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Abstract

The outcome of in utero cocaine exposure is unclear. To deter-
mine if cocaine affects neuronal growth and differentiation, we
used PC-1 2 cells, which have a mitogenic response to IGF-I
and differentiate into neurons on exposure to nerve growth fac-
tor. Differentiation was quantified as neurite extension after a
72-h exposure to 20 ng/ml nerve growth factor (dosage at 50%
maximal effectiveness) and cocaine doses ranging from 0.01 to
10 gg/ml. The results were 49±2, 40±3, 29±2, 23±2, and
12±2% differentiation with respective cocaine concentrations
of 0, 0.01, 0.1, 1, and 10 ,g/ml (P < 0.0001). Cocaine stability
studies showed insignificant spontaneous hydrolysis under the
conditions of this study. Cocaine did not affect cell viability or
number, but had a relatively modest, statistically significant (P
< 0.0001 ) inhibitory effect on IGF-I-stimulated thymidine in-
corporation. The dose-response curves for differentiation vs
mitogenic response differed significantly (P = 0.021). There-
fore, cocaine inhibition of these processes is probably mediated
by different mechanisms, and not caused by generalized toxic-
ity. To our knowledge, this is the first demonstration of cocaine
effects on neuronal multiplication and differentiation in vitro.
The results suggest in utero exposure may directly impair brain
development. (J. Clin. Invest. 1994. 93:1179-1185.) Key
words: cocaine * PC-12 cells * neuron * cell differentiation
growth factors

Introduction

Prenatal cocaine abuse complicates - 10-20% of urban preg-
nancies and about 6%of rural pregnancies ( 1, 2). The outcome
of this exposure is yet unclear; individuals may be cognitively
or behaviorally impaired from the potentially permanent dam-
age to the developing brain (3).

Clinical studies are not consistent in their reports of out-
come ( 1-6). A major difficulty is the presence of confounding
variables, such as the effect of other illicit drugs and socioenvi-
ronmental factors ( 1, 2, 7). Also, adverse effects on neurologic
and behavioral functions may be delayed for years and may not
be easily measured by standardized tests ( 1, 3, 8-10).

Animal studies suggest that cocaine disturbs central ner-
vous system development (1 1-15 ), but the mechanism of ef-
fect may be related to indirect vascular side effects of cocaine,
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rather than direct effects on cell growth and differentiation
(16, 17).

The emphasis of this study was to determine whether co-
caine by itself directly affects neuronal growth and develop-
ment. Wehypothesized that cocaine directly impairs neuronal
differentiation and/or growth.

As a model of in vitro neuronal differentiation, we used
PC- 12 cells, a clonal cell line derived from a transplantable rat
adrenal pheochromocytoma induced by x-ray irradiation ( 18-
20). These cells grow in culture as undifferentiated neuroblast
cells that are exquisitely sensitive to the mitogenic effects of
IGF-I. When exposed to picomolar concentrations of nerve
growth factor (NGF),' the cells cease multiplying and differen-
tiate into mature, electrochemically competent neurons (21 ).
This differentiation is characterized by extension of long,
branching, axodentritic, varicose processes ( 18, 20), electrical
excitability, increased neurotransmitter synthesis, and forma-
tion of cell-cell synaptic contacts (22). Because of their ability
to survive in both undifferentiated and differentiated states,
their morphogenic response to NGF, and mitogenic response
to IGF-I (23), we used them as a model to study direct effects
of cocaine on the processes of NGF-stimulated neuronal differ-
entiation and IGF-I-stimulated cell replication.

Wealso studied the stability of cocaine, under the condi-
tions of this study, to ensure that appropriate amounts of co-
caine were present throughout the exposure period. As best we
can determine, such cocaine stability data are not published
elsewhere.

To our knowledge, this is the first study of cocaine effects
on these processes at the cellular level. This well-defined in
vitro cellular model will be important for future studies to de-
termine the biochemical mechanisms of these effects.

