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Abstract. We have previously reported time-dependent and dose-depen-
dent changes in the rat dopaminergic receptor system following chronic
administration of cocaine (upregulation of cocaine, Dy, and DA-uptake sites).
We have now evaluated the effects of chrenic cocaine exposure on the central
catecholamine/indolamine neurotransmitter systems. Groups of rats were
injected with cocaine {15 mg/kg, i.p.. b.i.d.} or saline for 1, 3, 7, 14 or 21
days, Cortical and striatal tissues were analyzed for norepinephrine, dopa-
mine, serotonin and their primary metabolites using a HPLC-ECD methed.
Chronic administration of cocaine did not change the cortical and striatal
concentrations of the neurotransmitters under study; except, for a transient
increase in the cortical MHPG concentration on day 3. These results suggest
that changes in the dopaminergic receptor svstem foliowing chronic cocaine
exposure are not due to changes in the neurctransmitter concentrations.
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(HPLC-ECD).
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INTRODUCTION

One of the actions of cacaine is the
potentiation of neurotransmission
in neurons that utilize biogenic ami-
nes as neurotransmitters. Bio-
chemical evidence supports the
hypothesis that the molecular me-
chanism of actign of cocaine in the
central nervous system (CNS) invol-
ves the inhibition of neuronal upta-
ke of biogenic amines (10, 12, 26, 28,
32).

Investigators have shown that the
dopaminergic neuronal network
that innervates the nucleus accum-
bens is capable for modulating the
reinforcing and discriminative ef-
fects of cocaine (9). These properties
af cocaine are related more to the
dopaminergic system than to the
other monoaminergic systems (8, 9,
22, 27) in addition. Hurd and Un-
gerstedt (13) reported that the pre-
sence of cocaine in the rat corpus
striatum produced an increase of
extracellular dopamine in this brain
area. In support of these results,
other researchers using in vivo mi-
crodialysis have found increased
concentrations of dopamine in diffe-
rent brain areas after cocaine admi-
nistration (5, 16, 23, 24, 25). On the
other hand, several groups of inves-
tigators have reported decreases in
the synthesis and levels of dopamine
and other catecholamines in brain
after animals have besn exposed to
cocaine (6, 17, 29, 33, 3b). Still
others report nc changes occur in
the brain neurotransmitter systems
after exposure to cocaine (11, 18, 36,
37)

In the last decade, much informa-
tion about the mechanism of action
of cocaine has been obtained. How-
ever, there is still no well defined

mechanism to explain the psycho-
tropic effects of cocaine, This is in
spite of the fact that one of the major
actions of cocaine is its ability to
block the reuptake of monoamines
in the CNS. This effect cannot ex-
plain the abuse liability of cocaine
because other drugs, such as some
tricyclic antidepressants that also
bleck monoamine reuptake, are nct
abused to the same degree (7). In an
atternpt to more clearly define the
effects of chronic cocaine on the mo-
noaminergic system, we previcusly
monitored binding to dopamine re-
ceptor and transporters. This was
accomplished over time and with
various doses in arder to define a
protocol which would maximize the-
se receptor effects of cocaine. Ws
now include the measurement of
biogenic amine neurotransmitters
and their metabolites over time in
the same two brain areas (strdatum
and cortex) previcusly shown 1o ma-
nifest receptors alterations following
chronic administration of cocaine.

