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ABSTRACT: Neonatal cocaine is known to affect the developing serotonergic
system in many brain structures, including the cerebellum. Changes in the cer-
ebellar Purkinje cells after drug exposure are well documented and result in
impairment of movement and other cerebellar disorders such as ataxia. These
cells have a major postnatal developmental pattern; therefore, neonatal expo-
sure to cocaine is likely to affect them. In this work, male and female Wistar
rats were injected with 15 mg of cocaine hydrochloride/kg body weight/day,
subcutaneously, in two daily doses, from postnatal day 1 (PND1) to PND29.
Controls were given 0.9% of saline. On PND14, PND21, and PND30, rats were
transcardially perfused, and brains removed and cryoprotected. Coronal sec-
tions from the cerebellum were processed for immunocytochemistry of cells
containing serotonin (5-hydroxytryptamine, or 5-HT). At the same postnatal
age, rats from at least three different litters were sacrificed by decapitation,
and brains were dissected for determination of 5-HT in the cerebellum by
high-performance liquid chromatography with electrochemical detection.
Upon the expected distribution of immunoreactivity to 5-HT, an abnormal
immunoreactivity to 5-HT was observed in the Purkinje cells of six cocaine-
exposed animals, but not in control animals. Also, levels of cerebellar 5-HT in
cocaine-exposed rats were significantly increased on PND21. These results, to-
gether with previously reported observations of altered patterns of motor be-
havior, indicate that neonatal cocaine exposure affects the serotonergic
cerebellar system, altering the standard development of Purkinje cells and pos-
sibly compromising the motor function.
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INTRODUCTION

Many studies have shown detrimental action of cocaine in different regions of the
developing brain.1–3 However, only a few studies have examined the effects of co-
caine exposure in the cerebellum.4–7 Nevertheless, it was suggested that following
exposure to drugs of abuse, the cerebellum may be responsible for mood changes, a
different role than its classical action in motor control.8 Also, cocaine exposure was
shown to decrease Purkinje cell spontaneous and glutamate-evoked firing7 or γ-
aminobutyric acid (GABA)-induced discharges,4 suggesting that by changing the
normal function of the cerebellum, cocaine can produce drug-related alterations in
behavior and cognition.4,7

In the rat, cerebellar Purkinje cells are generated from embryonic day 13 to em-
bryonic day 15, but present a major postnatal developmental pattern because their
dendritic trees develop from birth until the third postnatal week.9 Therefore, neona-
tal exposure to cocaine is likely to affect the development of these cells. Depression
of Purkinje cells by ethanol exposure is well documented, causing dendritic regres-
sion and disruption of the cortical structure,10–17 and resulting in impairment of
movement and other cerebellar disorders such as ataxia.11,18–20

The cerebellum is well known to be involved in motor regulation.21,22 The level
of serotonin (5-hydroxytryptamine, or 5-HT) in the cerebellar cortex was shown to
be related to the level of motor activity.23 The cerebellar cortex was also reported
to play a role in controlling motivation to explore a novel environment.24 This find-
ing strengthens the hypothesis that the cerebellum is implicated in motivational
processes.

We report here effects of rat neonatal cocaine exposure in the cerebellar seroton-
ergic system, throughout the first month of life, consistent with the behavioral alter-
ations we have previously reported.25,26

MATERIALS AND METHODS

Wistar rat litters were culled to eight pups each, with equivalent sex representa-
tion, on postnatal day 1 (PND1). Animals were injected subcutaneously from PND1
to PND29 with 15 mg/kg of body weight/day of cocaine hydrochloride (Sigma, St.
Louis, MO) in two daily doses (at 9:00 AM and 5:00 PM), or they were injected with
an isovolumetric dose of saline vehicle. Only two male and two female rats from
each litter were used for a given study. On the day of sacrifice (PND14, PND21, or
PND30), rats were not injected.

