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ABSTRACT. Using aggregate cultures derived from 17-day-old fetal rat cortex, we addressed the question: Does 
cocaine alter the functional expression of neuropeptide Y (NPY) and somatostatin (SRIF) neurons and, if so, are 

cocaethylene (CE) and benzoylecgonine (BZE) as active as cocaine? NPY/SRIF production in response to 

brain-derived neurotrophic factor (BDNF) or phorbol-120myristate-13-acetate (PMA) was used as a functional 
criterion. A 5-day exposure to cocaine did not affect basal or stimulated (BDNF or PMA) production of NPY 
but it markedly suppressed BDNF- or PMA-stimulated production of SRIF. Exposure to CE led to a drastic 

suppression of basal as well as stimulated (BDNF or PMA) production of both NPY and SRIF. These effects of 
cocaine and CE were concentration dependent (l-100 FM). BZE did not alter any of these functional 

parameters. Next, we evaluated the fate of cocaine, CE, and BZE in the culture medium. Cocaine was converted 

to BZE, whereas BZE was not converted to cocaine. CE was converted to cocaine and BZE, with substantial 

amounts of cocaine and CE remaining in the medium after 72 hr (-200/ o each). In summary, cocaine, CE, and 

BZE exhibited differential potencies in suppressing the expression of cultured NPY and SRIF neurons: CE was 
more potent than cocaine and BZE was inactive. SRIF neurons were more susceptible than NPY neurons to the 
effects of cocaine. The higher potency of CE may be due to a property of the compound and/or to CE serving 
as a source for a slow, continuous formation of cocaine by the brain cells themselves. BIOCHEM PHARMACOL 54;4: 

491-500, 1997. 0 1997 Elsevier Science Inc. 
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NPY$ is one of the most abundant peptides in the brain 

[l-3]. The high abundance of NPY in the perinatal and 

adult brain, the co-expression of NPY and biogenic amines 

[4-61 and peptides [7, 81, and the close apposition of NPY 

axons to catecholaminergic [9, lo] and peptidergic [l l-131 

neurons are suggestive of a wide range of NPY actions in 

the brain. The observation that changes in the expression 

of NPY in the brain correlate with several behavioral 

manifestations of cocaine implicates NPY in the neuropa- 

thology of cocaine abuse. Two examples are provided: (1) 

Major depression. The end of a cocaine binge is associated 

with an episode of major depression [14]. NPY levels in the 

cerebrospinal fluid and in the cortex (but not in other brain 
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regions) are reduced markedly in brains of people express- 
ing major depression [ 15, 161 and in an experimental rat 
model for major depression [17]. Long-term cocaine induces 
a reduction in NPY gene expression in several regions of 
the rat cortex [ 181; and (2) Seizures. Cocaine induces 
seizures in first-time and in chronic cocaine abusers (for 
references, see [ 191). Experimental regimens mimicking 
epileptic seizures in the human lead to a dramatic increase 
in NPY and its mRNA in hippocampal/cortical neurons in 
the rat [20-221. Cocaine-induced seizures in the rat are 
associated with changes in the expression of hippocampal 
NPY neurons [19]. 

In several brain regions of the adult rat, particularly the 
cortex and hippocampus, most of the NPY neurons co- 
express SRIF, whereas not all SRIF neurons co-express NPY 
[7, 8, 231. NPY [24] and SRIF [25] neurons are generated in 
the rat cortex on days 14-20 of fetal life. It is quite possible 
that cocaine exerts differential effects on the developing 
and mature peptidergic neurons. Supporting this possibility 
are the findings that the binding sites for cocaine in the 
fetal and adult brain differ [26]. Cocaine administration to 
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pregnant and lactating rats leads to an increase in SRIF 
content in the cortex and a decrease in the hippocampus of 
newborn and 15sday-old neonatal rats [27]. On the other 
hand, cocaine administration to adult rats does not affect 
SRIF content in the brain [28], but it does lead to a 
reduction in NPY and, to a lesser extent, SRIF content in 
several cortical regions [la]. 