Methods

Materials
PC- 12 cells were purchased from the American Type Culture Collec-
tion (Rockville, MD), and only early passage cells were used in this
study. Vitrogen, a collagen cell attachment matrix, was purchased from
Collagen Corp. (Palo Alto, CA). Fetal calf serum, horse serum, trans-
ferrin, BSA, sodium selenite, triiodothyronine (T3), progesterone, and
cocaine hydrochloride were purchased from Sigma Immunochemicals
(St. Louis, MO). Cocaine hydrochloride was also purchased from All-
tech Associates (Houston, TX). Culture medium, trypsin-EDTA, and
L-glutamine solutions were purchased from Gibco Laboratories
(Grand Island, NY). Recombinant human N-Met-IGF-I was pur-
chased from Bachem, Inc. (Torrance, CA). Recombinant human insu-
lin (Humulin-R) was purchased from Eli Lilly and Co. (Indianapolis,
IN). 7S NGFwas purchased from Collaborative Research, Inc. (Bed-
ford, MA). Lidocaine was purchased from Astra Scientific Interna-

1. Abbreviations used in this paper: ED50, dosage at 50%maximal effec-
tiveness; ICso, dosage at 50% maximal inhibition; NGF, nerve growth
factor; SCM, serum-containing medium; SFM, serum-free medium.
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tional, Inc. (Pleasanton, CA). [3H]thymidine was purchased from
NewEngland Nuclear (Boston, MA).

Procedures
Cell culture. PC- 12 rat pheochromocytoma cells were initially cultured
in RPMI 1640 medium, supplemented with 5% fetal calf serum, 10%
horse serum, and 0.292 mg/ml L-glutamine, designated as serum-con-
taining medium (SCM), under 7.5% CO2. Cells were cultured in plas-
tic tissue culture flasks (Coming Glass Incorporated, Wexford, PA)
coated with Vitrogen according to the manufacturer's directions. Only
low passage cells ( 10-15 maximum passages) were used. Chemically
defined serum-free medium (SFM), consisting of RPMI 1640, 0.1%
BSA, insulin 5 gg/ml, transferrin 100 ug/ml, sodium selenite 100 gg/
ml, progesterone 20 nM, and T3 10 AM, was used in the differentiation
studies.

NGF-stimulated PC-12 cell differentiation studies. Effects on NGF-
stimulated PC- 12 differentiation are most sensitively detectable at the
middle of the log-linear dose-response curve. Therefore, we determined
the dosage at 50%maximal effectiveness (EDo), the dose yielding 50%
maximal differentiation for NGF-stimulated PC-12 differentiation,
and used this concentration for studying cocaine effects on this process.

To determine the ED50 for NGF, dose-response curves for NGF-in-
duced differentiation were performed. 100,000 cells were plated on
six-well polystyrene tissue culture plates (Becton Dickinson Labware,
Lincoln Park, NJ). Cells were grown for 4 d in SCM, then NGFwas
added to all groups in concentrations of 0, 1, 5, 10, 50, 100, and 1,000
ng/ml. Dose-response curves in SCMand SFMwere determined in
two separate experiments performed in triplicate.

Neuronal differentiation was estimated after 72 h exposure to NGF
by morphological parameters, specifically by the striking appearance of
axondendritic processes > 40 gm long (or about four cell diameters)
detected by phase contrast microscopy (20, 21, 23). Differentiation
was quantitated as the percentage of cells bearing axondendritic pro-
cesses greater than four cell diameters in length (20, 21 ). 100 cells were
examined per field, in three separate fields per well, in triplicate wells
per treatment group, in three separate experiments on different days
using different cultures.

Cocaine effect on NGF-stimulated PC-12 differentiation was esti-
mated after 72 h exposure to 20 ng/ml NGFin SFM, and 30 ng/ml
NGFin SCM, the respective ED50 concentrations under these condi-
tions, and cocaine in concentrations of 0, 0.01, 0.1, 1, and 10 gg/ml.
These cocaine concentrations range from innocuous to extremely
toxic, based on human toxicology data (24-26). In the SFMexperi-
ments, media, and additives were changed daily.

After determining the percentage of differentiated cells, viability
and cell number were estimated by trypan blue exclusion and cell
counting using a hemocytometer.

