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Variability in response to drug treatment is a poorly 
understood problem with severe consequences for both the 
individual and the health care delivery system. Our data 
suggest that one source of variability may be inherent in 
the way physiological systems normally respond to 
repeated drug exposures. We report that for a wide array 
of endpoints-amphetamine-evoked, in vitro striatal 
dopamine efflux, amphetamine and K + -evoked efflux of 
heart norepinephrine and nonevoked plasma levels of 
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Remarkable variation in vulnerability to the physiolog
ical and behavioral effects of psychomotor stimulants 
clouds understanding of these drugs of abuse. For ex
ample, the doses of cocaine (COC) resulting in severe 
toxic reactions in humans have been reported to vary 
almost 14-fold (Van Dyke and Byck 1977), whereas 
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corticosterone and glucose- repeated, in vivo cocaine (15 
mg/kg IP) administration to male rats precipitated 
successive oscillations in the magnitude or direction of 
the organism's responsiveness to subsequent cocaine 
administration. This capacity of cocaine to produce 
oscillations in response to successive administrations 
appears to be due to its foreign/stressful aspect rather 
than its specific pharmacological properties. 
[Neuropsychopharmacology 12:297-306, 1995] 

doses of amphetamine (AM) resulting in psychosis were 
found to diverge by a factor of approximately 12 in one 
study (Bell 1973) and 48 in another (Connell 1958). Ex
treme variability in response to these agents has also 
been seen in animals (Ranje and Ungerstedt 1974; see 
Robinson 1988 for review). Indeed, variability has be
come an important issue in the study of sensitization 
(Robinson 1988). While reports in this research area pre
dominantly suggest that the effects of repeated COC 
or AM enhance dopamine (DA) efflux (Kalivas and 
Stewart 1991; Robinson and Becker 1986; Zahniser and 
Peris 1992) from striatal and/or mesolimbic brain 
regions, an increasing number also report the opposite, 
that is, that these agents decrease DA release (e.g., 
Kalivas and Duffy 1993; Segal and Kuczenski 1992a, 
19926; Zahniser and Peris 1992). 

Recent research from this laboratory suggests that 
one source of this variability may be the inherent ten
dency of physiological systems to compensate for 
repeated drug treatment. Such compensations may, un
der some circumstances, result in successive oscillations 
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in the magnitude and/or direction of subsequent drug 
effects. 

In one series of studies, we found that while etha
nol (ETOH) administered to rats once, either minutes 
or weeks before sacrifice, markedly decreased the abil
ity of AM to release DA from brain slices of the corpus 
striatum, the combination of these treatments signifi
cantly reversed the effect of either one alone (Antelman 
et al. 1992; Caggiula et al. submitted). That is, it "nor
malized" DA efflux almost back to control levels. These 
findings suggest that when a drug is given repeatedly, 
each administration changes the response of the organ
ism to the next administration of the drug, possibly by 
altering the baseline on which the next treatment acts. 
Since two administrations virtually cancel the influence 
of a single drug treatment, we hypothesized that a 
three-chain sequence might reinstate the original drug 
effect (i.e., the drug effects would oscillate). 

The first experiment of the present paper tested this 
hypothesis for the effects of COC on striatal DA efflux. 
We measured the effects of repeated, intermittent COC 
administration in the rat on AM-evoked in vitro efflux 
of DA from striatal slices. A complete replication of this 
study was also conducted 2 years later and is presented 
as the last experiment in the paper. In Experiment 2, 
the generality of oscillation induced by repeated drug 
administration was explored by assessing the effects of 
sequential COC administration on Am- and K+
evoked norepinephrine (NE) release from the heart and 
on nonevoked plasma corticosterone (CORT) and glu
cose (GLUC) levels. The third study determined whether 
a nonpharmacological stressor, immobilization, could 
substitute for cocaine in producing the oscillation effect 
on AM-induced DA release from the striatum. 

