. [Neuropsychopharmacology 
18:222-232, 1998] © 1998 American College of 
Neuropsychopharmacology. Published by Elsevier 
Science Inc. 

(Kilbey and Ellinwood 1977; Post and Contel 1983; Kali
vas 1995). In contrast to intermittent injections, continu
ous stimulant infusion (Ellinwood and Lee 1983; Lee 
and Ellinwood 1989; Reith et al. 1987; King et al. 1992) 
or other sustained dosing regimens (Emmett-Oglesby et 
al. 1993; Weiss et al. 1995) induce tolerance to the motor 
or reinforcing effects of the drugs. We and others have 
proposed that tolerance-inducing pretreatment regi
mens may provide an animal model for elucidating 
time-dependent alterations associated with stimulant 
withdrawal after high-dose, compulsive binges (Gawin 
and Ellinwood 1988; Weiss et al. 1995). 

Among various electrophysiological changes, the 
two dosing regimens are associated with distinctive 
changes in the potency of dopamine (DA) agonists in 
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inhibiting activity of single DA neurons in the substan
tia nigra zona compacta (SNC) and ventral tegmental 
area (VTA). For example, the reduced apomorphine po
tency in the SNC during an early withdrawal (first 1-3 
days) from intermittent injections (Kamata and Rebec 
1984; Pitts et al. 1989, 1993; Lee et al. 1997) may be due 
primarily to changes in a D1-dependent mechanism 
(i.e., reversed by D1 antagonist, SCH 23390; Pitts et al. 
1989, 1993, Lee et al. 1997), whereas that associated with 
continuous infusion (Ellinwood and Lee 1983; Lee and 
Ellinwood 1989; Zhang et al. 1992) is mediated by a di
rect change in D2 receptor (e.g., autoreceptor) sensitiv
ity (Lee et al. 1997). The findings in the VTA, on the 
other hand, are most consistent with autoreceptor sub
sensitivity (Henry et al. 1989; Lee et al. 1997; White et al. 
1995) and normosensitivity (Lee et al. 1997) of soma/ 
dendritic autoreceptors in the early withdrawal from 
intermittent and continuous regimens, respectively. 

After a longer withdrawal period (e.g., 7 days), inter
mittent injections generally lead to normosensitivity of 
SNC and VTA DA neurons to direct DA agonists 
(Henry et al., 1989; White et al. 1995). Continuous infu
sion, in contrast, is associated with supersensitivity of 
SNC DA neurons to either apomorphine in vivo (El
linwood and Lee 1983; Lee and Ellinwood 1989; Zhang 
et al.. 1992) or DA in vitro (Lee et al. 1993). We have 
proposed that this sensitivity increase in the continuous 
pretreatment group may represent soma/ dendritic DA 
autoreceptor supersensitivity. 

Among various changes, altered soma/ dendritic DA 
autoreceptor sensitivity may be manifested by changes 
in the number of spontaneously active DA neurons en
countered during multiple passing of electrodes through 
the SNC or VTA (i.e., population sampling). For exam
ple, the VT A autoreceptor subsensitivity after a short 
withdrawal from intermittent stimulant injections has 
been associated with a significant increase in the num
ber of spontaneously active DA neurons in this cell 
body area (Henry et al. 1989; White et al. 1995). An au
toreceptor supersensitivity may conversely lead to a 
corresponding decrease in the number of active neu
rons under baseline conditions (Bunney and Grace 1978; 
Gallager et al. 1978). 

In addition to the number of spontaneously active 
DA neurons, overall baseline DA neurotransmission 
may be determined by changes in the bursting pattern 
of neuronal activity (Gonon 1988). Therefore, alter
ations in this index after withdrawal from chronic co
caine pretreatment may have substantial effects on the 
functional status of DA neurotransmission in the termi
nal areas such as the caudate nucleus and nucleus ac
cumbens. 

