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Abstract
Cocaine inhibits survival and growth of rat locus coeruleus (LC) neurons, which may mediate
alterations in attention, following in utero exposure to cocaine. These effects are most severe in early
gestation during peak neuritogenesis. Prenatal cocaine exposure may specifically decrease LC
survival through an apoptotic pathway involving caspases. Dissociated fetal LC neurons or substantia
nigra (SN) neurons (control) were exposed in vitro to a pharmacologically active dose of cocaine
hydrochloride (500 ng/ml) and assayed for apoptosis using TUNEL and Hoechst methodologies.
Cocaine exposure decreased survival and induced apoptosis in LC neurons, with no changes in
survival of SN neurons. Activation of apoptotic signal transduction proteins were determined using
enzyme assays and immunoblotting at 30 min, 1 h, 4 h and 24 h. In LC neurons, Bax levels were
induced at 30 min and 1 h, following cocaine treatment, and Bcl-2 levels remained unchanged at all
time points, altering the Bax/Bcl-2 ratio. The ratio was reversed for SN neurons (elevated Bcl-2 levels
and transient reduction of Bax levels). Further, cocaine exposure significantly increased caspase-9
and caspase-3 activities at all time points, without changes in caspase-8 activity in LC neurons. In
addition, cleavage of caspase-3 target proteins, α-fodrin and PARP were observed following cocaine
treatment. In contrast, SN neurons showed either significant reductions, or no significant changes,
in caspase-3, 8 or 9 activities or caspase-3 target proteins, α-fodrin and PARP. Thus, cocaine exposure
in vitro may preferentially induce apoptosis in fetal LC neurons putatively regulated by Bax, via
activation of caspases and its downstream target proteins.
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Prenatal cocaine exposure has deleterious effects on the developing fetus, (Schenker et al.,
1993; Keller and Snyder-Keller, 2000). One prominent behavioral abnormality associated with
prenatal cocaine exposure in offspring is attentional dysfunction (Mayes et al., 1998; Singer
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et al., 2000), however, the cellular mechanisms underlying this deficit has not been identified.
A variety of studies implicate the noradrenergic system being affected by prenatal cocaine
exposure, specifically locus coeruleus (LC) neurons (Mactutus, 1999; Bayer et al., 2002; Foltz
et al., 2004; Dey et al., 2006). Cocaine impairs neurite initiation and elongation in GD 14 and
18 LC neurons (Snow et al., 2001), with pronounced inhibition during early gestation (Snow
et al., 2004). Further, prenatal cocaine inhibits LC survival indicated by a decreased number
of tyrosine hydroxylase immunoreactive (TH-IR) cells in rat LC when exposed to cocaine in
utero, with a 12–13% reduction in cell number, which was associated with decreased LC cell
volume (Mactutus et al., 2005). However, an understanding of mechanisms by which maternal
cocaine abuse adversely affects the basic cell biology of LC neurons is lacking, and is critical
for developing treatments and intervention strategies.

Cocaine exposure may specifically decrease LC survival through activation of apoptotic signal
transduction pathways. Although apoptosis or programmed cell death (PCD) is a regulated
event in the developing nervous system (Lo et al., 1995; Boonman and Isacson, 1999),
dysregulation of this process can lead to abnormal development or disease (Thompson,
1995). Several studies have shown that during development gestational cocaine induces
apoptosis in rat heart and murine cerebral wall (Nassogne et al., 1997; Lidow et al., 1999; Xiao
et al., 2000; Xiao et al., 2001; Mitchell and Snyder-Keller, 2003; Bae and Zhang, 2005). One
of the key regulators of PCD are the members of the bcl-2 family of proteins (Bax, Bak, Bcl-
XL, Bcl-2, and others), that regulate mitochondrial integrity and cytochrome c release
(Tsujimoto, 1998; Wang, 2001). These proteins function at the mitochondrial level, hence an
important determinant of cell death or survival (Gross et al., 1999; Tsujimoto and Shimizu,
2000). Additional regulators of PCD as well as survival are the family of cysteine proteases -
the caspases (Campbell and Holt, 2003; Miura et al., 2004), downstream of the Bcl-2 family
of proteins (Alnemri et al., 1996; Kaufmann and Hengartner, 2001). During apoptosis, caspases
are converted to active proteases, e.g. initiator caspase-8 and/or caspase-9 (Chang and Yang,
2000), which subsequently result in activation and cleavage of effector caspase-3 (Thornberry
et al., 1992).

In the present study, we sought to determine whether decreased LC survival following cocaine
exposure in vitro was induced by apoptosis and whether this effect was cell specific, to identify
a potential underlying mechanism for altered attentional function in offspring exposed to
cocaine. Here, we show evidence in vitro to support that cocaine specifically decreases fetal
LC neuron survival via an apoptotic pathway that involves activation of Bax and the cysteine
protease, caspase-3. These critical proteins could provide targets for future therapeutic
strategies.

MATERIALS AND METHODS
Animals

Nulliparous Long Evans timed-pregnant rats were maintained according to NIH guidelines in
AAALAC accredited facilities. Food (Pro-Lab Rat, Mouse Hamster Chow No. 3000) and water
were available ad libitum. The animal facility was maintained at 21°C + 2 and 50% + 10,
relative humidity and had a 12 hr light: 12 hr dark cycle with lights on at 07:00 h (EST). The
protocol for the use of rats in this project was approved by the IACUC of the University of
Kentucky (00656M2003). The animals were allowed to acclimate for 2 days after shipment.

Tissue culture
Substratum preparation—Tissue culture flasks and chamber slides were coated with poly-
L-lysine (100 μg/ml; Sigma, USA.) in sterile calcium-magnesium free phosphate buffered
saline (CMF-PBS; pH 7.2) and stored at 37°C overnight in a room air-humidified, HEPA-
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filtered incubator. The flasks and chamber slides were rinsed twice with sterile double distilled
water, then covered with 500 μl of culture media and incubated at 37°C in a 5% CO2-air
humidified incubator until required for use.