IGF-I-stimulated ['H] thymidine incorporation studies. The ED50
for IGF-I-stimulated PC-12 [3H]thymidine incorporation was deter-
mined for the same reasons as for NGF-stimulated differentiation. The
dose response-curve was generated using cells at a confluency consis-
tent with the exponential phase of growth. PC- 12 cells were cultured at
300,000 cells/well (in six-well plates) for 4 d in SCM. Cells were
washed twice with PBS, then synchronized and made quiescent by
serum starvation for 24 h in RPMI 1640 supplemented with 0.15%
fetal calf serum and 0.05% horse serum. On day 5, medium was aspi-
rated and cells were exposed for 24 h to IGF-I at 0, 0. 1, 0.2, 0.4, 1, 5, 10,
50, and 100 ng/ml, using a medium consisting of RPMI 1640 with
1% BSA.

To determine the effect of cocaine on IGF-I-stimulated DNAsyn-
thesis, cells were cultured and treated as described above. On day 5,
cocaine was added in concentrations of(0.0 1-10 gig/ml) to 0.3 ng/ml
IGF-I (the ED50) in RPMI 1640 with 1%BSA for 24 h.

After treatment with IGF-I with or without cocaine, DNAsynthesis
was estimated by [3HIthymidine incorporation. 2 MCi [3HIthymidine
were added to each treatment well for 4 h. Then media were aspirated
to separate tubes. Cells were washed six times with ice-cold 0.9% NaCl.

Dislodged and floating cells in the aspirated medium and wash solu-
tions were collected by centrifugation at 600 g for 5 min. Samples were
lysed by adding 0.33 N NaOH, 3.5 ml to iced wells, and 3.5 ml to iced
tubes (containing the centrifuged cells), and incubated for 15 min at
370C. The lysates were combined and incubated for 15 min at 550C,
cooled for 10 min, and 2.5 ml of 40%TCAin 1.2 N HCl were added to
tubes and incubated on ice for 10 min. Using a suction manifold, pre-
cipitate was collected on glass filters. Filters were washed six times in
10%TCAto remove unincorporated counts, dried overnight, placed in
scintillation cocktail, and then counted.

Cocaine stability studies
Instrumentation. Quantitation of cocaine in culture media was per-
formed on a glass chromatograph (model 8410; Perkin-Elmer Cetus
Instruments, Norwalk, CT) equipped with a nitrogen-phosphorus de-
tector and a data processing module (model 746; Waters Chromatogra-
phy Division, Milford, MA). The chromatographic column was a 15 m
X 0.53-mm internal diameter capillary column (J & WScientific, Fol-
som, CA) with a 1 -ALm film thickness. The program had no initial hold
time, but the final hold time was 5 min. Oven temperature was ramped
at a rate of 4VC, to a final temperature of 250'C. Detector gases were
hydrogen, air, and nitrogen make up set at 9.0, 22.0, and 55.0 ml/min,
respectively. Helium carrier flow was 10 ml/min. The initial oven tem-
perature was 200'C, and the injector and detector temperatures were
250 and 300C, respectively. The instrument was set to high sensitivity
and energy to the rubidium bead was set at level 2 (- 20 pA).

Extraction and quantitation of cocaine. From a substock standard
of cocaine (0.01 mg/ml), working standards of cocaine were prepared
in 8% BSA with concentrations of 0.5, 1.0, 2.0, and 5.0 Mg/ml. A stan-
dard curve was prepared and run alongside each sample batch. The
assay proved sensitive for the detection of cocaine down to 0.01 g/ml.
To assay, 1 ml of standard or sample was placed in a 16 X 150-mm
disposable borosilicate tube to which 1 ml of saturated borate buffer,
pH 10.5, was added. 100 ,d of working internal standard was added to
each tube (lidocaine, 0.01 mg/ml) and vortexed. Cocaine was ex-
tracted from standards and samples by adding 10 ml of n-butyl chlo-
ride and agitating on a shaking apparatus for 10 min. Because of the
unadulterated nature of the samples (no drugs other than cocaine pres-
ent), it was determined that a back extraction would be superfluous.
After 10 min, the standards and samples were centrifuged, and 9 ml of
the organic phase was transferred to 15 ml conical tubes to which 200 M1
of a 1% methanolic HCI solution was added to diminish the potential
for thermal destruction of the cocaine by forming a hydrochloride salt.
The standards and samples were gently evaporated in a concentrating
apparatus under a gentle stream of nitrogen at 50'C to dryness. The
standards and samples were reconstituted with 100 ,l of ethyl acetate
and vortexed for 15 s to ensure thorough mixing. One 2-Ml aliquot of
the reconstituted sample was then introduced into the gas chromato-
graph, and the developing chromatogram was monitored. The elution
order was lidocaine (5.05 min) and cocaine (9.35 min), respectively.
Linearity of the standard curve was excellent (r = 0.9998) and repro-
ducible. Concentrations of the unknown samples were determined
from the standard curve by least squares regression analysis (27-31).