In the present study, we have examined, after 7-day 
withdrawal, the effects of intermittent and continuous 
cocaine pretreatment on the baseline activity of SNC 
and VT A neurons exhibiting the electrophysiological 

characteristics of DA neurons (Grace and Bunney 1984; 
henceforth, we refer to these neurons as "putative DA 
neurons" or "DA neurons" while acknowledging that 
unequivocal identification of each neuron as such was 
not possible in this study). In addition to the population 
sampling, the sensitivity of these neurons to systemic 
quinpirole, a direct D2 agonist, was measured. Consid
ering the striking dependence of functional outcomes 
on the pretreatment regimen, one of the main aims of 
this study was to compare and contrast the effects of the 
two regimens under identical experimental conditions. 
We now report that the different regimens lead to dis
tinctive sets of changes in the spontaneous baseline ac
tivity and quinpirole sensitivity of single putative DA 
neurons 7 days after withdrawal. 

METHODS 

Animals and Pretreatment 

Male Sprague-Dawley rats (Charles-River, Raleigh, NC), 
weighing 300-350 g at the time of recording, were used 
throughout the experiment. They were housed two per 
cage under a 12/12-h light/ dark cycle. Food and water 
were available ad libitum. After a minimum of 7 days of 
acclimatization, rats were pretreated for 14 days with 
one of the three pretreatment regimens: (1) saline injec
tions (2 ml/kg, sc), (2) cocaine injections (40 mg/kg hy
drochloride salt, sc, once a day, injected in 2 ml/kg vol
ume), or (3) continuous cocaine infusion (40 mg/kg/ 
day, sc). Implantation and explantation procedures of 
osmotic minipumps (model 2ML2, Alza Corp., Palo 
Alto, CA) have been previously described (Joyner et al. 
1993). Briefly, rats were anesthetized with methoxy
flurane and a small incision was made on the back of 
skin (the incision site infiltrated with lidocaine), and the 
subcutaneous connective tissue was separated, forming 
a pocket. Single minipumps with modified flow modu
lators were inserted into this pocket and the wound 
closed with surgical clips. The pumps were removed 2 
weeks later using a similar surgical procedure. For in
termittent injections, the injection site was rotated daily 
throughout the 14-day period (in combination with the 
increased injection volume) to reduce skin inflamma
tion associated with cocaine injection. 

Single-Unit Procedure 

Seven days after pretreatment withdrawal, rats were 
anesthetized with chloral hydrate (400 mg/kg, ip) and 
their jugular vein catheterized for drug administration 
(e.g., quinpirole). The animals were mounted on a Kopf 
stereotaxic apparatus. The skull was exposed, and a 
burr hole was drilled in the area overlying either the 
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SNC or VT A, and the dura was removed. Body temper

ature of the rats was maintained at 36 to 38°C using a 

temperature control pad. 
Extracellular single-unit recordings were made using 

glass-coated tungsten electrodes (Frederick Haer, Bruns

wick, ME; impedance 10 MO at 1,000 Hz). The number 

of spontaneously active SNC or VT A neurons exhibit

ing electrophysiological characteri~.tics of DA neurons 

was counted by lowering the electrode from 6.5 to 8.5 

mm below the brain surface (Chiodo and Bunney 1983). 

Nine electrode tracks, each separated by 0.2 mm, were 

passed at predetermined coordinates (3.1-3.5 mm ante

rior to lambda, 1.5-1.9 and 0.4-0.8 mm lateral to the 

midline for SNC and VTA, respectively). The sequence 

of the electrode tracks was kept constant from animal to 

animal, and a new electrode was used for each animal. 

In addition to the number of spontaneously active neu

rons, the baseline firing rate and bursting pattern of 

each neuron were determined based on 500 consecutive 

spikes. 
Putative DA neurons were identified by the previ

ously established criteria: (1) a long action potential 

(>2.5 ms) with a distinct "notch" in the initial rising 

phase; (2) slow, burst, or regular firing pattern (0-9 

spikes/s); and (3) low-pitched sound on an audio moni

tor. The bursting pattern of individual neurons was de

termined as described previously (Grace and Bunney 

1984). A burst onset was defined as an occurrence of 

two spikes with an interspike interval of less than or 

equal to 80 ms; an interval greater than 160 ms denoted 

a burst termination. For each neuron, we determined: 