Tissue dissection—Timed-pregnant rats bearing embryonic day 14 pups were euthanized
by CO2 inhalation according to AAALAC regulations. The uterine horns were removed under
sterile conditions and placed in a Petri dish containing cold Hank’s Balanced Salt Solution
(HBSS; pH 7.3) on ice. The embryos were removed and placed in cold L-15 medium containing
6 mg/ml glucose and 15 μg/ml gentamycin and further dissection was performed in the same
medium. The brains were removed and areas containing locus coeruleus (LC -
rhombencephalon) (Norbert Konig et al., 1989) and substantia nigra (SN - mesencephalon)
(Studer, 1997) neurons were dissected. The tissues were completely dissociated by gentle
trituration, using glass Pasteur pipets with increasingly smaller bored fire polished tips. Cells
were plated at varying densities on previously prepared tissue culture flasks/slides (see above).
The identity of noradrenergic LC neurons and dopaminergic SN neurons was confirmed by
immunostaining (Dey et al., 2006).

Media—LC and SN neurons were grown in MEM (Minimum Essential Medium, Earle’s,
Invitrogen, USA.), supplemented with 6 mg/ml glucose, 2 mM glutamine, 5% horse serum
(Hyclone), 5% fetal bovine serum (Hyclone, USA.), and 15 μg/ml gentamycin. All cultures
were grown using the same batch of serum to avoid variability among cultures. Cells were
cultured in growth media for four days before it was discarded and culture dishes were either
replenished with fresh media (controls: media plus citrate buffer) or media containing 500 ng/
ml cocaine (tests).

Cocaine—Cocaine hydrochloride was obtained from the NIDA Drug Supply Program, (RTI
International, Research Triangle Park, NC, USA.). Cocaine undergoes rapid degradation and
is unstable at neutral or alkaline pH (Baselt, 1983; Isenschmid et al., 1989; Bouis et al.,
1990; Vorhees et al., 1995). To increase stability, cocaine was dissolved in sodium citrate buffer
(pH 5.0) at a concentration of 10 μg/ml, to prevent degradation into its primary and secondary
metabolites, benzoylecgonine (BE) and ecgonine methyl ester (EME) (Vorhees et al., 1995).
Further dilutions were made using the growth media such that the final concentration added to
the culture dishes was a physiologically-relevant dose of 500 ng/ml (1.5 μM) (Evans et al.,
1996; Booze et al., 1997; Mactutus, 1999; Bunney et al., 2000). Control dishes were treated
with vehicle (media plus citrate buffer).

Cell survival assay
Cellular damage to LC and SN due to cocaine exposure was determined by measuring the
metabolic activity of these cells using a colorimetric MTT assay - [3-(4,5-
dimethythiazol-2yl)-2,5 diphenyl tetrazolium bromide, Roche Applied Science, USA.]. Cells
were cultured at a density of 1 x 105 in triplicates for each treatment in a 96 well plate. Cells
were treated with cocaine at increasing concentrations of 250 ng/ml, 500 ng/ml and 1 μg/ml
and incubated for 48 hrs. The resultant purple formazan product indicative of metabolic activity
of the cells was solubilized and quantified using a multiwell ELISA spectrophotometer at an
absorbance of 570 nm with reference wave length > 650 nm. Mean values were obtained from
3 replicates (n = 4).

Quantitation of Apoptosis
Neuronal apoptosis was analyzed by Terminal Deoxynucleotidyl Transferase (TdT) mediated
DNA nick end labeling (TUNEL), using a Fluorescein In Situ Cell Death Detection Kit (Roche
Applied Science, USA.). Cells were seeded in chamber slides and cultured for four days and
then left untreated or exposed to 500 ng/ml of cocaine. Cell death was measured after 24 and
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48 hours of drug treatment. Cell death was confirmed using fluorescent DNA binding Hoechst
dye 33258 (1 μg/ml in 1x CMF-PBS; Invitrogen, USA) for 10 min to identify condensed or
fragmented nuclei. Neuronal cells were identified by immunocytochemistry (ICC) using the
neuronal marker, TUJ1 (anti-βIII tubulin antibody) (Covance, Berkely, CA, USA.). The fixed
cells after treatment were triple stained first by performing ICC using the neuronal marker,
followed by TUNEL and Hoechst staining, respectively. The stained specimens were
visualized using a fluorescent microscope and Axiovision software v. 4.1 (Carl Zeiss Vision
GmbH-v 4.1, Germany) and images were merged using multidimentional acquisition. The
number of apoptotic cells was counted from 10 randomly selected fields and percentage of
apoptotic cells were calculated [number of apoptotic cells / number of total cells x 100]. Mean
values were calculated from three replicates (n = 3).

Western Blot Analysis
Embryonic LC and SN neurons were cultured for 4 days and treated with cocaine at 500 ng/
ml and harvested at 30 min, 1 h, 4 h and 24 h after treatments, in lysis buffer, described below
(caspase activity assay). Cell lysates normalized for protein content were electrophoresed in
12.5% or 5.0% SDS-PAGE gels under reducing conditions in running buffer (25 mM Tris, 192
mM Glycine, 0.1% SDS, pH 8.3; Bio-Rad, USA.) and electrotransferred to PVDF membrane
in Towbin-transfer buffer (25 mM Tris, 192 mM glycine, 20% MeOH, pH 8.3; Bio-Rad, USA.)
at 100 constant volts for 2 hours. Blots were blocked with 5% milk solution in wash buffer (20
mM Tris, 500 mM NaCl, pH 7.5; Bio-Rad, USA.) for 2 hours and incubated overnight in 5%
milk containing anti-Bax monoclonal antibody (Santa Cruz Biotechnology, Inc. USA.), or anti-
Bcl-2 polyclonal antibody (Santa Cruz Biotechnology, Inc. USA.), or anti-caspase-3
monoclonal antibody (Cell Signaling Technology, USA.), or anti-alpha fodrin monoclonal
antibody (Affiniti Research Products Ltd., Exeter, UK.), or anti-PARP polyclonal antibody
(Cell Signaling Technology, USA.). The blots were washed and the bound antigen-antibody
was detected by incubation for 1 hour in the appropriate horseradish peroxidase conjugated
secondary antibody (Jackson Immunoresearch laboratories, USA.). Mouse anti-actin
monoclonal antibody (Chemicon International, USA.) was used as an internal loading control.
Immunoreactive proteins were visualized using enhanced chemiluminescence detection
system (Amersham Pharmacia Biotechnology, Buckinghamshire, UK.). Results were
quantified using the KODAK Imaging system and KODAK 1D Image Analysis Software. The
proteins of interest were normalized by actin and expressed as percent control of the protein
levels within each group. Mean values were calculated from three replicates (n = 3). Total cell
lysates were quantified using the BCA assay kit (Pierce, Rockford, IL, USA.).