METHODS 

Subjects 

Male Sprague-Dawley rats were obtained from a local 
supplier, Zivic-Miller, and weighed 200 to 225 g at the 
start of experimentation. They were double-housed in 
wire-mesh cages and maintained in a temperature- and 
humidity-controlled colony room on a natural day-night 
cycle, with lights on at 0600 and off at 1800 hours. One 
week of adaptation preceded the onset of experimen
tation. Food and water were available ad libitum, and 
animals were weighed daily to ensure that growth was 
proceeding normally and to prevent the hyperreactivity 
that occurs when animals are left unhandled for long 
periods. All experiments were conducted between 0900 
and 1300 hours in order to minimize the influence of 
circadian variations, and each group in a given study 
was represented on all days of experimentation. 
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In Vitro Dopamine and Norepinephrine 
Efflux Procedure 

Amphetamine-evoked DA efflux from rat striatal slices 
was determined using the method of Snyder et al. 
(1990). Briefly, freshly dissected striata were cut with 
a Mcilwain tissue chopper to obtain 350-µm-thick 
coronal slices. Striatal slices from six rats, randomly cho
sen from different experimental groups, were super
fused simultaneously in each of the six chambers of a 
Brandel superfusion system. This procedure was re
peated several times per day for a maximum of 4 con
secutive days, depending on the number of animals in 
the experiment. Slices were then perfused with Krebs 
buffer bubbled with 95% 02-5% CO2 and containing 
113 mM NaCl, 4.7 mM KCl, 2.5 mM CaCh, 1.2 mM 
MgSO4, 25 mM NaHCO3, 1.2 mM KH2PO4, 11.5 mM 
glucose, 0.3 mM ascorbic acid, at a rate of 0.24 ml/min
ute at 37°C. Following a 60-minute equilibration period, 
nine fractions were collected at 5-minute intervals into 
disposable plastic tubes containing 50 µl of 0.1 N per
chloric acid and 1 ng of the internal standard, 3,4-
dihydroxybenzylamine. After the first two baseline frac
tions were obtained, DA efflux was evoked by 10 µM 
AM added to the perfusion buffer for 5 minutes during 
the collection of fraction #3, and six additional fractions 
(No. 4-9) were collected in order to wash out all of the 
catecholamine released by the drug. Tissue viability was 
verified at the end of experimentation by observing DA 
efflux in response to a 60-mM KCl challenge. At that 
point slices were removed from the tissue chambers and 
homogenized in 500 µl of 0.1 N perchloric acid. An ali
quot of each homogenate was then assayed for protein 
content (Lowry et al. 1951). The superfusate fractions 
were then stored at - 20°C until DA concentration was 
determined by HPLC with electrochemical detection. 
Dopamine was extracted from each superfusate by add
ing 50 mg of alumina and 200 µ11 M Tris buffer-EDT A
sodium metabisulfite (pH 8.6). The alumina was 
washed twice with 0.1 Tris buffer (pH 8.6), and the 
catechols were eluted by adding 200 µl 0.1 N perchloric 
acid. The samples were injected by a Waters WISP au
toinjector onto a 5-µm Biophase ODS column (mobile 
phase 0.1 M chloroacetic acid, 2 mM EDTA, 1.5 mM 
octanesulfate and 13% methanol, pH 3.2). The ampero
metric detector was set at an oxidizing potential of 0. 7 V 
(vs. Ag/AgCl). 

Norepinephrine efflux from the right atrium was 
determined using a similar procedure to that described 
above for striatal DA efflux, with the major exception 
that following AM-evoked efflux, K+-induced efflux 
was subsequently measured in the same tissue sample 
(using 25 mM KCl). In addition, to measure NE by 
HPLC, the methanol concentration of the mobile phase 
was 4%. 
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Although we measured both basal catecholamine 
efflux and AM-evoked overflow in individual 5-minute 
fractions, we have reported only the total of AM
induced efflux in the Results. The basal efflux of DA 
and NE (expressed as ngimg protein) was calculated 
as the ratio of the average amount of the catecholamine 
in fractions No. 1, 2, and 9 to the amount of protein 
in the tissue slices. The basal (spontaneous) efflux of 
DA from striatal slices (approximately 0.2 ng/mg pro
tein per 5 minutes) did not differ across treatment 
groups for each experiment. Similarly, the basal efflux 
of NE from the heart right atrium (0.1 ng/mg protein) 
was unaffected by the various pretreatments. 