Cocaine stability. The cocaine level was assessed in both SCMand
SFM after 24 and 72 h using the same conditions described in the
differentiation studies. Cocaine concentration was also measured in
SFM, after daily changes of medium containing fresh NGFand co-
caine, at the end of the third change (72 h of cumulative exposure).

Data analysis
Data from thymidine incorporation experiments and neurite extension
experiments were analyzed separately by one-way ANOVA. When
ANOVAsuggested significant differences between groups (P < 0.05),
individual group means were compared by the Student-Newman-
Keuls multiple comparisons test. These tests were performed using
Instat 2.0 (GraphPad Software, San Diego, CA).

The shape of the dose-response curves for thymidine incorporation
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and neurite extension were compared after the data from each experi-
ment were normalized so that the mean value at a cocaine dose of 0
gg/ml equaled 100%, and the mean value at a cocaine dose of 10 4g/ml
equaled 0%. Dose-response curves were plotted using the appropriate
algorithm of Grafit (Erithicus Software, London). The shape of the
dose-response curves indicated that near maximal inhibition was at-
tained at a cocaine dose of 10 ,g/ml, indicating this normalization
procedure is reasonable. These data were then logarithmically trans-
formed to obviate heterogeneous variance. Dose-response data were
then analyzed by two-way ANOVAusing SigmaStat version 1.01 (Jan-
del Scientific, San Rafael, CA).

Cocaine degradation kinetics were analyzed using the kinetics algo-
rithm of GraFit. Curves were obtained with extremely tight fit; i.e.,
with low x2 (P <0.05).

Results

Dose-responsefor NGF-stimulated PC-12 neuronal differentia-
tion. The NGFED,0 concentration was determined from dose-
response curves for NGF-induced PC- 12 differentiation in
SFM(Fig. 1) and SCM(not shown). These ED80 are 20 ng/ml
for SFMand 30 ng/ml for SCM. Changes in the quantity and
quality of PC-12 differentiation could be easily detected at
these concentrations. The average percentage of differentiated
cells at the 20 ng/ml was 49% in SFM.

Cocaine effect on NGF-stimulated PC-12 differentiation. In
SFM, cocaine had a significant dose-related inhibitory effect on
NGF-stimulated PC- 12 neuronal differentiation (Fig. 2 and
Table I). Differences were prominent especially in the high
cocaine dosage (Fig. 3). The dosage at 50%maximal inhibition
(IC_0) for cocaine inhibition of NGF-stimulated PC- 12 neurite
extension was 0. 1 gg/ml. Maximal inhibition achieved was
77% of the ED50 NGFresponse.

To determine that the cocaine inhibitory effect on NGF-
stimulated differentiation was not caused by general cell toxic-
ity, viability was measured by trypan blue exclusion and cell
counting on all NGF- and cocaine-treated groups. No signifi-
cant differences in the percentage of viable cells or total viable
cells were noted (Table I).

In SCM, cocaine had no effect on NGF-stimulated PC-12
differentiation (not shown). This is probably caused by break-
down of cocaine by serum pseudocholinesterase (see cocaine
stability studies, below).

Dose-responsefor IGF-I-stimulated PC-12 [3H] thymidine
incorporation. Wedetermined the IGF-I ED50 from the dose
response curve for IGF-I-stimulated PC-12 cells to be 0.3 ng/
ml (Fig. 4).