Caspase Activity Assay
Caspase 3, 8 and 9 activities were measured using caspase-3 [Ac-DEVD-7- amino-4-
methylcoumarin (AMC), Bachem Biosciences, PA, USA.], caspase-8 [Ac-IEPD-AMC,
Bachem Biosciences, PA, USA.] and caspase-9 [Ac-LEHD-AMC, Bachem Biosciences, PA,
USA.] substrates respectively. Briefly, embryonic LC and SN neurons were cultured for four
days and treated with cocaine at 500 ng/ml and harvested at 30 min, 1 h, 4 h and 24 h after
treatments, in lysis buffer [25 mM Hepes, pH 7.5 (Sigma, St. Louis, MO, USA.), 5 mM EDTA
(Sigma, USA.), 1 mM EGTA (Sigma, USA.), 5 mM MgCl2 (Fisher Scientific, USA.), 10 mM
Sucrose (Fisher Scientific, USA.), 5 mM dithiothreitol (DTT; Sigma, USA.), 1 % 3-[-(3-
chloramidopropyl) dimethylammonio]-1-propanesulfonic acid (CHAPS, Sigma, USA.),
protease inhibitor cocktail (10 μl/ml; Sigma, USA.), and 1 mM PMSF (Sigma, USA.)]. Cell
lysates were freeze/thawed three times and centrifuged at 12,000g for 60 min. The resultant
cell lysates (supernatants) obtained were incubated in a buffer containing 25 mM HEPES, pH
7.5, 10% sucrose, 0.1% CHAPS, and 1 mM DTT supplemented with 50 μM Ac-DEVD-AMC
or Ac- IEPD-AMC or Ac-LEHD-AMC at 37°C in 96-well Costar plates for 1 hour. Caspase
3 activity was confirmed using a caspase-3 specific inhibitor (Ac-DEVD-CHO) (Bachem
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Biosciences, USA.). The inhibitor was added to the cell lysates 30 min prior to incubation with
caspase-3 substrate, Ac-DEVD-AMC. The enzyme catalyzed release of the fluorogenic AMC
moieties was quantified in a Wallac Victor III fluorimeter (Perkin Elmer, USA.) using 360 nm
excitation and 460 nm emission wavelengths. Caspase activities were expressed as units per
microgram of total protein. Induction of Caspase-3, 8 and 9 activities in LC and SN cells were
compared with their respective controls. Mean values were obtained from three replicates ( n
= 3). Total cell lysates were quantified using the BCA assay kit (Pierce, Rockford, IL, USA.)

Data Analysis
Data were represented as means of + SEM of the mean values of the replicate samples of n =
3-4 experiments. Overall differences between experimental groups were analyzed using
Analysis of Variance techniques (BMDP Statistical Software, Release 7, Los Angeles, CA,
Dixon, 1993). Specifically, a multifactorial treatment (cocaine vs. control) x region (LC vs.
SN) x time (30 min, 1 h, 4 h and 24 h) ANOVA was employed. When a dose response study
was conducted, the treatment factor had 4 levels (cocaine dose – 0, 250 ng/ml, 500 ng/ml, 1
μg/ml). Planned comparisons and orthogonal decompositions of main effects were employed
and justified given the a priori hypothesized greater vulnerability to cocaine of LC, relative to
SN neurons (Mactutus, 1999; Snow et al., 2001; Bayer et al., 2002; Snow et al., 2004; Dey et
al., in press) regardless of the presence of significant two- and three-way interaction terms.
Correlational analyses and bivariate plots were further employed to examine the degree of
relationship between the effects of cocaine on LC vs. SN neurons. An α level of p < 0.05 was
considered significant for all statistical tests employed.

Results
Cocaine exposure decreases fetal LC neuron survival

Analysis of neuron survival indicated that cocaine exposure in vitro on E14 LC neurons resulted
in a linear dose dependent decrease in survival with increasing concentrations of cocaine
[F(3,88) = 8.5, p < 0.005], compared to controls. In contrast, measurement of survival in SN
neurons did not reveal any significant decrease in survival with increasing doses of cocaine
[F(3,88) = 0.4, p = 0.55] (Fig. 1). Specific planned contrasts indicated a significant different
across regions at 500 ng [F(1,88) = 5.6, p < 0.02] and 1 μg [F(1,88) = 5.7, p < 0.02] doses. These
data support the hypothesis that the effects of cocaine on neuron survival are cell specific,
targeting LC neurons, but not SN neurons.

Cocaine exposure induces apoptosis in fetal LC neurons
Decreased LC survival in response to cocaine may occur via apoptosis. Consistent with this
mechanism, TUNEL analysis indicated positive cell death profiles in cocaine treated LC
neurons compared to controls, after 24 h and 48 h, indicated by DNA fragmentation (500 ng/
ml) (Fig. 2 A, B, C). Results were confirmed by staining with the DNA binding fluorescent
Hoechst dye, which showed neuronal chromatin condensation accompanied by DNA
fragmentation in LC neurons (Fig. 2 A, B, C). That the effects were specific to neurons was
confirmed by co-staining using immunocytochemistry with the neuronal marker TUJ1(anti-
βIII tubulin antibody) (Fig. 2 A, B, C). SN neurons did not reveal abundant TUNEL positive
cells in comparison to controls after 24 h and 48 h of exposure to cocaine (Fig. 2 D, E, F).
Quantitative analysis showed a significant and dramatic cell death effect of cocaine on LC
[F(2,54) = 49.5, p < 0.0001] but no significant increase in cell death was evidenced in the SN
[F(2,54) = 0.1, p = 0.92]. (Fig. 2G). Apoptotic cells were expressed as percent cell death [number
of apoptotic cells / number of total cells x 100]. Specific planned contrasts indicated a
significant different across regions at the 24 h [F(1,54) = 46.5, p < 0.0001] and 48 h time points
[F(1,54) = 99.8, p < 0.0001]. The interaction between brain region and time dependent treatment
was also noted as statistically significant [F(2,54) = 22.8; p < 0.0001]. These data suggest that
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cocaine exposure in vitro induces neuronal apoptosis, dramatically increased for LC relative
to SN neurons; which could mediate insufficient synaptic connectivity.