Because of the delay from the time AM was added 
to the perfusion buffer until any catecholamine released 
by the drug reached the collection tubes, no increases 
in DA or NE were found in fraction No. 3. In general, 
catecholamine levels were elevated above baseline in 
fractions No. 4 through 7 or 8, with the peak amount 
usually appearing in fraction No. 5. However, the time 
course of catecholamine efflux was unaltered in any of 
the experiments, and therefore to simplify the Figures, 
only the total overflow is shown, rather than that mea
sured in the individual fractions. Total AM-evoked 
efflux for each rat was determined by adding the six 
post-AM fractions (No. 3-8) and subtracting six times 
the mean baseline value (mean of No. 1, 2, and 9). 

Corticosterone 

Plasma CORT was measured by the competitive 
protein-binding radioassay of Murphy (1967). Trunk 
blood was collected upon decapitation by gentle swirl
ing in a small beaker containing 200 µl of sodium hepa
rin (10,000 USP units/ml). The blood samples were then 
centrifuged for 15 minutes and the plasmas removed 
by Pasteur pipette and stored at - 20°C until assayed. 
Each plasma sample (10 µl) was pipetted into 0.5 ml 
of ETOH in a centrifuge tube. After mixing and cen
trifuging, the supernatant fractions were transferred to 
small test tubes and evaporated to dryness. To each tube 
was added 1.0 ml of 2% human plasma (the source of 
the corticosteroid-binding globulin) and 3H-cortico
sterone (0.4 µCi in ETOH). The tubes were then shaken 
and incubated at 45°C for 10 minutes. Unbound CORT 
was then removed by adsorption on 40 mg of Florisil. 
The amount of radioactivity in the supernatant (bound) 
fraction was determined by liquid scintillation counting. 

Plasma Glucose 

This was assayed by a glucose oxidase/peroxidase 
method (Trinder 1969), and automated with a Techni
con AutoAnalyzer. Reagents were purchased in a kit 
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from Boehringer Mannheim (#124001). The method is 
based on the oxidation of GLUC in water to gluconic 
acid and hydrogen peroxide in the presence of glucose 
oxidase. Hydrogen peroxide reacts with phenol4-ami
nophenazone in the presence of peroxidase to form a 
red dye. The concentration of the red dye is measured 
colorimetrically and is proportional to the GLUC con
centration. Only "true GLUC" is measured, since other 
sugars (except for 2DG, which does not occur naturally 
in blood) do not react. The method is sensitive to about 
10 µg/dL and is linear to 400 µg/dL. The interassay 
coefficient of variation for replicate samples in our lab 
is about 2%. 

Statistical Analysis 

Preliminary analyses indicated that there were no base
line differences between groups. For each experiment, 
the existence of group differences in stimulated efflux 
was first determined by subjecting measures of total 
evoked efflux (see above) to one-way analyses of vari
ance (ANOV As). This was followed by a limited num
ber of comparisons between successive treatment con
ditions (e.g., one pretreatment vs. two pretreatments; 
two vs. three, etc.) using linear contrasts within the 
general linear model. All analyses were completed 
using SPSS. 

Experiment 1: Effects of Sequential Cocaine 
Administration on Amphetamine-Evoked Efflux 
of Striatal Dopamine 

Procedure. Rats were pretreated with a single injec
tion of COC hydrochloride (15 mg/kg IP) at one of three 
time points: either 30 minutes, 1 week, or 2 weeks be
fore sacrifice. Additional groups received sequential 
treatment of either two (e.g., 1 week+ 30 minutes) or 
three (2 week + 1 week + 30 minutes) COC injections. 
All groups were timed to be equally represented on the 
same sacrifice day. 

Results and Discussion. Each pretreatment, when 
given alone, decreased AM-induced DA release (to 
18-37% of control; Figure 1). However, when the 
1-week pretreatment was combined with the 30-minute 
injection in other rats, the attenuation was itself 
significantly diminished (e.g., itreturned to 57% of con
trol in the 1-week/30-minute COC group), exactly as 
we had seen with ETOH (Antelman et al. 1992a; Cag
giula et al. submitted). The combination of COC given 
at 2 weeks and 30 minutes before sacrifice showed a 
nonsigniflcant trend relative to COC given only 2 weeks 
earlier. Since the long-term effects of psychostimulants 
such as COC and AM have repeatedly been shown to 
be interchangeable with those of nonpharmacological 
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Figure 1. Dopamine efflux from rat brain striatal slices evoked 
by 10 µM amphetamine following IP administration of 15 
mg/kg cocaine (COC) 30 minutes to 2 weeks before sacrifice. 
Overall ANOVA F(7,58) = 30.91, p < .001; a p < .001 vs. no 
treatment (amphetamine alone); b p < .01 vs. COC at 30 
minutes; c p < .02 vs. COC at 2 weeks; d p < .001 vs. COC 
at 1 week/30 minutes; e p < .01 vs. COC at 2 weeks/30 
minutes; f p < .01 vs. saline at 2 weeks/COC 30 minutes; 
g p < .02 vs. COC at 30 minutes. TRE = number of pretreat
ments. N = 7-9. 