(1) average number of spikes per burst; (2) total number 

of bursts,: and (3) % of 500 collected spikes that occur 

within bursts. 
When used, (-)-sulpiride (50 mg/kg, ip) was dis

solved in 1 % tartaric acid (normal saline) and injected 

2 h before the start of the population sampling proce

dure. No differences between "naive" animals and 

those injected with acute vehicle were observed during 

the population sampling procedure; therefore, these 

two groups were combined for comparison to the 

sulpiride-injected group. For all animals, the experi

menter was blind to the acute trea";ment given immedi

ately before single-unit recording (i.e., no injection, sa

line, or sulpiride). 
Dose-dependent inhibition of the SNC or VTA DA 

neurons by quinpirole was determined in separate 

groups of animals. After the isolation of a putative DA 

neuron, baseline data were collected for at least 5 min. 

Subsequently increasing doses of the D2 agonist were 

administered via the juglar vein at 2-min intervals, until 

spontaneous activities ceased (0.5-100 µg/kg, iv, cumu

lative dose). Thirty minutes after the last dose, haloperi

dol (50 ~Lg/kg, iv) was given to reverse the quinpirole

induced impulse inhibition. Only one neuron per ani

mal was used for quinpirole sensitivity determination. 
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At the end of the experiment, the last recording site 

was lesioned by passing 10-µA current through the re

cording electrode for 30 s. The animals were then per

fused transcardially with 0.9% saline followed by 10% 

formalin under an overdose of chloral hydrate. Serial 

50-µm sections of the brain were stained with Cresyl vi

olet for identifying the lesion. For the nine-track experi

ments, location of the recorded neurons were extrapo

lated based on that of the lesion site (i.e., the last 

recorded neuron). 

Drugs 

(-)-Sulpiride and haloperidol obtained from Sigma 

Chemical Co. (St. Louis, MO) was dissolved in 1 % tar

taric acid in saline immediately before injection. Quin

pirole (RBI, Natick, MA) was dissolved in distilled water. 

Data Analysis 

Data acquisition and on-line analysis were accom

plished using software written in Axobasic program

ming suite (Axon Instrument, Foster City, CA). Group 

differences in the number of spontaneously active neu

rons were assessed using a one-way analysis of vari

ance (ANOV A; saline, intermittent injections, and con

tinuous infusion, each group with or without sulpiride). 

For the baseline firing rates and bursting indices, a sin

gle set of values for each animal was first derived by av

eraging results from individual neurons; these values 

were subsequently used to compare pretreatment 

groups by a one-way ANOV A. Post hoc comparisons of 

individual means were accomplished using Newman

Keul' s test. 
The firing rate after each cumulative quinpirole dose 

was converted to the percentage of inhibition as the de

pendent variable and were evaluated by a two-way 

mixed model ANOV A (pretreatment X quinpirole 

dose). Multiple comparisons of individual means were 

accomplished with Dunnett's test. The quinpirole ED50 

for each neuron was determined by the third-order 

polynomial regression fit of the log dose-response 

curve (Pitts et al. 1990). Differences of baseline firing 

rates and ED50 values were evaluated by one way 

ANOVA followed by Dunnett's test. For all tests, p < 
.05 was considered statistically significant; all data are 

presented as mean ::':: SEM. 

RESULTS 

Number of Active DA Neurons and Bursting Pattern 

Figure 1 presents representative extracellular recording 

traces for putative DA neurons sampled in the present 

study (see the legend for detail). These characteristics 
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ELECTROPHYSIOLOGICAL CRITERIA FOR PUTATIVE 
DOPAMINE NEURONS 

Neuron without initial "'notch" Neuron with initial "notch" 

1 ms 

Non-burster 

Firing rates: 4.9 spikes/s 
Avg.# sp./burst: 2 
Tot. # bursts: 1 
% in bursts: 0.4 