Cocaine induces Bax protein expression in fetal LC neurons
Mitochondrial permeability is believed to be affected by the up-regulation of Bax resulting in
the release of cytochrome c into the cytosol, which triggers activation of caspase-9 and
subsequently activation of caspase-3 (Golstein, 1997; Tsujimoto, 1998). One of the key
regulators of apoptosis is the Bcl-2 family of proteins where Bax is pro-apoptotic and Bcl-2 is
anti-apoptotic (Martinou et al., 2000; Dey et al., 2003). Here we determined the effect of
cocaine on Bax and Bcl-2 protein levels in E14 LC and SN neurons, in vitro. Cocaine exposure
increased Bax protein levels in LC neurons [F(4,20) = 14.5; p < 0.0001 according to a prominent
quadratic time course F(1,24) = 37.7; p < 0.0001], with a significant increase at 30 min
[F(1,24) = 4.1; p < 0.055], and peak activity at 1 h [F(1,24) = 27.5; p < 0.0001], and a reduction
to basal levels by 4 h. No significant changes in Bcl-2 expression were found at any time point
analyzed [F(4,20) = 0.03; p = 0.99] (Fig. 3A, C, D). On the other hand, the ratio was reversed
for the dopaminergic SN neurons. Significant alterations in Bcl-2 levels [F(4,20) = 4.8; p < 0.007
according to a linear temporal course F(1,24) = 17.0; p < 0.0005] were noted with increases at
1 h [F(1,24) = 5.1; p < 0.03], 4 h [F(1,24) = 10.8; p < 0.003] and 24 h [F(1,24) = 8.8; p < 0.007],
compared to controls, accompanied by the lack of any readily discernible temporal course for
changes in the proteins levels of Bax, albeit there was some overall evidence for a significant
oscillation in levels across time [F(4,20) = 4.0; p < 0.015] which was solely attributable to the
significant reduction at 30 min [F(1,24) = 6.7; p < 0.02] (Fig. 3 B, C, D). In addition, the
interactions between brain region and time dependent treatment indicated a significant
difference for both Bax and Bcl-2 expressions [linear (F(1,24) = 10.0; p < 0.0003) and (quadratic
F(1,24) = 15.2; p < 0.0007), respectively]. Further, correlational analyses found no significant
relation between the Bax and Bcl-2 expressions of the LC vs. SN (r2 = 0.047; r2 = 0.213,
respectively). These data strongly suggest that cocaine exposure selectively affects the pro-
apoptotic components of the Bcl-2 family of proteins, which would result in an alteration of
the Bax/Bcl-2 ratio in fetal LC neurons.

Cocaine induces caspase-9, and not caspase-8 activity, in fetal LC neurons
Since activation of caspases is important in the induction of apoptosis, we determined if there
was a time-dependent cocaine-induced activation of initiator caspases 9 and/or 8, in LC or SN
neurons. In LC neurons, cocaine exposure induced caspase-9 activity as indicated by a
significant overall effect of time [F(4,10) = 19.3; p < 0.0001] with peak activity at 1 h [F(1,10)
= 73.1; p < 0.0001], compared to controls (Fig. 4A). However, no significant changes were
observed in caspase-8 activity at the same time-points after cocaine treatment, compared to
controls [F(4,10) <1.0] (Fig. 4A). In contrast, E14 SN neurons exposed to cocaine failed to show
any significant induction of the initiator caspase-8 or caspase-9 at any time-point tested (Fig.
4B) [F(4,10) = 1.7; p = 0.24; F(4,10) = 2.6; p = 0.10, respectively]. In addition, interactions
between brain region and time dependent treatment indicated a significant difference for
caspase-9 activity [F(4,20) = 6.0; p < 0.0025], with no significant differences in caspase-8
activity [F(4,20) <1.0]. Further, comparison of caspase-9 and caspase-8 activity between the LC
and SN regions did not show any significant correlations (r2 = 0.005; r2 = 0.14, respectively).
These data strongly indicate that cocaine exposure preferentially affects the initiation of
caspase-9 activity in fetal LC neurons, and may trigger apoptotic cell signaling downstream
of caspase-9.

Cocaine induces caspase-3 activity in fetal LC neurons
Induction of Bax is believed to induce mitochondrial permeability releasing cyt c, leading to
caspase-9 activation and subsequent induction of effector caspase-3 and its target proteins
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(Tsujimoto, 1998). Since cocaine treated LC neurons showed increased Bax protein levels and
subsequent caspase-9 activity, we characterized the downstream events of apoptosis by
studying the activated form of caspase-3. Analysis of caspase-3 activity in LC neurons exposed
to cocaine showed a significant induction [F(4,28) = 11.5; p < 0.0001] with a temporal course
characterized by a prominent quadratic component [F(1,28) = 39.0; p < 0.0001], showing peak
activity at 1 h [F(1,28) = 42.9; p < 0.0001], compared to controls (Fig. 5 A). Induction of
caspase-3 activity was confirmed by western blot analysis, which revealed significantly
reduced forms of inactive pro-caspase-3 (Fig. 5 B, D) again following a prominent quadratic
time course [F(1,24) = 8.4; p < 0.008] and showing reduced expression at 30 min [F(1,24) = 7.5;
p < 0.015], 1 h [F(1,24) = 10.7; p < 0.003] and 4 h [F(1,24) = 7.2; p < 0.01]. These data complement
the results observed in cocaine induced caspase-3 activity (Fig. 5 A). In contrast, cocaine
treatment did not induce caspase-3 activity in SN neurons [F(4,28) = 0.8; p = 0.51] (Fig. 5 A).
However, western blot analysis of inactive pro-caspase-3 in cocaine treated SN neurons
demonstrated a significant induction in the expression of the inactive form, also with a
prominent quadratic temporal course [F(1,24) = 17.7; p < 0.0003], compared to controls (Fig.
5 C, D). These observations suggest that cocaine is a positive effector of apoptosis specifically
in E14 LC neurons probably via Bax and caspase activation.