stressors (Antelman and Chiodo 1983; Antelman and 
Eichler 1979; Antelman et al. 1980, 1989a; Kalivas and 
Duffy 1989; Kalivas and Stewart 1991; Maclennan 
and Maier 1983; Robinson 1988; Robinson et al. 1987), 
we sought to determine whether the reversal we ob
tained could also be induced by a nondrug stressor. To 
accomplish this, an injection of isotonic saline, which 
we have previously shown could induce long-term 
stressful effects even after a single injection (Antelman 
et al. 19896), was administered 2 weeks prior to COC 
30 minutes before sacrifice. It significantly reversed the 
effect of COC administered 2 weeks before sacrifice (p < 
.02 vs. COC 2 weeks before sacrifice). 

Most remarkably, when COC was given at all three 
time points (i.e., at 2 weeks, 1 week, and 30 minutes 
before sacrifice), the attenuation observed after only one 
pretreatment was completely reinstated (p < .01 or 
greater vs. each of the two-pretreatment groups); in
deed, it was significantly sensitized (down to 16% of 
control; p < .02 vs. COC 30 minutes before sacrifice; 
Figure 1). 

The reader might suspect that the decrease in AM
evoked DA release induced by COC administered 30 
minutes before sacrifice represents tolerance. Indeed, 
it has been hypothesized that such decreases are a func
tion of high-dose/early-withdrawal-induced tolerance, 
whereas late-withdrawal paradigms consistently induce 
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enhanced release (Kalivas and Duffy 1993). This formu
lation cannot explain our findings, since (1) the dose 
we used is considered a "low" dose (Kalivas and Duffy 
1993) and (2) we also obtained a decrease in AM
induced DA release using "late-withdrawal" periods of 
1 and 2 weeks following COC. While tolerance cancer
tainly be a factor in some cases of attenuated release, 
our data indicate that it cannot explain all instances of 
COC-induced decreases in AM-evoked DA release. 
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Figure 2. (A) Norepinephrine efflux from the right atrium of 
rat heart evoked by 10 µM amphetamine following IP adminis
tration of 15 mg/kg cocaine (COC) 30 minutes to 2 weeks be
fore sacrifice. Overall ANOVA F(7,54) = 7.72, p < .001; a p < 
.001 vs. no treatment (amphetamine alone); b p .001 vs. COC 
at 30 minutes; c p < .001 vs. COC at 1 week; d p < .002 vs. 
COC at 30 minutes; e p < .001 vs. COC at 2 weeks; f p < .001 
vs. COC at 1 week/30 minutes. N = 7-8. (B) Norepinephrine 
efflux from the right atrium of rat heart evoked by 25 mM KCl 
following IP administration of 15 mg/kg cocaine (COC) 30 
minutes to 2 weeks before sacrifice. Overall AN OVA F(7,54) = 
6.96, p < .001; a p < .02 vs. no treatment (KCl alone); b p < 
.002 vs. no treatment (KCl alone); c p < .02 vs. COC at 30 
minutes; d p < .002 vs. COC at 1 week; e p < .01 vs. COC at 
30 minutes; f p < .04 vs. COC at 2 weeks; g p < .001 vs. COC 
at 1 week/30 minutes; h p < .04 vs. COC at 30 minutes. 
TRE = number of pretreatments. N = 7-8. 
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Elsewhere, we have suggested that the direction of a 
drugs effect on physiological systems depends on the 
initial sensitivity of the systems being affected (Antel
man et al. 1991), and we have recently shown that the 
same COC pretreatment used here increases DA efflux 
when initial sensitivity is low (Caggiula et al. 1994). 