Burster 500 ms 

Firing rates: 4.8 spikes/s 
.. .,. Avg.# sp./burst: 4.2 

Tot.# bursts: 96 
% in bursts: 80.6 

I I 

Figure 1. Extracellular single-unit criteria used to identify putative DA neurons. Upper panel: These neurons exhibited long 
action potentials (>2.5 ms) with some neurons showing a pronounced "notch" (arrow) in the initial rising phase (compare 
the two neurons). Dopamine neurons were also identified by either regular (non-burster) or bursting (Burster) firing pattern 
(firing rates: 0-9 spike/s). Furthermore, a, shown in Figure 4, they were inhibited by low doses of Q agonist quinpirole, an 
effect readily reversible with haloperidol, a Di/D2 antagonist. 

have been demonstrated previously to belong to DA 
neurons identified by 1-dopa histofluorescence (Grace 
and Bunney 1980). All recording sites, as estimated 
from the location of the last recording sites, were local
ized between 2.96 and 3.70 mm anterior to the interau
ral line (Paxinos and Watson 1986). Correct media-lat
eral positioning of the SNC and VT A sampling tracks 
were also verified histologically (1.4-2.1 mm and 0.4-
1.2 mm lateral, respectively. 

On day 7 of withdrawal from 14-day cocaine pre
treatment, the six experimental groups (i.e., control, in
termittent and continuous groups, with or without 
sulpiride) exhibited significant differences in the num
ber of spontaneously active DA neurons in the SNC (p < 
.001, one-way ANOV A; Figure 2). Before 0 2 blockade 
with sulpiride, the group withdrawn from continuous 
cocaine infusion exhibited significantly reduced num
ber of putative DA neurons compared to either the con
trol or injection group (p < .05, Newman-Keul's test). In 

contrast, the animals pretreated with intermittent injec
tions exhibited a similar number of active DA neurons 
compared to controls. 

Among various possibilities, two possible mecha
nisms underlying the reduced number of active DA 
neurons in the continuous group are induction of depo
larization block (Chiodo and Bunney 1983) or autore
ceptor supersensitivity (Bunney and Grace 1978; Zhang 
et al. 1992; Lee et al. 1993). To distinguish these two 
mechanisms, 0 2 antagonist sulpiride (50 mg/kg, ip) 
was administered 2 h before the sampling procedure. 
This antagonist was expected to exacerbate a reduced 
number of neurons if depolarization block was taking 
place. On the other hand, in case of autoreceptor super
sensitivity, sulpiride would increase the number of 
spontaneously active DA neurons and "normalize" the 
number of active neurons in the continuous group by 
blocking the action of endogenous DA. Consistent with 
the autoreceptor hypothesis, the control, injection, and 
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SNC 

# DA NEURONS/TRK. FIRING RATES ( /SEC) 

D CONTROL 
E'.Zl INT-I 

CONT-I 

BL SULP BL SULP 

AVG.# SPIKES/ BURST TOTAL# OF BURSTS % SPIKES IN BURSTS 

4-

BL SULP BL SULP BL SULP 

Figure 2. Effects of intermittent injections or continuous infusion on the baseline activity of single putative DA neurons in 

the SNC after 7-day withdrawal. For the baseline firing rates and bursting indices, results from individual neurons in each 

animal were combined to derive a sin!';le set of values. The data shown represent averages (mean±: SEM) of these sets. INT

I-intermittent injections, CONT-I-contmuous infusion. BL-baseline condition with no acute drug injection, SULP-sulpiride, 

50 mg/kg, ip 2 h before the start of the "9-track" procedure. Number of animals: CONTROL, BL/SULP = 14/5; INT-I, BL/ 

SULP = 14/6; CONT-I, BL/SULP = 10/7. *p < .05 compared with BL-CONTROL, Newman-Keul's test. 

continuous groups all exhibited increased numbers of 
spontaneously active DA neurons following sulpiride 
(p < .05, Newman Keul's test, as compared to the re
spective baseline values: Figure 2). Most importantly, 
the number of active DA neurons in the continuous 
group was no longer different from either the control or 
injection groups. This finding is consistent with sulpir
ide blocking the supersensitive response to endogenous 
DA (also see below for quinpirole sensitivity). 

In contrast to the number of active neurons, no sig
nificant differences in the baseline firing rates were ob
served among any of the pretreatment groups, with or 
without sulpiride (p > .07, one-way ANOV A), although 
visual inspection suggested that sulpiride tended to in
crease firing rates in all pretreatment groups (Figure 2). 
Furthermore, neither intermittent nor continuous pre
treatment regimen produced statiss:ically significant re-

sults on the bursting indices of putative SNC DA neu
rons (Figure 2). 