Cocaine effect on IGF-I-stimulated PC-12 [3H] thymidine
incorporation. Graded doses of cocaine were added to PC-12
cells stimulated by 0.3 ng/ml IGF-I. Cocaine had relatively
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Figure 2. Cocaine dose-effect on PC-12 cell NGF-stimulated neurite
extension (triangles) and on IGF-I-stimulated [3H]thymidine incor-
poration (circles) in SFM. PC-12 cells were treated with NGFat the
ED_0 concentration of 20 ng/ml and graded doses of cocaine. Left
vertical axis shows the percentage of differentiated cells. The maximal
percentage differentiation obtained from the NGFtreated (no co-
caine) control group was 49%. Data presented as means of three ex-
periments performed in triplicate. Right vertical axis shows thymidine
incorporation expressed as percentage, normalized so that basal in-
corporation without exposure to IGF-I = 100% and expressed as the
mean of 24-25 wells in five experiments. Because of baseline noise
at cocaine doses of I and 10 .g/ml, data for thymidine incorporation
were smoothed to facilitate curve fitting using the binomial smooth-
ing algorithm of GraFit; hence, the minor differences between the
plotted data points and the data in Table II.

modest (maximum 56% inhibition of the ED50 response), but
statistically significant (P > 0.0001), inhibitory, dose-related
effects on [3H]thymidine incorporation (Table II).

The dose-response curve (Fig. 2) reached minimum at 1
,ug/ml compared with 10 ,ug/ml for neurite extension. At this
concentration, the cells were clearly still capable of a robust

Table I. Cocaine Effects on NGF-stimulated PC-12
Differentiation and Viability

Percent of Cell Percent of
Cocaine differentiated number viable

Group dose cells* X104/wellt cells±SEMO

pg/mi

A 0 49±2 38±9 89±2
B 0.01 40±3 41±9 91±0.5
C 0.1 29±2 33±4 93±2
D 1.0 23±2 35±2 88±3
E 10.0 12±2 36±2 86±2

* Comparison of the amount of differentiation with respect to cocaine
concentration. Results were significant at P < 0.0001 by ANOVA.
Post hoc group comparisons were also significant by the Student-
Newman-Keuls test (P < 0.00 1-0.05) for all possible comparisons.
Note that the percent of differentiation without NGFand without
cocaine was 2±0.4.
* Cell number was measured by hemocytometry, counting .200 cells
from each of three wells per treatment group and expressed as
mean±SEM.
§ Viability was measured as mean±SEMof three wells per treatment
condition, counting 100 cells in each of three separate fields per well.
Differences between groups for viability and number were not signif-
icant by ANOVA(P = 0.2 for viable cells, P > 0.8 for total cells).
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Figure 3. (A) NGF-treated PC- 12 neuronal differentiation after 72-h exposure to NGFat the EDM concentration of 20 ng/ml. Prominent neurite
outgrowth is evident. (B) PC-12 cells exposed to both NGF(20 ng/ml) and high cocaine concentration (10Ig/ml) for 72 h in SFM. Note the
significant reduction of neuronal differentiation.

mitogenic response ( 190% increase in thymidine incorporation
compared with PC- 12 cells that were not stimulated by IGF-I)
at cocaine dosages that inhibited NGF-stimulated neurite ex-
tension by 77% of the ED50 response. The IC5o dose of cocaine
for inhibition of thymidine incorporation was 0.07 Atg/ml.

In addition to differences in the shape of the dose-response
curves and differences in the IC50 for cocaine effects on neurite
extension and thymidine incorporation, comparison of trans-
formed data showed that the differences in group means for
neurite extension vs thymidine incorporation were greater
than would be expected by chance after allowing for the effects
of differences in the cocaine dose (P = 0.021 ) by two-way AN-
OVA. These data indicate that although cocaine affects both

* 100o Figure 4. Dose-response
C 0Q80 / curve for IGF-I-stimu-

60 lated PC-l 2 [3H]-
E thymidine incorpora-
E 40 tion. The ED50 concen-

2 tration for
20 IGF-I-stimulated PC- 1 2

o A,0 .,,, ,l , ,,, [ 3H ]thymidine incor-
0.01 0.1 1 10 poration derived from

[IGF- lng/ml the curve was 0.3 ng/ml.

neurite extension and DNAsynthesis, it affects these processes
differently.

Cocaine stability studies. To determine the stability of co-
caine in SCMand SFMused in these experiments, we mea-
sured cocaine levels over time in both conditions (Fig. 5). Re-
sults showed cocaine degradation during the first 24 h in SCM,
consistent with first-order kinetics, probably caused by enzy-
matic breakdown by pseudocholinesterase present in horse and
calf serum (400 U/ml, measured in plain horse and calf serum
by our toxicology laboratory). In SFM, slow spontaneous zero-
order kinetic degradation was observed suggesting spontaneous
hydrolysis over time. However, daily changes of cocaine, me-
dium, and additives resulted in a reasonably steady cocaine
level over the entire experimental period.