Experiment 2: Effects of Sequential Cocaine 
Administration on Amphetamine and K+-Evoked 
Efflux of Heart Norepinephrine and on 
Nonevoked Plasma Corticosterone 
and Glucose 

Procedure. We enquired next whether the results ob
tained in Experiment 1 were limited to DA neurons in 
the striatum. We therefore repeated the design of the 
first experiment for AM-evoked NE release from the 
right atrium of the heart (Figure 2A). In addition, in this 
experiment, following AM-evoked release we also mea
sured K + -evoked NE release in the same tissue (Fig
ure 2B). 

Results and Discussion. Repeated COC administra
tion produced an essentially identical pattern of results 
to that seen for DA. Cocaine administered once, 30 
minutes, 1 week, or 2 weeks before sacrifice, signifi
cantly reduced AM-evoked efflux of heart NE to 56 to 
60% of control. Norepinephrine efflux was completely 
normalized in the 2-COC groups [i.e., both the COC 
1-week/30-minute and COC 2-week/30-minute groups 
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Figure 3. Plasma corticosterone following IP administration 
of 15 mg/kg cocaine (COC) 30 minutes to 2 weeks before 
sacrifice. Overall ANOVA F(7,65) = 30.34, p < .001; a p < .001 
vs. no treatment (No TRE = basal levels of corticosterone); 
b p < .001 vs. COC at 30 minutes; c p < .001 vs. COC at 
1 week/30 minutes. TRE = number of pretreatments. N = 

9-10. 
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(100% and 98% of control, respectively)]. Once again, 
as with striatal DA efflux, when COC was given three 
times, at 2 weeks, 1 week, and 30 minutes before 
sacrifice, the NE decrease seen after a single COC treat
ment was reinstated back down to 57% of control (p < 
.001 vs. the 2-COC groups). The same pattern of results 
was obtained when K+ was used as the releasing agent 
(Figure 2B). The fact that the oscillatory effect was ob
tained on transmitter efflux using both Ca++ - and 
impulse-dependent (K+) and -independent (AM) 
methods (Jacocks and Cox 1992) suggests that it is phys
iologically significant and not simply a pharmacologi
cal phenomenon. 

Additional measurements in this experiment indi
cated that the effects described were neither unique to 
the in vitro efflux procedure or to transmitters, since 
basically the same results were obtained for plasma 
CORT and GLUC levels (Figures 3 and 4). Corticoster
one and GLUC were measured as indices of the stress
fulness of our procedures and determined in the same 
animals to which COC had been given. 

As expected, COC administered 30 minutes prior 
to sacrifice markedly elevated both CORT (490% of con
trol; p < .001 vs. no treatment) and GLUC (152% of con
trol; p < .001 vs. no treatment). However, when COC 
pretreatments were given at both 1 week and 30 
minutes, the CORT and GLUC elevations observed at 
30 minutes were significantly attenuated. Corticoster
one elevation decreased precipitously, down to 149% 
of control (p < .001 vs. COC at 30 minutes), while GLUC 
dropped to 126% of control (p < .004 vs. COC at 30 
minutes). As was the case with striatal DA, a similar 
reversal for GLUC (down to 120% of control) was seen 
when a nondrug stressor (again a saline injection) 
preceded the 30-minute COC treatment by 2 weeks (p < 
.001 vs. COC at 30 minutes). Moreover, exactly as oc
curred with DA and NE release, when the 2-week, 
1-week, and 30-minute COC treatments were linked, 
the effect of two COC treatments was itself reversed 
and the elevated CORT and GLUC seen in the 30-minute 
group, was almost precisely reinstated (to 456% and 
151 % of control; p < .001 and p < .005 vs. COC at 1 week 
and 30 minutes for CORT and GLUC, respectively). 

When two treatments were separated by a 2-week 
interval there was no significant reversal of CORT or 
GLUC in three out of four instances. However, sig
nificant reversals at 2 weeks were observed in five of 
eight instances in Experiments 1, 2, and 4 in this article 
and seven out of eight in experiments reported in a pa
per involving the effects of ETOH pretreatment on DA 
efflux (Caggiula et al. submitted). In contrast to the 
above, there was 100% reversal (6/6) when a 1-week 
interval between treatments was used. Although the 
numbers are too small to draw &rm conclusions, this 
pattern might suggest that reversals are more likely to 
occur with shorter intervals between treatments. 
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Figure 4. Plasma glucose following IP administra
tion of 15 mg/kg cocaine (COC) 30 minutes to 2 
weeks before sacrifice. Overall ANOVA F(7,65) = 
14.20, p < .001; • p < .001 vs. no treatment (No 
TRE = basal levels of glucose); b p < .004 vs. COC 
at 30 minutes; c p < .001 vs. COC at 30 minutes; 
d p < .005 vs. COC at 1 week/30minutes. TRE = 
number of pretreatments. N = 9-10. 