In the VTA, the six experimental groups (i.e., control, 
intermittent, and continuous groups, with or without 
sulpiride) again exhibited significant changes in the 
number of active DA neurons after 7-day withdrawal 
(p < .001, one-way ANOV A; Figure 3). However, the 
pattern of group changes in this cell body region was 
strikingly different from the SNC. In this case, it was the 
intermittent injection group that exhibited an alteration, 
an increase (p < .05, Newman-Keul's test). The number 
of VT A DA neurons in the continuous group did not 
differ from the control group. Overall, the baseline fir
ing rates in the six groups were significantly different 
(p < .02, one-way ANOV A; Figure 3); however, com
parisons of individual means failed to reach statistical 
significance. 
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VTA 

# DA NEURONS/TRK. FIRING RA TES ( / SEC) 

2~---------~ 

D CONTROL 
t'.ZI INT-I 

IS:SI CONT-I 

BL SULP BL SULP 

AVG.# SPIKES/ BURST TOTAL # OF BURSTS % SPIKES IN BURSTS 

SULP BL SULP BL SULP 

Figure 3. Effects of intermittent injections or continuous infusion on the baseline activity of single putative DA neurons in 
the VTA after 7-day withdrawal. Results are presented as described in Figure 2 legend; see the same for group abbreviations. 
Number of animals: CONTROL, BL/SULP = 11/6; INT-I, BL/SULP = 14/8; CONT-I, BL/SULP = 11/7. *p < .05, compared 
with BL-CONTROL, Newman-Keul's test 

The effects of sulpiride on the number of active DA 
neurons were also determined in the VT A. As in the 
SNC, the D2 antagonist increased the number of DA 
neurons in all pretreatment groups compared to their 
respective no-sulpiride groups (p < .05, Newman Keul's 
test; Figure 3). Importantly, the intermittent group after 
sulpiride exhibited normal number of spontaneously 
active neurons, suggesting that the increased number of 
neurons under baseline conditions might be due to al
tered D2 response to endogenous DA. 

Another significant set of findings in the VT A was al
tered baseline bursting activity after '7-day withdrawal 
(Figure 3). Overall, significant group differences were 
observed for the total number of bursts (p < .001), % of 
total spikes firing in bursts (p < .003) and average num
ber of spikes per burst (p < .009, one-way ANOV A). In
dividual mean comparisons revealed that the infusion 
group exhibited significant reductions in all three indi
ces (p < .05 vs. either control or injection group, New-

man-Keul's test). Interestingly, the decreased bursting 
in the VTA after 7-day withdrawal from continuous in
fusion was again not observable after sulpiride injec
tion. The burst analysis, as in the SNC, distinguished 
the intermittent from continuous regimen groups in 
that the former group exhibited similar bursting activ
ity compared with the controls, either before or after 
sulpiride (Figure 3). 

Dose-Dependent Inhibition by Quinpirole 

The sensitivity of single DA neurons to systemic quin
pirole was measured to determine whether or not the 
altered number of spontaneously active DA neurons in 
either the intermittent or continuous group (or both) is 
associated with a corresponding change in D2 (autore
ceptor) sensitivity (e.g., quinpirole supersensitivity and 
reduced number of spontaneously active neurons in the 
continuous group). Figure 4 presents representative 
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SNC VTA 
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Figure 4. Representative cumulate rate histograms showing the inhibitory effects of quinpirole on single SNC and VTA DA 
neurons 7 days after withdrawal from intermittent or continuous cocaine administration. Arrows indicate the administration 
of quinpirole (0.5, 1, 2, 5, 10, 20, 50, 100 µg/kg, iv, cumulative doses). Dotted arrows represent the beginning of haloperidol 
administration (50 µg/kg, iv). See Figure 2 legend for group abbreviations. 

rate histograms showing dose-dependent inhibition of 
putative SNC and VTA DA neurons by quinpirole. In 
all pretreatment groups, complete inhibition of firing 
rates was achieved at 10-100 µ,g/kg, iv, quinpirole; ha
loperidol (50 µ,g/kg, iv) given 30 min after the last quin
pirole dose reversed the quinpirole-induce inhibition 
(85-105% of baseline). 