Further, caspase-3 activity was inhibited by a highly selective (cell impermeant) caspase-3
inhibitor (Ac-DEVD-CHO), which blocked caspase-3 activity for both LC [F(1,10) = 4424.1;
p < 0.0001] and SN neurons [F(1,10) = 253.8; p < 0.0001], when added to lysates 30 min prior
to addition of caspase-3 substrate (Ac-DEVD-AMC, Fig. 5 A). In addition, the interaction of
brain region and time and lysate treatment was statistically significant [F(4,20) = 7.2; p <
0.0009]. Collectively, these results suggest a protective role of the caspase-3 inhibitor in
cocaine-induced apoptosis. Further, comparison on caspase-3 activity between the LC and SN
regions did not show any significant correlation (r2 = 0.003). These data show that cocaine
exposure targets pro-apoptotic cell signaling components specifically in embryonic LC
neurons, and may negatively regulate LC survival.

Cocaine exposure results in cleavage of caspase-3 target proteins, α-fodrin and PARP in
fetal LC neurons

Expressions of several nuclear and cytoplasmic proteins are altered due to activation of terminal
caspases. We investigated the effect of cocaine exposure on the cortical actin cytoskeletal
protein, α-fodrin, cleavage of which induces membrane blebbing and cell shrinkage, and poly
(ADP-ribose) polymerase (PARP), a nuclear enzyme that is involved in DNA repair following
DNA nicks. Caspase-3 cleaves PARP and inactivates its enzymatic activity (Lazebnik et al.,
1994). We performed western blot analysis to identify cleavage products for α-fodrin and
PARP in cultured LC and SN neurons exposed to cocaine in vitro.

Cocaine exposure resulted in the activated caspase-3 mediated, α-fodrin cleavage product (120
kDa) in LC neurons in a temporal pattern consistent with time dependent activation of
caspase-3. There was an induction of the 120-kDa α-fodrin cleavage product [F(4,20) = 9.6; p
< 0.0002] with a temporal course characterized by a prominent linear component [F(1,24) =
10.7; p < 0.003] with significant increases at 1 h and 4 h [ps < 1hr: 0.02, 4 h: 0.009] showing
peak activity at 4 h (Fig. 6 A, C) [Data presented as ratio of cleaved product - 120 kDa / (cleaved
+ uncleaved − 240 kDa)]. In contrast, a significant reduction of cleaved α-fodrin was observed
in cocaine treated SN neurons [F(4,20) = 3.9; p < 0.02] (Fig. 6 B, C). In addition, the interaction
between brain region and time dependent treatments indicated a significant difference
[F(4,20) = 7.6; p < 0.0007].

Cocaine exposure on fetal LC neurons cleaved the caspase-3 target protein PARP, indicated
by the 89 kDa cleaved product [F(4,20) = 38.7; p < 0.0001], with a linear temporal course
[F(1,24) = 57.5; p < 0.0001], and significant increases at all time points studied [Fs(1,24) > 6.9;
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ps < 0.015], showing peak activity at 4 h [F(1,24) = 55.2; p < 0.0001] (Fig. 7 A, C), compared
to untreated levels. In contrast, a significant reduction of the cleaved PARP was observed after
cocaine treatment in SN neurons [F(4,20) = 25.9; p < 0.0001] with a prominent linear component
[F(1,24) = 33.8; p < 0.0001] and notable decreases at all time points studied [Fs(1,24) > 5.7; ps
< 0.025] and maximal reduction at 4 h compared to untreated levels [Fs(1,24) = 42.3; p < 0.0001]
(Fig. 7 B, C). In addition, the interaction between brain region and time dependent treatment
indicated a significant difference [F(4,20) = 62.3; p < 0.0001]. These data suggest that cocaine
preferentially induces cell death in fetal LC neurons probably via caspase-3 dependent
signaling cascade.

Discussion
One of the most common neurobehavioral anomalies associated with prenatal cocaine exposure
is attentional dysfunction, demonstrated both in humans (Delaney-Black et al., 1996; Linares
et al., 2005; Savage et al., 2005), and animal models (Bayer et al., 2000; Gendle et al., 2004;
Thompson et al., 2005). It is reasonable to conclude that attentional alterations associated with
prenatal cocaine (ab)use may be linked to deficits of the basic cell biology of neural systems.
Prenatal cocaine exposure results in molecular adaptations or anatomical alterations in brain
regions such as the anterior cingulate cortex (ACC) and medial prefrontal cortices, which
regulate cognitive and emotional development in animal models (Thompson et al., 2005), alters
somatosensory cytoarchitectonics (Ren et al., 2004), and induces deficits in orientation, state
control, and motor maturity in non-human primates through cellular mechansims (Lidow,
2003; He and Lidow, 2004). Further, numerous studies have defined a clear role for the
noradrenergic system in attentional deficits following prenatal cocaine exposure (Mactutus,
1999; Bayer et al., 2002; Foltz et al., 2004). Consistent with these data, our previous in vivo
and in vitro studies show that cocaine exposure specifically impairs the basic cell biology of
locus coeruleus (LC), neurons that mediate attention, by inhibition of LC neurite initiation,
elongation and branching during early periods of gestation (Snow et al., 2001; Foltz et al.,
2004; Snow et al., 2004; Dey et al., 2006).

Important for the present study, cocaine exposure not only targets LC outgrowth, but also LC
neuron survival. A decreased number of tyrosine hydroxylase-immunoreactive (TH-IR) cells
was noted in the LC, in rats exposed to cocaine in utero (even with dosing restricted to GD11–
13), with up to a 12–15% reduction, and under some conditions a reduction in cell volume
(Mactutus et al., 2005). In contrast, substantia nigra neurons did not show similar impairments
in response to cocaine exposure, demonstrating cellular specificity. The effects are particularly
important when considering that prenatal cocaine exposure is most deleterious during early
gestation, when LC neurons are undergoing maximal neurogenesis and neuritogenesis.