Experiment 3: Amphetamine-Evoked Efflux of 
Striatal Dopamine after Partial Substitution of 
a Non-drug Stressor for Sequential 
Cocaine Administration 
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Rationale and Procedure. Some of the results with sa
line suggested the involvement of stress in oscillation 
(Figures 1 and 4 above; see also Figure SB), whereas 
others did not (Figures 2 and 3). This could have been 
due to saline having been administered 2 weeks prior 
to COC, a time when, as already noted, COC itself was 
not always effective in reversing subsequent COC treat
ment (in contrast to the uniform effectiveness of COC 
treatments spaced only 1 week apart). To clarify the 
potential involvement of stress, we inquired whether 
a traditionally stronger, nonpharmacological stressor, 
immobilization (administered for 10 minutes by wrap
ping in muslin), inserted between two COC treatments 
and flanked by one-week intervals, would result in the 
same pattern of AM-induced release of DA from the 
striatum as three COC treatments. Animals were 
grouped according to five different pretreatment con
ditions. These were: no pretreatment controls, COC 30 
minutes before sacrifice, COC 1 week and 30 minutes 
before sacrifice, COC 2 weeks, 1 week, and 30 minutes 
before sacrifice and COC 2 weeks, immobilization 1 
week and COC 30 minutes before sacrifice. The reader 
will note that the first four groups in this experiment 
were exposed to the identical conditions as those 
depicted in Figure 1, only in different animals, 9 months 
later. Thus, in addition to addressing the issue of stress 
involvement, this experiment also served as a means 
of validating the findings graphed on Figure 1. 

Finally, it seems apparent to us that data so distinc
tively different from traditional sensitization findings 
and potentially important for a fuller understanding of 

NEUROPSYCHOPHARMACOLOGY 1995-VOL. 12, NO. 4 

300r--------------------, 

no TRE 
250 ._. 

a 

1 TRE 

4 
2 TRE 3 TRE ..... 

d 

the actions of COC are likely to encounter substantial 
barriers to acceptance from many quarters. Therefore, 
in an effort to avoid some of these anticipated difficul
ties, we took the unusual step of repeating Experiment 
1 in its entirety in a completely blind fashion, a full 
2 years after it was originally done (June 1994 vs. June 
1992). 

Results and Discussion. The results of substituting a 
nondrug stressor for COC are seen in Figure SA. Ex
actly as observed in the first experiment, 1 COC 
pretreatment significantly decreased AM-induced stri
atal DA release (p< .001 vs. AM without pretreatment), 
and this effect was significantly reversed by two COC 
pretreatments (p < .03 vs. COC at 30 minutes) and rein
stated by three pretreatments (p < .002 vs. COC at 
1 week and 30 minutes), which, as before, resulted in 
a significantly greater (i.e., a sensitized) decrease in re
lease than a single COC pretreatment (p < .01 vs. COC 
at 30 minutes). Most important, the group that was ex
posed to an immobilization stress sandwiched between 
2 COC pretreatments looked as though it had received 
three COC treatments and differed significantly from 
animals receiving only two administrations of COC (p < 
.002). 