Overall, SNC DA neurons in the three pretreatment 
groups (i.e., control, intermittent injections, and contin
uous infusion) exhibited significantly different quin
pirole sensitivity 7 days after withdrawal (Figures 4 and 
5; p < .03, two-way, mixed model ANOV A). Continu
ous cocaine administration for 14 days induced a signif
icant increase in the quinpirole sensitivity as demon
strated by a shift of the dose-response curve to the left 
(Figure 5); individual dose comparisons were signifi
cant at cumulative doses of 5, 10, and 20 µ,g/kg (p < .05, 
Dunnett's test). The quinpirole supersensitivity was 
also evident in decreased ED50 (10.2 :t:: 1.4, vs. 5.0 :t:: 0.9 
µ,g/kg, iv, one-way ANOV A, p < .02, followed by Dun
nett's test, p < .05). The SNC DA neurons in the inter-

mittent group showed no alteration in the quinpirole 
sensitivity (10.0 :t:: 1.2 µ,g/kg, iv). 

In contrast to the SNC, DA neurons in the VT A ex
hibited similar sensitivity to quinpirole after with
drawal from either intermittent or continuous cocaine 
pretreatment (Figures 4 and 5). As in the population 
sampling experiments, no difference in the baseline fir
ing rates was observed among groups in either the SNC 
or VTA (data not shown). 

DISCUSSION 

The present single-unit findings demonstrate that inter
mittent and continuous cocaine pretreatment regimens, 
which lead to differential behavioral and neurochemi
cal outcome Uones et al., 1996; Kilbey and Ellinwood 
1977; King et al. 1992, 1994; Reith et al. 1987; Kalivas 
1995; Weiss et al. 1995), also induce distinct changes in 
the baseline activity and quinpirole sensitivity of the 
SNC and VTA DA neurons. Thus, continuous cocaine 
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INHIBITION OF DOPAMINE NEURONS BY QUINPIROLE 
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Figure 5. Effects of intermittent injections or continuous infusion on the quinpirole sensitivity of single DA neurons after 

7-day withdrawal. Mean±: SEM. See Figure 2 legend for group abbreviations. Only one neuron per animal was used (num

ber of animals in parentheses). *p < .05, Dunnett's test. 

infusion followed by 7-day withdrawal was associated 
with: (1) reduced number of spontaneously active neu
rons in the SNC; (2) decreased bursting in the VT A; and 
(3) selective quinpirole supersensitivity in the SNC. In
termittent injections, on the other hand., had minimal ef
fects on the baseline activity of SNC DA neurons, while 
increasing the number of spontaneously active DA neu
rons in the VTA without altering the baseline bursting 
pattern or quinpirole sensitivity. 

Changes after Continuous Infusion 

The mechanism underlying the decreased number of 
SNC DA neurons after continuous cocaine infusion 
awaits further characterization. However, to the extent 
that altered soma/ dendritic autoreceptor sensitivity 
might be associated with corresponding changes in the 
number of spontaneously active DA neurons (Bunney 
and Grace 1978; Henry et al. 1989; Harden and Grace 
1995), the reduction might be mediated by supersensi
tivity of soma/ dendritic autoreceptors. The present re
sults with sulpiride and quinpirole (D2 antagonist and 
agonist, respectively) are consistent with this hypothe
sis. Thus, the continuous group no longer exhibited a 

decreased number after an acute autoreceptor (D2) 

blockade with sulpiride and was supersensitive to the 
impulse-inhibiting effect of systemic quinpirole. We hy
pothesize that the latter effect is mediated via soma/ 
dendritic autoreceptors; we have previously demon
strated that continuous infusion of d-amphetamine or 
cocaine induces, on day 7 of withdrawal, an enhanced 
sensitivity of single DA neurons to intravenous apo
morphine or bath-applied DA (Ellinwood and Lee 1983; 
Lee and Ellinwood 1989; Lee et al. 1993; Zhang et al. 
1992). In conclusion, evidence to date is consistent with 
the hypothesis that continuous infusion of cocaine (or 
amphetamine) leads to supersensitivity of soma/ den
dritic autoreceptors 7 days after withdrawal. 