MATERIALS AND METHODS

Male, Long-Evans rals were ac-
quired from Simonson Laboratories
{Gilroy, CA, USA). These animals we-
re kept on a 12 h light/dark cycle
and acclimatized tc the housing fa-
cilities with food and water available
ad libitum. Individual groups {5 to 6
animals per group) were injected
with saline or cocaine (15 mg/kg,
freebase, intraperitoneal b.i.d.) for a
period of 1, 3, 7, 14 or 21 days
Twelve hours after the last injection,
animals were deeply anesthetized
with carbon dioxide and an intracar-
dial perfusion with ice-cold isotonic
saline solution was performed. Cor-
tices and striata were dissected and
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immediately stored at -70 °C until
the biogenic amines and metabo-
lites were measured by HPLC-ECD.
The tissue preparation and the
chromatographic analysis was per-
formed as reported earlier (4). Corti-
ces and striata from each animal
were homogenized in a 0.05 N per-
chloric acid solution containing the
following: octanesulfonic acid
(0.064% w/v); heptanesulfonic acid
(0.060% w/v); sodium ethylenedia-
mine tetracetic (0.004% w/v); so-
dium metabisulfite (0.010% w/v},
and 25 ng/ml dihydroxybenzylami-
ne (as an internal standard). After
homogenization, samples were cen-
trifuged (30,000 x g for 20 min at 4
°C) and the resulting supernatant
was filtered using 0.45 m HV Milli-
pore filters and injected in the HPLC-
ECD system. For the chromato-
graphic analysis, a Nova-Pak Cigco-
"lumn (3.9 mm x 300 mm, 4 um) was
used and the mobile phase consisted
of 90% (v/v) of a citrate solution
(0.020 M citric acid trisodium salt,
0.010 M monobasic sodium phos-
phate, 0.003 M octanesulfonic acid,
0.003 M heptanesulfonic acid,
0.0001 M sodium ethylenediamine
tetraacetate, 6.0 ml of o-phospheric
acid, 85% and 2.0 ml of diethylami-
ne per liter of solution) , 7% (v/v)
acetonitrile, and 3% (v/v) methanol.
The final mixture was adjusted to pH
3.1. The analysis was carried out
isocratically and performed at room
temperature using a flow rate of 1.0
ml/min. The retention times (min)
and the capacity factors (absolute
value) for the monoamines and their
metabolites were: MHPG, 3.54 and
0.59; DOPAC, 450 and 1.02; NE,
5.74 and 1.58; E, 6.93 and 2.12;
DHB, 8.85 and 2.98; 5-HIAA, 10.63
and 3.78; DA, 12.81 and 4.77; HVA,

14.82 and 5.67; and 5-HT, 31.15
and 13.03, respectively.

The data were expressed as the
mean value, plus or minus the
standard error of the mean (S.E.M.)
from 5 to 6 animals per group and
were analyzed for variance using two
way ANOVA test. Specific compari-
sons were made using a t-test. The
degree of significance was set at
p< 0.05.

RESULTS

The effects of chronie cocaine ad-
ministration on the central neuro-
transmitter system was studied by
analyzing catecholamines, indola-
mines and their major metabolites in
two areas of the brain (cortex and
striatum) at different time intervals.
The results of repeated cocaine ad-
ministration on dopamine and its
metabolites in cortical and striatal
tissues are shown in the Fig. 1. The
concentration of DA, DOPAC and
HVA in cortices and striata from
animals injected with cocaine (15
mg/kg, i.p., b.i.d.), during the sche-
duled period of time (1, 3, 7, 14 and
21 days), were not significantly dif-
ferent from control animals. The cor-
tical concentration of DA and HVA
(Fig. 1A and 1C) in animals injected
with cocaine or saline remained un-

.changed during the 21 days of drug

administration; values ranged from
0.62 + 0.12 to 2.00 + 0.23 pmol/mg
of tissue and from 0.73 = 0.08 to
3.05 + 0.69 pmol/mg of tissue, res-
pectively. Cortical values of DOPAC
(Fig. 1B) in cocaine and -saline ani-
mals were parallel from the begin-
ning (day 1) through the end of the
experiment (day 21); the DOPAC va-
lues increased from 1.21 +£ 0.51 to
5.23 + 1.45 pmol/mg of tissue.
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Striatal concentrations of DOFAC
(Fig. 1E) and HVA (Fig. 1F) in ani-
mals exposed to cocaine or saline
were consistent during the 21 days
schedule period; the DOPAC values
ranged from 17.62 + 2.28 to 23.47
3.28 pmol/mg of tissue, the HVA
from 11.44 + 0.64 to 14.54 £+ 0,74
pmol/mg of tissue. In both the con-
trol and cocaine treated animals, the
striatal DA concentration was higher
at seven days compared to the initial
concentration. At day 14, the DA
concentration returned to the initial
levelsin both groups. The striatal DA
concentration in these groups of ani-
mals |cocaine and saline) were in the
range of 40.29 + 4.59 to 100.61 +
16.74 pmol/mg of tissue.

Repeated cocaine injection was
without effect on the concentrations
of NE and E in the cortices and
striata (Fig. 2), although a transient
two-fold increase on the cortical le-
vels of MHPG was found afer three
days of exposure (Fig. 2C). There was
no significant differences in striatal
concentrations of MHPG between
the control and cocaine treated ani-
mals. The cortical concentrations of
NE, E, and MHPG in cocaine or sali-
ne injected animals varied from 2.00
+ 0.06 to 5.03 £ 0.22, from 0.60 +
0.18 to 2.32 £ 0.55, and from 1.31%
0.38 to 5.25 + 0.54 pmol/mg of tis-
sue (Figs. 24, B and C), respectively,
while in striatal tissue these concen-
trations ranged from 0.31 £ 0.02 to
0.52+0.07 from0.69+0.40t0 1.82
=016, and from 0.21 + 0.03 to 0.48
1 0.05 pmol/mg of tissue (Figs. 2D,
E and F) respectively.