The results of the replication of Experiment 1 are 
presented in Figure SB. Yet again, the basic pattern of 
response oscillation after successive administrations of 
COC obtained in the original experiment, is repeated. 
One COC treatment 30 minutes, 1 week, or 2 weeks 
earlier significantly reduced AM-evoked efflux of DA 
from striatal slices down to 28% to 3S% of control (p < 
.001 vs. AM alone in all cases). These decreases in DA 
efflux were significantly reversed back to 72%, 70%, and 
64% of control, respectively, in groups receiving two 
COC pretreatments at 1 week and 30 minutes and 2 
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Figure 5. (A) Ten minutes of immobilization (IMMOB) stress 
by wrapping in muslin was completely interchangeable with 
15 mg/kg IP of cocaine (COC) in sustaining oscillation induced 
by sequential pretreatment with COC 2 weeks, 1 week, and 
30 minutes before sacrifice. The measurement is dopamine 
efflux from rat brain striatal slices evoked by 10 µM ampheta
mine. Overall ANOVA F(4,31) = 51.96, p < .001; a p < .001 
vs. no treatment (amphetamine alone); b p < .03 vs. COC at 
30 minutes; c p < .002 vs. COC at 1 week/30 minutes; d p < 
. 01 vs. COC at 30 minutes. N = 6-8. (B) Dopamine efflux from 
rat brain striatal slices evoked by 10 µM amphetamine fol
lowing IP administration of 15 mg/kg cocaine (COC) 30 
minutesto2 weeks before sacrifice. OverallANOVAF(7,61) = 
8.25, p < .001; a p < .001 vs. no treatment (amphetamine 
alone); b p < .005 vs. COC at 30 minutes; c p < .02 versus 
COC at 30 minutes; d p < .007 vs. COC at 1 week/30 minutes; 
e p < .02 vs. COC at 2 weeks/30 minutes; f p < .05 vs. saline 
at 2 weeks/COC 30 minutes. TRE = pretreatments. N = 7-9. 
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weeks and 30 minutes (each p < .005 vs. COC at 30 
minutes) as well as in the group receiving saline at 
2 weeks and COC at 30 minutes prior to sacrifice (p < 
.03 vs. COC at 30 minutes). As in Figures 1 and SA, 
the addition of a third COC pretreatment significantly 
reversed the influence of all two pretreatment combi
nations (p < .007-.05; see Figure SB legend for details) 
and reinstated the greater decline in DA efflux (down 
to 36% of control) that occurred after only one COC 
pretreatment. Only the sensitization seen in Figures 1 
and SA, when the effects of three COC pretreatments 
were compared to one, was not observed here. 

GENERAL DISCUSSION 

Our f:mdings demonstrate that the effects of single COC 
pretreatment on an array of physiological measures 
(striatal DA and heart NE efflux and plasma levels of 
CORT and GLUC) were offset by chaining two COC 
pretreatments and reinstated by a three-treatment chain 
(i.e., they oscillated). In other words, successive drug 
administrations acted as a binary switch mechanism, 
toggling the physiological effects forth and back. This 
suggests that there may be an inherent variability in 
the way physiological systems respond to repeated drug 
treatment. The diversity of endpoints for which oscil
lation was shown provides strong indications that it is 
a general phenomenon, possibly applicable to most 
physiological systems. Indeed, in addition to the results 
described here, we have also demonstrated oscillation 
for D-[3H] aspartate efflux from the medial frontal cor
tex (Caggiula et al. submitted) and 3H-acetylcholine 
efflux from the heart (Somogyi et al. unpublished ob
servations). Specifically as it relates to COC, the cyclic 
vulnerability in response to successive administrations 
of this agent may account for its often-seen variable and 
unpredictable effects, such as both increasing and 
decreasing DA release (e.g., Kalivas and Duffy 1993; 
Segal and Kuczenski 1992a, 1992b; Zahniser and Peris 
1992) and both inducing and protecting against sud
den cardiac death (Antelman et al. 1981, 1989a). 

While the results demonstrate an alternation in 
drug effects with successive administrations, they were 
obtained using long intervals between treatments. The 
length of the intertreatment intervals raises the ques
tion of the applicability of our findings to a standard 
therapeutic regimen of three times daily administration . 
A very recent experiment from our lab provides a posi
tive answer by showing that identical results on stria
tal DA release were obtained when three AM pretreat
ments were spaced at 2-hour intervals (Antelman et al. 
unpublished observations). 

The finding that nonpharmacological stressors
immobilization and an injection of saline-could sub
stitute for COC in reproducing many of the oscillation 
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effects indicates that this phenomenon occurs as a con
sequence of the stressful/foreign nature of drugs-as 
is the case with sensitization (Antelman 1988; Antel
man et al. 1992b)-rather than because of their unique 
pharmacological properties. As such, it is likely to be 
seen with drugs differing markedly in their pharmaco
logical actions and clinical intent. This view is supported 
by the observation noted that ETOH could similarly in
duce oscillation (Antelman et al. 1992a; Caggiula et al. 
submitted). 