In addition to supporting soma/ dendritic supersen
sitivity hypothesis, the sulpiride-induced normalization 
provides evidence against an induction of depolariza
tion block for the decreased number of neurons. Such a 
block would have led to a further decrease in the num
ber of active neurons (by removing hyperpolarizing in
fluence of autoreceptors) or, at least, no change after 
sulpiride administration. In addition, the finding that 
the remaining active neurons in the infusion group 
were firing close to baseline firing rates and bursting 
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patterns also argues against depolarization block. Neu
rons on the verge of entering depolarization block 
would likely exhibit increases in these indices. 

Another striking finding after 7-day withdrawal 
from continuous cocaine infusion was decreased burst
ing activity in the putative VT A DA neurons. That this 
decrease is also not observed after acute sulpiride sug
gests an involvement of a Di-dependent mechanism. 
Because the soma/ dendritic autoreceptor sensitivity in 
the VT A is apparently unaltered irt the infusion group 
(normal number of spontaneously active DA neurons 
and normal quinpirole sensitivity), the D2 mecha
nism(s) is likely to be localized outside the VTA. 
Among various possibilities, altered modulation of the 
excitatory input from the prefrontal cortex is an alterna
tive. It has been shown that such input can modulate 
the bursting pattern of VTA or SNC DA neurons (Gari
ano and Groves 1988; Svensson and Tung 1989); en
hanced DA neurotransmission in the prefrontal cortex 
(either increases in synaptic DA concentrations or DA 
receptor sensitivity) and a consequent decrease in the 
activity of the postsynaptic projection neurons (Deutch 
et al. 1990) may lead to a decreased bursting in the DA 
neurons. In this respect, it is interesting to note that in
termittent cocaine injections, which induce opposite 
changes in a number of DA indices appear to lead to de
creased DA neurotransmission in the prefrontal cortex 
(Kalivas 1995). 

Burst firing in DA neurons may facilitate synaptic 
DA release in the terminal areas (Gonon 1988). There
fore, the reduced bursting in the VTA DA neurons 
would lead to decreased basal level of DA in the nu
cleus accumbens after 7-day withdrawal from continu
ous infusion. In recent years it ha~. been demonstrated 
that "unlimited" cocaine access under a self-administra
tion paradigm (proposed to be analogous to continuous 
infusion) leads to a decrease in basal DA concentrations 
during the first few days of withdrawal (Weiss et al. 
1995). 

Changes after Intermittent Injections 

In contrast to continuous infusion, intermittent cocaine 
injections did not alter the baseline activity or quin
pirole sensitivity in the putative SNC DA neurons after 
7-day withdrawal. Furthermore, acute sulpiride failed 
to induce changes that could distinguish the injection 
group from the other two (Figure 2). These results sug
gest that intermittent cocaine injections are unlikely to 
induce long-term (e.g., 7 days) changes in the sensitiv
ity of SNC soma/ dendritic DA autoreceptors. 

In the VT A the intermittent regimen did lead to an in
creased number of spontaneously active DA neurons 
without an altered sensitivity to quinpirole. The normal 
number of active neurons after acute sulpiride injection 
suggests an involvement of D2 receptors. However, the 
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normal sensitivity to quinpirole suggests a mechanism 
other than subsensitive soma/ dendritic autoreceptors; 
this conclusion is in agreement with previous reports 
(Henry et al. 1980; White et al. 1995). 