Thus, in the present study, we chose 1) to determine whether activation of apoptotic pathways
may underlie decreased LC survival following cocaine exposure in vitro, and 2) to study this
phenomenon at embryonic day 14, [neurogenesis of rat LC neurons = GD 11–13; dopaminergic
neurons of the SN = GD 13–16 (Bayer et al., 1993)], when the effects of cocaine in vivo and
in vitro are quite detrimental. This is analogous to weeks 5–6 in humans (Lauder and Bloom,
1974; Burgunder and Young, 1990; Bayer et al., 1993), when women abusing cocaine are often
unaware of their early pregnancy. In order to continue to address cellular specificity, we
compared parameters for LC cocaine exposure to growth and survival of the dopaminergic
substantia nigra neurons, given that the dopaminergic system is also clearly affected by prenatal
cocaine exposure (Jones et al., 1996; Wang et al., 1996; Jones et al., 2000; Harvey et al.,
2001; Stanwood et al., 2001).
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Cocaine exposure and apoptotic mechanisms
Our data indicate that cocaine exposure to isolated LC neurons in vitro induce cell death by
affecting specific proteins in apoptotic signal transduction pathways. Our results indicate that
apoptosis could induce decreased survival in LC neurons at early gestational periods, given
that we see clear morphological changes such as chromatin condensation and DNA
fragmentation in vitro. Cocaine’s ability to induce apoptosis in isolated fetal LC neurons was
further validated by induction of pro-apoptotic Bax protein and no change in anti-apoptotic
Bcl-2, thus altering the Bax/Bcl-2 ratio which regulates cellular apoptosis. In addition, study
of caspases which are also important regulators of apoptosis revealed that cocaine exposure to
fetal LC neurons in vitro activated initiator caspase-9 and downstream effector caspase-3 and
its target proteins α-fodrin and PARP. In this study, cocaine showed preferential effects on LC
neurons, when compared to isolated fetal SN neurons, since no significant changes were
observed in the apoptotic markers studied in cocaine exposed SN neurons, potentially
uninfluenced by cocaine exposure. Further, cocaine exposure to SN neurons resulted in
increased Bcl-2 levels (Fig. 3 B, D), increased inactive pro-caspase-3 (Fig. 5 C, D) and a
decreased ratio of the caspase-3 substrate, PARP (Fig. 7B, C) compared to untreated samples.
This suggests a possible protective effect of cocaine over the natural cell death process in SN
neurons at the recreational (low) dose used in this study (500 ng/ml), via activation of pro-
survival Bcl-2 protein and inhibition of PARP cleavage, perhaps protecting enzymatic activity
for DNA repair. This is speculative and will require further studies to determine the role of
cocaine on metabolism and survival of SN neurons.

Recent studies in vivo have demonstrated the role of caspase-3 and its substrate in both
apoptosis and survival. The role of caspase-3 in survival and differentiation of retinal growth
cones has been demonstrated by its requirement for growth cone collapse and chemotropic
turning (Campbell and Holt, 2003). Further, caspase-3 deficient mice demonstrated decreased
bone mineral density, which was accelerated by administration of caspase-3 inhibitor, in
vivo, indicating the functional role of this protein in maintenance of normal bone mass (Miura
et al., 2004).

However, cocaine-induced cell death in fetal CNS has been consistently demonstrated by
studies both in vitro and in vivo. Cocaine exposure (100 μM – 500 μM) induced apoptosis in
cortical neurons of fetal mice (Nassogne et al., 1997; Nassogne et al., 1998). Further, fetal co-
cultures exposed to cocaine lead to neurite perturbations followed by neuronal death with no
effect on survival of glial cells (Nassogne et al., 1995). In addition, apoptosis indicated by
condensed and fragmented nuclei was observed progressively 2–4 days after cocaine exposure
in embryonic cerebral neurons, which was blocked by cycloheximide, indicating involvement
of proteins (Nassogne et al., 1997; Nassogne et al., 1998). Further studies using micro-array
analysis revealed that prenatal cocaine exposure induced several apoptosis related genes in the
mouse cerebral wall of E18 fetuses treated with cocaine at 20 mg/kg. Several pro-apoptotic
proteins as well as death receptors, members of Bcl-2 family of proteins, caspases and their
substrates were elevated indicating that multiple apoptotic pathway mechanisms are affected
by cocaine exposure, eventually affecting survival (Novikova et al., 2005).

Cocaine has been implicated in non-nervous system apoptosis as well. Cocaine exposure (10
– 500 μM) on human coronary artery endothelial cells (HCAECs) in vitro induce DNA
fragmentation, inhibited by caspase-9, caspase-3 and cyclosporine A inhibitors, indicating the
role of cytochrome c, caspase-9 and caspase-3 in cocaine induced apoptosis (He et al., 2000).
Similar findings were observed in fetal rat myocardial cells (FRMCs) exposed to 100 μM
cocaine in vitro (Xiao et al., 2000). Studies in vivo indicated that FRMCs exposed to cocaine
(30 mg/kg and 60 mg/kg) in utero showed an increase in cell death, and increased activities of
caspase-3, 8 and 9, and elevated levels of Bax. However, these changes were not observed in
maternal heart (Xiao et al., 2001) probably because cocaine crosses the placenta and
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accumulates in the fetus (DeVane et al., 1989), potentially rendering fetal neurons increasingly
susceptible to apoptosis.

In this study a pharmacologically active dose of 500 ng/ml cocaine (1.5 μM) was used to model
effects of recreational doses of cocaine on survival of noradrenergic LC neurons, in vitro
(Booze et al., 1997). Although cell death in vivo is critical for normal neuronal development,
induction of cell death proteins when exposed to cocaine implicates abnormal cell signaling
that could play a disruptive role in maintaining cellular integrity and differentiation.