On PND14, PND21, and PND30, pups used for neurohistological determinations
were deeply anesthetized and perfused transcardially with 4% paraformaldehyde in
0.2 M phosphate buffer (pH 7.4). Brain coronal sections of 40 µm were obtained on
a freezing microtome (CM1325, Leica Microsystems, Heidelberg, Germany). Im-
munoreactivity to 5-HT was carried in free-floating sections using a TR-125-HL kit
(Lab Vision, Fremont, CA). Sections were first incubated in 0.1% hydrogen perox-
ide to reduce endogenous peroxidase activity. Sections were subsequently incubated
in Ultra V Block (from the TE-125-HL kit) to reduce nonspecific background stain-
ing, and then they were incubated for 36–48 h (at 4°C with continuous shaking) with
an antibody to 5-HT (kindly offered by Professor John Parnavelas, University Col-
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lege London, London, U.K.), used at a titer of 1:10000 in phosphate-buffered saline.
Visualization of 5-HT-positive cells was made using streptavidin peroxidase and
3,3′–diaminobenzidine as a chromogen. The specificity of the immunoreactivity to
the primary antibody was tested in different ways, including omitting the primary
antibody itself, or the secondary antibody from the experimental procedure. Omis-
sion of the 5-HT antibody or secondary antibody eliminated all immunostaining.
Sections of the control group were always processed in parallel with sections from
the cocaine-exposed group. Each experimental group consisted of five to six animals
from at least three different litters. 

Animals used for neurochemical determinations were sacrificed by decapitation
on PND14, PND21, or PND30. Brains were rapidly removed, and dissection of the
cerebellum was performed on ice. Tissue samples were frozen by immersion in 4-
methylbutane over dry ice and stored at –70°C until used for neurochemical deter-
minations. Levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5-HIAA)
were quantified by a modified method27 of high-performance liquid chromatogra-
phy combined with electrochemical detection (Gilson, Middleton, WI). The analytic
column was a Supelco Supelcosil LC-18 3 µM (7.5 cm × 4.6 mm). Concentrations
of 5-HT and 5-HIAA were calculated using standard curves. Standards of 5-HT and
5-HIAA were purchased from Sigma. Final results were expressed in terms of
monoamine content per amount of protein. The total content of protein was assayed
in duplicate using a colorimetric microassay from Bio-Rad based on the Bradford
assay.28 A minimum of six animals (from at least three different litters) were used
per experimental group.

Neurochemical data were initially analyzed using a three-way multivariate anal-
ysis of variance (treatment × age × gender). As no effect or interaction of gender was
detected, data were collapsed across gender and reanalyzed by a two-way analysis
of variance (treatment × age). Significant main effects and interactions were further
explored using post hoc contrasts. Planned comparisons with contrast analysis were
conducted to investigate all possible meaningful significant differences. The statis-
tical level of significance was considered to be at P < .05. 

RESULTS

We have noticed an abnormal immunoreactivity of the cerebellar Purkinje cells
against the antibody anti-5-HT (FIG. 1A and C) with respect to the expected distri-
bution of immunoreactivity to 5-HT (FIG. 1B).29 This pattern of immunoreactivity
was observed in 6 out of 30 cocaine-exposed animals, which represents a significant
number of animals with abnormal immunoreactivity to 5-HT (P < .01). This immu-
noreactivity was detected in the cerebellar sections of two animals on PND14, one
animal on PND21, and three animals on PND30, all of them neonatally exposed to
cocaine. No immunoreactivity to the antibody anti-5-HT was observed in the Purkin-
je cells from sections obtained from control animals (FIG. 1D). It is interesting to no-
tice that the number of Purkinje cells marked against 5-HT was not the same in all
animals. Interestingly, the animal that presented the higher number of marked
Purkinje cells was also found to display immunoreactivity to the antibody we have
used against tyrosine hydroxylase in these cells (data not shown).
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Levels of 5-HT and 5-HIAA in the cerebellum, analyzed by a two-way analysis
of vairance, revealed the main effects of treatment [R(2,83) = 5.26, P < .01] and age
[R(4,166) = 27.55, P < .00001], and an interaction between treatment and age
[R(4,166) = 9.61, P < .00001]. Further testing revealed that pups neonatally exposed
to cocaine presented increased levels of 5-HIAA on PND14 [F(1,84) = 4.60, P < .05]
and increased levels of 5-HT and 5-HIAA on PND21 {5-HT: [F(1,84) = 42.39, P <
.00001]; 5-HIAA: [F(1,84) = 14.13, P < .001]} when compared to control animals.
On PND30, pups exposed to cocaine also presented increased levels of 5-HIAA
[F(1,84) = 4.34, P < .05]. Levels of 5-HT and its metabolite, obtained by contrast
analysis, are graphically represented in FIGURE 2. The levels are expressed as ng of
indolamine/mg of protein, and each result represents a mean ± SEM. Significant dif-
ferences between groups are also indicated.