One possible mechanism for the increased number of 
VT A neuron might be a change in postsynaptic D2 re
ceptors mediating the long-loop feedback inhibition. 
However, reports on changes in postsynaptic D2 recep
tors after chronic cocaine/ amphetamine injections have 
been conflicting (see Kalivas and Stewart 1991). In addi
tion, White and his colleagues have reported that, after 
7 days of withdrawal, the sensitivity of postsynaptic D1 

receptors in the nucelus accumbens is increased with
out accompanying D2 changes (White et al. 1995). An
other hypothesis that an altered responsivity of the 
VTA DA neurons to an extrinsic input (e.g., prefrontal 
cortex; Tong et al. 1995; White et al. 1995) mediates our 
current finding needs to be further evaluated, although 
such change would more likely affect the bursting ac
tivity of DA neurons (Gariano and Groves 1988; Svens
son and Tung 1989). No changes in bursting were 
found in the injection group either in the SNC or VT A. 

Ackerman and White (1992) have reported, after 10-
day withdrawal from their intermittent injection regi
men, a decrease rather than an increase in the number 
of spontaneously active VT A DA neurons. Reasons be
hind the discrepancy between this previous report and 
our present results are not clear. Among possibilities, 
different doses and routes of pretreatment (10 mg/kg, 
ip twice a day vs. 40 mg/kg, sconce a day) as well as 
the duration of withdrawal (10-14 days vs. 7 days) 
might account for the discrepancy. Further studies are 
needed to clarify these issues. 

Previous studies have reported that soma/ dendritic 
autoreceptor subsensitivity in the VT A is accompanied 
by increases in both the number of active DA neurons 
and the baseline firing rates in single DA neurons (e.g., 
Henry et al. 1989). In the present study, we did not find 
altered baseline firing rates in the putative SNC or VTA 
DA neurons after either continuous or intermittent regi
mens. Although it is well established that the respon
sivity of single DA neurons to autoreceptor stimulation 
correlates with their baseline firing rates under normal 
conditions (White and Wang 1984; Zhang et al. 1992; 
Pucak and Grace 1994; Lee et al. 1997), this index per se 
might not be a sensitive (reliable) indicator of altered 
soma/ dendritic autoreceptor sensitivity after various 
experimental manipulations (e.g., 6-OHDA or cocaine 
pretreatment). Thus, we and others have reported al
tered neuronal sensitivity to direct DA agonists without 
corresponding changes in the baseline firing rates (Pu
cak and Grace 1991; Zhang et al. 1992; Harden and 
Grace 1995; White et al. 1995; Lee et al. 1997). Most re
cently, Tepper et al. (1997) have reported that inhibition 
of soma/ dendritic autoreceptor synthesis by intranigral 
administration of D2 antisense oligodeoxynucleotides 
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alters the sensitivity of the SNC DA neurons to apomor
phine without affecting the baseline firing rates. Being a 
composite of various presynaptic and postsynaptic in
fluences, the baseline firing rates of DA neurons may 
reflect changes not only in autoreceptor sensitivity but 
also in other mechanisms (e.g., Di, sigma, or GABA; for 
review, see Grace and Bunney 1995) that were not spe
cifically examined in the present study. Previously, 
Harden and Grace (1995) also suggested a similar ex
planation for a lack of correlation between changes in 
baseline firing rates/bursting and autoreceptor sensi
tivity after chronic I-DOPA treatment in DA-depleted 
animals. 

In conclusion, the present study adds to the growing 
body of evidence that intermittent and continuous co
caine pretreatment leads to distinct alterations in vari
ous indices of central DA neurotransmission, including 
regulation of neuronal activity in the SNC and VTA 
(e.g., Henry et al. 1989; Lee et al. 1997; White et al. 1995; 
Zhang et al. 1992). Cocaine binge in humans is often 
characterized by simultaneous development of sensiti
zation and tolerance to different effects of the drug (e.g., 
stereotyped thought pattern/ paranoia and cocaine "high," 
respectively); furthermore, these "deficits" subside with 
differential time courses during abstinence/withdrawal 
(see Gawin et al. 1994 and Gold et al. 1992). Thus, when 
modeling changes associated with compulsive cocaine 
abuse and withdrawal, animal models describing either 
behavioral sensitization or tolerance without the other 
may not offer adequate experimental settings for full 
elucidation of critical mechanisms. Direct electrophysi
ological comparison and contrast of the two dosing reg
imens under identical experimental conditions may 
contribute to elucidation of alterations involved in 
chronic, compulsive cocaine abuse in humans. 
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