The cycling or oscillation effect reported here may 
apply not only to variability in responsiveness between 
individuals but also to variability within the same in
dividual from one time to the next. The latter is seen 
most prominently in the many human clinical disorders 
that frequently manifest a dramatic cyclicity or oscilla
tion in magnitude or even direction of symptoms dur
ing pharmacological treatment or exposure to nondrug 
stressors. Oscillation of physiological systems in re
sponsiveness to stressors may be a core factor that, 
when exacerbated, leads to cyclic clinical syndromes. 
Among the most apparent of these are: (1) the switches 
between mania and depression in bipolar affective dis
order as well as recurrent episodes of depression in 
unipolar disorder; (2) the rapid "on-off" alternation be
tween immobility and periods of normality or dyskine
sia often seen during chronic pharmacological treatment 
of Parkinson's disease; (3) the alternation between 
symptoms of intrusive reexperiencing of traumatic 
events and numbing/ avoidance symptoms in posttrau
matic stress disorder; (4) fluctuations in ACTH and cor
tisol levels in cyclic Cushing's disease; (5) fluctuations 
in peptic ulcers; and (6) periodic paralyses (Arnold 1985; 
Bunney and Murphy 1974; Klawans and Weiner 1981; 
Horowitz 1976; Reus and Berlant 1986; Rudel and Ricker 
1985; Sonnenberg et al. 1992; Stoddard et al. 1977; 
Sweet and McDowell 1974; Yahr 1974). 

Our results could have important implications for 
understanding the physiological underpinnings of per
sistent drug-taking behavior. It is well-established that 
when drugs are administered continuously or at very 
short intervals, rapid tolerance tends to develop, 
whereas sustained effects are much more likely with 
intermittent exposure (Antelman 1988; Antelman et al. 
1992b; Post 1980). The cyclicity reported here may pro
vide physiological concomitants of an intermittent 
schedule of drug effects. In turn, the compulsory in
termittency imposed on the organism by oscillation of 
physiological systems could be an important factor in 
COC' s addictive potential. 

It is also important to note the similarity between 
oscillation and sensitization. Both are induced by drugs 
and nonpharmacological stressors, affect an array of 
physiological systems, and are extremely long-lasting 
(Antelman 1988; Antelman et al. 1992a, 1992b). These 
and other similarities lead us to suggest that sensitiza-
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tion to stressors would be expected when a system is 
well within its physiological boundaries or limits, 
whereas oscillations or resetting of systems is more 
likely to occur when those boundaries are approached. 
Inherent in the question of the relationship between 
response sensitization and response oscillation is the 
more fundamental issue of whether systems can sensi
tize indefmitely or whether at some point countervail
ing mechanisms are activated by the organism in an at
tempt to maintain homeostasis. Although to our 
knowledge this issue has not been addressed previ
ously, the possibility that sensitization can indeed go 
on indefinitely makes little sense, since all biological sys
tems have their limits or boundaries. We would pro
pose that increasingly more aggressive sensitization re
gimes would lead to greater sensitization - as has been 
found-up to the point where oscillation occurs. Since, 
as seems probable, any given study is likely to have in
dividuals in both sensitization and oscillation phases, 
this schema would predict the enormous individual 
variation that characterizes sensitization (see Robinson 
1988 for discussion of this issue). An example of a sys
tem resetting when it nears its physiological limits may 
be the depolarization blockade that is known to occur 
in DA neurons following their excessive activation by 
repeated neuroleptic treatment (Bunney and Grace 
1978). Other such examples may be found in the law 
of initial values and paradoxic reaction that predicts a 
reversal in the direction of stress effects when extreme 
levels of high or low initial reactivity are approached 
(Wilder 1962). 

Finally, it is critical to address the question of why 
the data reported here at first glance appear so differ
ent from what would be expected from most of the liter
ature on sensitization. In so doing it needs to be pointed 
out that since virtually all sensitization experiments of 
which we are aware compare only the effects of acute 
versus chronic COC or AM and perform their neu
rochemical measurements solely after these regimes 
have been completed, they obviate the possibility of ob
serving any "on-off" oscillatory pattern that might have 
occurred in their animals during a chronic regime. In 
contrast, our protocol does not use the traditional, 
acute-versus-chronic comparison. Instead, measure
ments are made after each of however many COC treat
ments are administered. This procedure puts us in a 
better position to observe animals either in the "on-off" 
oscillatory phase or in the process of moving from a 
unidirectional, sensitization pattern to an oscillatory 
pattern of response. 
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