Figures 3 (A, B, C and D) show
that the chronic cocaine administra-
tion did not significantly affect the
concentrations of either 5-HT or 5-
HIAA in cortical and striatal brain

tissue. The levels of these two com-
pounds in animals exposed to chro-
nic cocaine, were slightly higher
than the control group during the
study. This increase was not statis-
tically significant. The cortical levels
of 5-HT and 5-HIAA were from 1.09%
0.50 to 4.00 + 0.44 and from 1.56
+0.08 to 4.22 + 0.93 pmol/mg of
tissue. The striatal concentration
values ranged from 0.95 + 0.09 to
3.60 £ 0.33 pmol/mg of tissue for
5-HT, and from 3.04 + 1.05 to 5.15
+ 0.40 pmol/mg of tissue, for 5-
HIAA,

DISCUSSION

One of the actions of cocaine in
the CNS is to interfere with the up-
take of dopamine into the catechola-
mine-containing neurons. Thus, so-
me of the behavioral effects of cocai-
ne exposure may be due to the action
of DA present in the synaptic cleft.
Chronic blockade of dopamine upta-
ke with an antagonist like cocaine
might be expected to cause an upre-
gulation in cocaine binding/dopa-
mine uptake sites. Likewise, the
chronic presence of dopamine in the
synaptic cleft, again resulting as a
consequence of cocaine’s ability to
block dopamine uptake, might be
expected to downregulate binding to
dopamine receptors.

In previous studies, using the sa-
me treatment protocol, we were able
to demonstrate time-dependent (1,
3) and dose-dependent (2, 34) in-
creases in dopamine transporter
binding in response to chronic admi-
nistration of ccecaine. This was ac-
complished with two uptake inhibi-
tors [°H] cocaine and the DA-specific
compound [*H|BTCP,
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In the same animals, we examined
binding to two subtypes of dopamine
receptors (D) and Dz). Not only we
were able to demonstrate that the D2
receptor population remains un-
changed in response to cocaine, but
to show a significant increase in D
receptor binding.

The increase in D1 receptor bin-
ding could indicate that the dopami-
ne receptor system (the D) subtype)
is becoming desensitized in respon-
se to the chronic presence of cocai-
ne. This observation could have im-
portant ramification on the addictive
nature and reinforcing properties of
cocaine. Another equally plausible
explanation is that the chronic bloc-
kade of dopamine reuptake by cocai-
ne has resulted in a depletion of
dopamine from the neuronal termi-
nals. This seem unlikely since the
increased D1 receptor hinding can
be measured as soon as day 3 of the
treatment schedule. Still, the possi-
hility exists that the D receptor po-
pulation is undergoing simple upre-
gulation in response to the reduction
in synaptic dopamine brought on
by the chronic cocaine treatment.

In order to address this issue, and
gain further insight into possible
mechanisms of action of cocaine, the
effects of cocaine on the concentra-
tions of dopamine and its metabo-
lites were studied, The exact cocaine
exposure protocol used to cause the
increase in D1 receptor binding was
used in the present study. In addi-
tion, the concentrations were moni-
tored in cortex and striatum; brain
regions where the increase in Dj
binding in response to cocaine was
manifest. The measurements of do-
pamine were contrasted with similar
analysis of norepinephrine, seroto-
nin and their metabolites.

Results from this study suggest
that animals exposed to previous
published drug regimen (cocaine, 15
mg/kg, i.p.. b.i.d.) failed to produce
significant changes in leve!s of these
neurotransmitters and their meta-
bolites in either brain area examined
[cortex and striatum). The results
support those of previous studies
(11, 18, 36, 37], where use of equi-
valent drug schedules or even conti-
nuous infusion of high doses of co-
caine did not produce significant
changes in DA, 5-HT, NE and their
metabolites.