FIGURE 1. (A) Cerebellar coronal section from a cocaine-exposed rat, showing
Purkinje cells marked by the antibody used against 5-HT–positive neurons (note the scale
bar in the lower right corner). (B) Typical aspect of the immunoreativity against 5-HT, at
the level of the dorsal raphe nuclei (DRN) and the medial raphe nuclei (MRN), illustrating
the specificity of the antibody used. (C) Detail of the section shown in (A) (note the scale
bar in the lower right corner). (D) Cerebellar coronal section of a saline-injected animal
(note the scale bar in the lower right corner). Black arrows indicate Purkinje cells.
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DISCUSSION

Throughout development, 5-HT is known to play a trophic role in the differenti-
ation of neural cells, participating in the assembly of the central nervous system from
its origin through the terminal events of axonogenesis and synaptogenesis.30 Regu-
lation of these processes was shown to be disrupted by factors affecting the interac-
tion between 5-HT and its receptors and/or transporter (SERT), such as stress and
glucocorticoids,31 and drugs such as cocaine, which inhibit the activity of
SERT.23,32 Upon its direct action on SERT, cocaine exposure evokes glucorticoid re-
lease, known to upregulate SERT expression in the developing rat.31,33 Cerebellar
Purkinje cells were shown to present 5-HT receptors;34 however, to our knowledge,
the presence of the SERT has never been described. However, non-serotonergic neu-
rons were reported to express SERT in a transient way throughout embryonic ages
and during the first postnatal month.35,36 Because the enzyme tryptophan hydroxy-
lase, was not detected in any of the structures expressing SERT in a transient way, it
was suggested that some cells could express SERT transitorily to use 5-HT as a “bor-
rowed” neurotransmitter.35

Serotonin is known to modulate GABAergic synaptic impulses into the cerebellar
Purkinje cells.37 Also, it was reported that 5-HT facilitates ethanol-induced depres-
sion of cerebellar Purkinje cells, mainly in young animals,38 and that differences in

FIGURE 2. Effects of neonatal cocaine exposure in the cerebellar concentrations of 5-
HT and its metabolite 5-HIAA determined by high-performance liquid chromatography
with electrochemical detection. Each column represents a mean ± SEM from 12 to 14 ani-
mals per group. Columns with the same letter are significantly different from each other: a
and d: P < .05; b and c: P < .001.
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the sensitivity to ethanol of Purkinje neurons correlate with behavioral sensitivity to
ethanol-induced ataxia.39 In addition, exposure to ibogaine, an alkaloid like cocaine,
was shown to cause degeneration of the Purkinje cells, associated with hallucina-
tions, tremor, and ataxia.40 Likewise, the abnormal presence of 5-HT in the Purkinje
cells, reported in the present work, seems to indicate that the standard development
of these neurons has been affected by neonatal cocaine exposure, with possible im-
plications in its function. In fact, abnormal expression of tyrosine hydroxylase im-
munoreactivity in the Purkinje cells was shown to precede the onset of ataxia in
dilute-lethal mice.41 Interestingly, we have also observed that the animal that appar-
ently presented more abundant 5-HT–positive Purkinje cells also presented tyrosine
hydroxylase–positive Purkinje cells.

Simultaneously, we have observed increased levels of 5-HT in the cerebellum of
PND21 pups neonatally exposed to cocaine. At the same time, we have also found
increased levels of 5-HT in other brain regions (raphe nuclei, ventral mesencepha-
lon, striatum, nucleus accumbens, and frontal cortex), together with altered explor-
atory behavior and global activity (manuscript in preparation). Excessive 5-HT
release in the frontal cortex and hippocampus was reported to lead to memory im-
pairment,42 whereas increased extracellular 5-HT levels in the dorsal raphe nucleus,
nucleus accumbens,43 and prefrontal cortex or hippocampus44 were seen to induce
hyperactivity. In the present work, the peak in 5-HT levels in the cerebellum appears
soon after the period of final maturation of the Purkinje cells,9 coincidentally at the
end of the critical period for motor development,45 reinforcing the notion that the ab-
normal immunoreactivity of Purkinje cells to 5-HT may be linked to alterations of
the motor function.

In summary, we report here an abnormal presence of 5-HT in the Purkinje cere-
bellar cells after neonatal exposure to cocaine, which occurs concomitantly with in-
creased levels of 5-HT in the cerebellum, and may contribute to motor
dysfunction.18,19 Further study is necessary to clarify whether this abnormal immu-
noreactivity is caused by transient expression of SERT, by unexpected presence of
tryptophan hydroxylase, or by additional mechanisms.
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