Discussion

Wehave shown in this study that cocaine had direct dose-re-
lated inhibitory effects on NGF-stimulated PC- 12 cell differen-
tiation and on IGF-I-stimulated DNAsynthesis. The dose-re-
sponse curves were different for each of these inhibitory effects
possibly indicating different mechanisms of inhibition. Cell via-
bility and cell number were unaffected, and the cells' ability to
respond to IGF-I was not ablated. Our study supports the con-
cept that cocaine may have direct effects on neuronal replica-
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Table II. Cocaine Effects on [3H]Thymidine Incorporation
by IGF-I-stimulated Undifferentiated PC-12 Cells

Cocaine Incorporation normalized
Group IGF-I* dose to group F = IOOt

A + 0 306±23
B + 0.01 269±25
C + 0.1 247±21
D + 1.0 157±19
E + 10.0 190±21
F - 0 100

* IGF-I ED50 concentration of 0.3 ng/ml; * +SEM. Cocaine effect of
[3H]thymidine incorporation of PC- 12 stimulated by IGF-I at ED50
(0.3 ng/ml). Data were normalized to group F (an independent nega-
tive control, not treated with IGF-I or cocaine, and therefore not
included in the ANOVA)by dividing the group mean dpm by the
mean negative control dpm and multiplying by 100. n = 24-25 wells
per condition. Differences in group means were significant (P <
0.0001). Post hoc multiple comparisons by the Student-Newman-
Keuls procedure were significant (P < 0.001-0.05) only for groups A
and D, B and D, C and D, A and E, and B and E.

tion and development during the prenatal period that may af-
fect developmental outcome.

NGF-stimulated PC- 12 cell neurite extension is a widely
used model of neuronal differentiation. However, this cell line
does not necessarily resemble cells in the intact brain. All cell
models have this limitation. However, biochemical mecha-
nisms thus uncovered can be examined in more complicated
systems, now that changes can be identified and studied at the
cellular level.

Neuronal differentiation was significantly reduced upon
exposure to cocaine levels commonly found in the blood of
known drug abusers (25, 26). However, previous cocaine phar-
macokinetic studies done on rats (32) show that the placenta
tends to concentrate cocaine as a result of low pseudocholines-
terase activity, and does not present an effective barrier to co-
caine during the fetal period (32, 33). Cocaine levels in fetal rat
brain are two to three times that detected in maternal blood,
implying that the fetal brain is probably subject to even higher
doses than are seen in the blood.

Clinical studies indicate an increased incidence of prema-
turity, intrauterine growth retardation, and microcephaly in

12 Figure 5. Cocaine sta-
EE 10 bility over time in SFM
o and SCM. In SCM, the
E 8 - curve obtained showed
@ 6 _ \ \ _ a first-order decay char-

acteristics, suggesting
o 4 enzymatic breakdown.0
O 2 In SFMthe curve ob-

tained had a zero-order
0

0 20 40 so 80 decay, implying a pro-
Ti met hours) cess of spontaneous hy-

drolysis. SEMvalues
were less than the width of the circle or triangle, and therefore are not
shown in this figure. Square, cocaine in SCMcondition; circle, co-
caine in SFMcondition. *Cocaine level in SFMafter three daily
changes of cocaine, NGF, and medium were in the same range as
those obtained after 24 h in SFM.

newborn infants exposed to cocaine during pregnancy ( 1-6).
Several minor, short-lasting neurologic abnormalities were also
described (34-36). Recently, there has been more clinical evi-
dence that cocaine may have teratogenic effects during the pro-
cess of brain development (37). However, clinical studies of
neonates exposed to cocaine are controversial, mainly because
of the confounding social and pharmacological variables that
are difficult to control. Thus, neurobehavioral and cognitive
outcomes of prenatal cocaine exposure are unclear. Further-
more, standard cognitive tests may not adequately assess the
various developmental fields that may be affected from this
exposure ( 1, 2, 7), and abnormalities may take years to be-
come evident.