Other investigations of the effects
of repeated administration of cocai-
ne on central neurotransmitter
systems in rat brain have provided
contradictory results. Brain concen-
trations of neurotransmitters have
been reported to increase (5, 16, 23,
24, 25), decrease (6, 17, 29, 33, 35)
or remain unchanged (11, 18, 31,
36, 37) following chronic coraine ex-
posure. In studies where elevated
concentrations of brain catechola-
mines have been reported, the high
values of DA have been observed
from 15 to 30 min after the last
injection. These effects are brief and
return to base line levels between 80
and 180 min after cocaine adminis-
tration. It is difficult to make compa-
risons between these investigations
due-to different dosing schedules.
Our results were obtained twelve
hours after the last dose [measure-
ments were made 12 hr after 1, 3,
7, 14 or 21 days of chronic exposure
to cocaine), in order to determine
more lasting changes in neurotrans-
mitter levels, Shorter time periods
might well show transient changes,
but these would been unrelated to
the receptor alterations noted pre-
viously, Studies which describe a
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decrease in the concentrations of
DA, DOPAC and HVA in frontal cor-
tex and striatum, also involve a mi-
nimal and transient reduction in the
levels of the neurochemicals (in the
order of 19 to 33% of basal levels).
Again, these differences are presu-
mably due to differences in experi-
mental methodology such as dosing
schedule, protocols, or time after
drug treatment. However, our fin-
dings are in agreement with results
from studies where similar drug pro-
tocols were used. For example, Tay-
lor and Ho, (31) and Kleven et al.,
(18). reported no changes in brain
catecholamine concentrations after
chronic administration of cocaine
(10 mg/kg, i.p., for 5 or 10 days), and
the measurements were made at
least 24 to 36 hr after the last injec-
tion. In addition, Hanson et al, (11);
Yu et al (37); and Yeh and DeSouza,
(36); used repeated injections of co-
caine (20 mg/kg, s.cori.p., for1, 7
or 8 days), and brain tissues were
obtained at least 18 to 24 hr after the
last dose. These investigations were
unable to observe changes in the
concentration of DA, 5-HT. NE and
their metabolites in rat brain sam-
ples.

The present study demonstrates
that chronic cocaine administration
does not produce a significant per-
sistent change in the concentration
of DA, NE, 5-HT or their major me-
tabolites in rat cortical or striatal
tissues after chronic exposure to co-
caine. Cocaine is a psychostimulant
that acts as an indirect catecholami-
nergic agonist (14, 21, 30) and the
psychotogenic potency of this drug
has been correlated with its effects
on DA mediated activity (15, 20).
This would suggest that chronic ex-
posure to cocaine might cause long-

term changes in the brain DA neu-
rotransmitter system. However, in
the present study, we observed that
a persistent change did not occur.
Probably, the behavioral sensitiza-
tion phenomena observed during
chronic cocaine administration is
not due to changes in the neuro-
transmitter levels, It is possible that
the behavioral effects resulting from
long-term cocaine exposure may
more likely be associated with chan-
ges in the dopaminergic receptor
system, as we have suggested in pre-
vious communications (1, 2, 3, 34).

In summary, the resulis of the
present study, in addition to others,
provide evidence that chronic expo-
sure to cocaine does not produce
long-term effects on the levels of do-
pamine, serotonin or noradrenaline,
or their metabolites. Therefore, de-
pletion of dopamine from the synap-
tic cleft does not appear to represent
a plausible explanation for the Dy
receptor upregulation induced by
chronic exposure to cocaine. This
strengthens the hypothesis that the
D receptor upregulation may repre-
sent a sensitization process (reverse
tolerance) that may have important
biobehavioral consequences in the
addict.
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RESUMEN

Efecto de la administracitn
crbnica de cocaina sobre los
niveles de moncaminas en el
Sistema Nervioso Central de la
rata. Alburges, M. (Center for
Human Toxicology, Department of
Pharmacology, University of Utah,
Salt Lake City, Utah 84108, USA),
Wamsley, J.K. Invest Clin 34(4): 181-
192, 1993.

En estudios previos hemos
reportado cambios en el sistema de
receptores dopaminérgicos de las
ratas (incremento de los sitios de
fijacidbn de cocaina, D1, v de DA-
reincorporacién), los cuales
dependen del tiempo y de las dosis
de cocaina administradas
cronicamente. En éste trabajo hemos
evaluado los efectos de la
administracion cronica de cocaina
en el sistema de neurotransmisores
catecolaminicos e indolaminicos.
Grupos de ratas fueron inyectadas
por 1, 3,7, 14 o 21 dias, con cocaina
(15 mg/kg. i.p., b.i.d.} o solucion sa-
lina. Norepinefrina, dopamina,
serotonina vy sus metabolitos
primarios fueron analizados en
tejidos corticales y estriatales
usando un método de HPLC-ECD. La
administracion cronica de cocaina
no cambid las concentraciones de
estos neurotransmisores en los
tejidos estudiados, excepto, por un
incremento transitorio de MHPG en
la corteza, que ocurrié al tercer dia
de la administracion de cocaina.
Estos resultados sugieren que los
cambios observados en el sistema de
receptores de dopamina después de
una administracion cronica de
cocaina no son debidos a cambios en
las concentraciones de neu-
rotransmisores.
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