A plausible signal transduction pathway for cocaine mediated LC cell death
Based on our studies, and combined with supportive data from other laboratories, fetal LC
neuron cell death in response to cocaine exposure may involve induction of pro-apoptotic Bax
and decrease (or no change) in Bcl-2 levels, followed by activation of initiator caspase-9. and
effector caspase-3, and cleavage of its target proteins, α-fodrin and PARP (Nicholson et al.,
1995; Oliver et al., 1998). The results of this study suggest that these proteins could be targets
for cocaine mediated apoptosis in vivo. A putative pathway for the effects of cocaine on LC
survival is represented schematically in Fig. 8. It is likely that other proteolytic pathways are
also involved in cocaine induced apoptosis, independent of caspase-3 activation, given that the
proteins examined in this study represent only a fraction of the apoptotic proteins in the cell
and given the vast complexity of intracellular regulation of programmed cell death in general.

Conclusion
Apoptosis occurs in normal neuronal development, but enhanced and untimely apoptosis may
lead to insufficient growth and synaptic connectivity of LC neurons, which may ultimately
underlie the attentional alterations associated with prenatal cocaine exposure in human
offspring. This study took a reductionist approach to examine the effects of a single
pharmacologically active dose of cocaine administered over a short period of time, to two
critical isolated cell types in vitro within the limitations of this type of experimental design.
We have identified potential targets for cocaine mediated deficits of LC morphology and
outgrowth (Snow et al., 2001; Snow et al., 2004) and survival via apoptotic mechanisms
(current studies). These data highlight the importance of identifying critical signal transduction
elements in cocaine-mediated cell death to ultimately develop vital treatments and therapeutic
drug abuse interventions.
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Abbreviations
AAALAC  

The Association for Assessment and Accreditation of Laboratory Animal Care

ACC  
anterior cingulate cortex

Ac-DEVD-AMC 
Ac-Asp-Glu-Val-Asp-AMC (AMC = 7-Amino-4methylcoumarin)

Ac-DEVD-CHO 
Ac-Asp-Glu-Val-Asp-CHO (CHO = alhehyde)

Ac-LEHD-AMC 
Ac-Leu-Glu-His-Asp-AMC (AMC = 7-Amino-4methylcoumarin)

Ac-IEPD-AMC 
Ac-Ile-Glu-Pro-Asp-AMC (AMC = 7-Amino-4methylcoumarin)

α-fodrin  
alpha fodrin

ANOVA  
analysis of variance

BE  
benzoyl ecgonine

BSA  
bovine serum albumin

CHAPS  
3-[(3-Cholamidopropyl)Dimethyl-Ammonio]-1-Propanesulfonate

CMF-PBS  
calcium magnesium free-phosphate buffered saline

Cyt c  
cytochrome c

DTT  
dithiothreitol

EME  
ecgonine methyl ester

E11-13  
embryonic day 11-13

E14  
embryonic day 14

ELISA  
enzyme linked immunosorbent assay

GD 11-13  
gestational day 11-13
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GD 13-16  
gestational day 13-16

HBSS  
Hank’s balanced salt solution

HEPES  
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IACUC  
Institutional Animal Care and Use Committees

IV  
intravenous

LC  
locus coeruleus

MEM  
minimum essential medium

MTT  
[3-(4,5-dimethythiazol-2yl)-2,5 diphenyl tetrazolium bromide]

NA  
noradrenergic

NE  
norepinephrine

NIDA  
National Institute on Drug Abuse

PARP  
poly (ADP-ribose) polymerase

PCD  
programmed cell death

PLL  
poly-L-lysine

PMSF  
phenylmethylsulfonyl fluoride

SDS-PAGE  
sodium dodecyl sulphate-polyacrylamide gel electrophoresis

SEM  
standard error measure

SN  
substantia nigra

TUNEL  
terminal deoxynucleotidyl transferase (TdT) mediated DNA nick end labeling

TH  
tyrosine hydroxylase
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TH-IR  
tyrosine hydroxylase-immunoreactivity
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Figure 1. Cocaine exposure in vitro decreases fetal LC neuron survival
Survival of locus coeruleus (LC) and substantia nigra (SN) neurons in vitro was determined
using the MTT assay, a colorimetric measure of metabolic activity. LC neurons demonstrated
a linear dose dependent decrease in survival with increasing doses of cocaine [ANOVA: p <
0.005]; [contrasts: 250 ng (p = 0.18); 500 ng (p < 0.02); 1 μg (p < 0.02)]. Survival of fetal SN
neurons was not affected by the same dose range of cocaine concentrations, compared to
controls [ANOVA: p = 0.55].