Animal studies examining prenatal cocaine effects on brain
development and function have been done. Adverse effects on
myelination were reported by Wiggins et al. (38). Dramatic
disturbances of neocortical cytoarchitecture after chronic fetal
cocaine exposure were described by Gressens et al. (39). Sev-
eral studies report lasting metabolic alterations, disturbed devel-
opment and function of dopaminergic pathways, selective ef-
fects on noradrenergic neurotransmitter receptor and opiate
receptor development, synaptic activity, and alteration in the
serotonin system affecting serotonergic neuron formation. Al-
tered neuronal pathways mediating motor, limbic, and neuro-
endocrine functions were also described ( 12-15, 40-45). Be-
havioral studies indicate specific long-term deficits of learning,
behavior, and locomotor activity regulated by complex central
neural pathways of rat offspring exposed to chronic in utero
administration of cocaine, implying that specific brain sites are
vulnerable to deleterious cocaine influences ( 12-15, 46-48).

Our findings of significant inhibition of PC- 12 neuronal
differentiation upon exposure to moderate to high cocaine lev-
els suggest that cocaine may have direct effects on brain devel-
opment, in addition to vascular side effects ( 16, 17) that could
contribute to the adverse neurodevelopmental outcomes. An
alteration in neuronal differentiation could alter subsequent
processes of synaptogenesis during the critical period of cell
differentiation and rapid axonal and dendritic expansion.
Disrupted differentiation could also affect neuronal migration
resulting in malformation or nonformation of specific neuro-
nal pathways. The mechanism of action and critical time pe-
riod for these effects and possible reversibility of the findings
are yet to be explored.

Cocaine had a modest inhibitory effect on cell replication
measured as DNAsynthesis, and the magnitude of this effect
was less than the effect on neurite extension. Cocaine was not
toxic to differentiated cells per se, as estimated by trypan blue
exclusion and cell counting. Thus, these cells are unlikely to be
experiencing generalized toxicity from cocaine exposure, cor-
roborating the cell count and viability data from Table I.

The modest inhibition of DNAsynthesis we found is con-
sistent with many animal studies that describe no significant
effect on litter size, birth weight, and other growth indices, at
cocaine exposures that clearly altered brain development, me-
tabolism, and behavior ( 12-14, 38, 46-48).

Somestudies do, however, report effects on cell replication.
Interference with DNAsynthesis in all brain regions after expo-
sure to cocaine was described by Anderson-Brown et al. (49), a
study that eliminated vascular side effects of cocaine as an un-
controlled variable. Our study does not contradict these find-
ings, as Anderson-Brown et al. looked at thymidine incorpora-
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tion in postnatal brain tissue, and inhibition of incorporation
may have reflected effects on glial cell replication, which is
more active in the postnatal ages studied. Our model looked at
incorporation in neuroblasts and is more likely to reflect pro-
cesses occurring at a much earlier period in embryonic develop-
ment, when neuroblasts are still rapidly replicating. Also, it is
difficult to compare exposure dosages for in vitro exposures to
tissue levels in vivo because the placenta preferentially trans-
ports cocaine to the fetus and fetal brain tissue concentrates
cocaine.

On the other hand, cocaine-treated rat embryo cultures
showed dose-dependent growth inhibition in vitro but not in
vivo (50). Hypoxic ischemic insult secondary to systemic vas-
cular side effects of cocaine could have contributed to these
findings and have been reported in humans ( 1, 17). Future
animal studies must carefully control for vascular side effects,
as in the Anderson-Brown study, to generate useful data on
direct actions of cocaine in neural tissues.

Cocaine instability was observed under certain conditions
in our study. Wenegated this instability using SCM, because
the presence of pseudocholinesterase activity in horse and calf
serum appeared to cause enzymatic hydrolysis of cocaine to its
inactive metabolites (references 51 and 52 and Fig. 5). Slower
spontaneous degradation of cocaine in SFMwas also docu-
mented and obviated by daily changes of media and additives.

PC- 12 cells have achieved preeminence as a cellular model
of neuronal differentiation and NGFaction, and many neuro-
biologists feel this model may have broad biological and clini-
cal applicability. To our knowledge, our paper is the first to
establish a cellular model of cocaine effects on NGF-induced
differentiation, demonstrating direct inhibitory effect of co-
caine on this process. These results support the concept that in
utero cocaine exposure may directly impair brain develop-
ment. Therefore, cocaine-exposed fetuses may be at risk for
subsequent adverse outcomes.
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