Dey et al. Page 17

Neuroscience. Author manuscript; available in PMC 2008 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Cocaine exposure in vitro induces apoptosis in fetal LC neurons
Cells were stained with TUJ1(βIII tubulin antibody) using immunocytochemistry, to confirm
effects in neurons, TUNEL ((tdt-mediated dUTP nick end labeling) to identify DNA
fragmentation, and DNA binding fluorescent Hoechst dye to identify chromatin condensation,
and were visualized by fluorescence microscopy to identify apoptosis in the absence (A, D)
and presence of cocaine (500 ng/ml) after 24 h (B, E) and 48 h (C, F) of treatment in LC and
SN neurons, respectively. Abundant TUNEL positive cells (green), co-localized with Hoechst
(blue) and TUJ1(βIII tubulin) staining (red) were observed, 24 h and 48 h after drug treatment
in LC neurons (B, C). TUNEL positive staining was not significant in cocaine treated SN
neurons (E, F). Quantitative analysis indicated a significant and dramatic effect for LC neurons
[ANOVA: p < 0.0001], and no significant effect on SN neurons [ANOVA: p = 0.92)] (G).
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Figure 3. Cocaine exposure in vitro induces Bax protein expression in fetal LC neurons
Cell lysates were extracted from control and cocaine treated LC and SN neurons at 30 min, 1
h, 4 h and 24 h after treatment, and 15 μg of cell lysates normalized for protein content was
loaded and run on a 12.5 % SDS-polyacrylamide gel. Western blot analyses revealed that
cocaine exposure in fetal LC neurons induced Bax protein levels [ANOVA: p < 0.0001]
suggesting an induction at 30 min (contrasts: p < 0.055) with peak activity at 1 h (contrasts:
p < 0.0001), returning to its basal levels by 4 h, and no significant changes in Bcl-2 levels at
any time point analyzed [ANOVA: Fs <1.0] (A, C, D), compared to controls. The ratio was
reversed for cocaine treated SN neurons showing significant alterations in the protein levels
of Bcl-2 [ANOVA: p < 0.007] and a transient reduction of Bax levels [ANOVA: p < 0.02 ]
(B, C, D), compared to controls. Quantitative analysis of Bax (C) and Bcl-2 expression (D)
for both LC and SN neurons was performed on blots represented in (A) and (B). Mouse anti-
actin monoclonal antibody was used as an internal loading control (A, B).
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Figure 4. Cocaine exposure in vitro induces caspase-9 activity, and not caspase-8 activity in fetal
LC neurons
LC and SN neurons were analyzed for initiator caspase-8 and caspase-9 activity, using the
caspase-8 (Ac-IEPD-AMC) and caspase-9 (Ac-LEHD-AMC) substrates. Cell lysates obtained
from control and cocaine treated LC and SN neurons, normalized for protein content were
incubated with the caspase-8 and caspase-9 substrates following the protocol in materials and
methods section. In LC neurons caspase-9 activity was significantly induced at all given time
points [ANOVA: p < 0.0001] with peak activity at 1 h (contrasts: p < 0.0001), and significant
increases at 30 min (p < 0.003), 4 h (p < 0.025), and 24 h (p < 0.008). No change was noted in
caspase-8 activity [ANOVA: Fs <1.0] (A). Embryonic SN neurons failed to show any
significant alterations in caspase-9 [ANOVA: p=0.24] or caspase-8 activities [ANOVA:
p=0.10], compared to controls (B).
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Figure 5. Cocaine exposure in vitro induces caspase-3 activity in fetal LC neurons
LC and SN neurons were analyzed for the effector caspase-3 activity, using the caspase-3
substrate (Ac-DEVD-AMC). Cell lysates obtained from control and cocaine treated LC and
SN neurons, normalized for protein content were incubated with the caspase-3 substrate
following the protocol in materials and methods section. Caspase-3 activity was significantly
induced at all given time points [ANOVA: p < 0.0001], showing peak activity at 1 h
(contrasts: p < 0.0001) compared to controls (A). In contrast, cocaine treatment did not induce
caspase-3 activity in SN neurons at any time point studied [ANOVA: Fs <1.0] (A). Caspase-3
activation was significantly reduced by its inhibitor (Ac-DEVD-CHO) in both LC and SN
neurons (ANOVA: p < 0.0001) (A). Induction in caspase-3 activity was confirmed by western
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blot analysis, as evidenced by significantly reduced forms of inactive pro-caspase-3 in a
temporal manner [ANOVA: p < 0.008] (B). In SN neurons, analysis of caspase-3 activity by
western blotting showed a significant induction of the inactive pro-caspase-3, after cocaine
treatment [ANOVA: p < 0.0003] (C). Quantitative analysis of caspase-3 expression for both
LC and SN neurons was performed (D). Mouse anti-actin monoclonal antibody was used as
an internal loading control (B, C).
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Figure 6. Cocaine exposure in vitro causes cleavage of caspase-3 target protein, α-fodrin, in fetal
LC neurons
Cell lysates were extracted from control and cocaine treated LC and SN neurons at 30 min (m),
1 h, 4 h and 24 h after treatment and 15 μg of cell lysates were normalized for protein content
and run on a 5 % SDS-polyacrylamide gel. Western blot analyses show that cocaine treatment
in LC neurons cleaved caspase-3 target protein, α-fodrin into its 120 kDa cleaved product, at
1 h, 4 h and 24 h [ANOVA: p < 0.0002] showing peak increase at 4 h (contrast: p<0.009) (A,
C), compared to controls [Data presented as ratio of cleaved product -120 kDa / (cleaved +
uncleaved − 240 kDa)]. In contrast, a significant reduction of cleaved α-fodrin was evident in
cocaine treated SN neurons [ANOVA: p < 0.02] (B, C), compared to controls. Quantitative
analysis of α-fodrin expression for both LC and SN neurons was performed (C). Mouse anti-
actin monoclonal antibody was used as an internal loading control (A, B).
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Figure 7. Cocaine exposure in vitro causes cleavage of caspase-3 target protein, PARP, in fetal LC
neurons
Cell lysates were extracted from control and cocaine treated LC and SN neurons at 30 min (m),
1 h, 4 h and 24 h after treatment and 15 μg of cell lysates were normalized for protein content
and run on a 12.5 % SDS-polyacrylamide gel. Western blot analyses show that cocaine
treatment in LC neurons cleaved caspase-3 target protein, PARP into its 89 kDa cleaved product
[ANOVA: p < 0.0001], showing significant increase at all time points, with peak activity at 4
h (contrast: p < 0.0001) (A, C), compared to controls [Data presented as ratio of cleaved product
− 120 kDa / (cleaved + uncleaved − 240 kDa)]. In contrast, a significant reduction of the cleaved
PARP was evident in cocaine treated SN neurons [ANOVA: p < 0.0001] (B, C). Quantitative
analysis of PARP expression for both LC and SN neurons was performed (C). Mouse anti-
actin monoclonal antibody was used as an internal loading control (A, B).
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Figure 8. Summary of potential apoptotic mechanisms induced by cocaine effects on fetal LC
survival
This schematic is limited to the findings of this study. Cocaine exposure on fetal LC neurons
potentially altered the Bax/Bcl-2 ratio, elevating Bax protein levels leading to activation of the
initiator caspase-9 and effector caspase-3, and no changes in caspase-8. This may lead to
cleavage of caspase-3 target proteins - α-fodrin and PARP, suggesting that cocaine exposure
on fetal LC neurons is a positive effector of apoptosis at a period of maximal neurogenesis and
neuritogenesis via induction of Bax and activation of caspase-9 and caspase-3. However, this
schematic is not limited to the possibility of other proteolytic pathways involved in cocaine
induced apoptosis in LC neurons, with or without caspase-3 activation.
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