It is well documented that cocaine abuse is associated 
with a wide range of physiological abnormalities. Moreover, 
cocaine is metabolized rapidly in the periphery to several 
compounds (for references, see [29]), some of which may be as 
active as or even more active than cocaine within the brain. 
Thus, it is still questionable if the reported effects of in viuo 
cocaine administration on NPY/SRIF neurons are due to 
central and/or peripheral effects of cocaine and if cocaine as 
such is the active component within the brain. In this study, 
we addressed these questions: (i) Does cocaine, acting directly 
on brain cells in culture, alter (suppress/enhance) the func- 
tional expression of the developing NPY neuron? (ii) If so, 
does cocaine exert differential effects on the cultured NPY and 
SRIF neurons? (iii) What is the potency of cocaine and two 
major naturally occurring metabolites, i.e. CE and BZE? 

An aggregate culture system that can serve as a model to 
study the developmental expression of the fetal NPY 
neuron has been established in our laboratory. In this 
system, the NPY neurons behave similarly to perinatal in 
situ NPY neurons in that progressively with time, the NPY 
neurons undergo morphological [30] and functional differ- 
entiation, i.e. increase in NPY production and processing of 
proNPY to NPY [31, 321. Moreover, NPY production is a 
regulated process: it is induced by BDNF [33] and by agents 
activating the cyclicAMP and protein kinase C signalling 
pathways (forskolin and PMA, respectively) [34,35]. Using 
this culture system, we compared the effects of cocaine on 
the functional expression of NPY and SRIF neurons, using 
NPY/SRIF production in response to BDNF or PMA as 
functional criteria. We evaluated the kinetic parameters of 
cocaine action and the role of cocaine metabolites, specif- 
ically, BZE, the product of cocaine metabolism in our 
culture system, and CE, a unique potent metabolite of 
cocaine produced in people consuming cocaine and alcohol 
simultaneously [36]. 

MATERIALS AND METHODS 
Cell Culture 

REAGENTS. DMEM (Cat. No. 380-2430) and other 
tissue culture reagents were from Life Technologies (Grand 
Island, NY). DNase I was from Boehringer (Indianapolis, 
IN); ITS+ (content/L: 6.25 mg insulin, 6.25 mg transferrin, 
6.25 kg selenous acid, 1.25 g BSA, and 5.35 mg linoleic 
acid) was from Collaborative Research (Bedford, MA), lz51 
porcine NPY and ‘251-SRIF were from Amersham (Arling- 
ton Heights, IL), synthetic rat NPY and synthetic SRIF 
were from Bachem (Torrance, CA), and recombinant 
BDNF was provided by Amgen Inc. (Thousand Oaks, CA). 
Cocaine hydrochloride (Cat. No. C-5776), BZE free base 

(Cat. No. B-4147), CE free base (Cat. No. C-0932) and all 
other reagents were from Sigma (St. Louis, MO). 

PREPARATION AND MAINTENANCE OF CULTURES. DMEM 
containing 5 kL/mL antibiotic/antimycotic, 1% ITS, 0.01 
nM triiodothyronine, and 1 nM cortisol was used for cell 
dissociation and culture (this solution is referred to as 
DMEM”tT”). Sprague-Dawley female rats (Harlan, India+ 
napolis, IN) were anesthetized with Nembutal on day 
17-18 of pregnancy (day of sperm = day 0), and the fetuses 
were removed. The cortex was dissected and cells were 
dissociated using a procedure described previously in detail 
[31, 371. Briefly, diced tissue was incubated at 37” for 20 
min in Ca2+/MgZf-free H an k s’ solution followed by 30 mm 
of incubation in 0.125% trypsin; DMEM containing 20 
kg/mL DNase and 10% fetal bovine serum was added and 
the cells were dissociated mechanically. Cells were pelleted 
(150 g, 7 min) and resuspended in DMEM”rT”, and 6 X lo6 
cells were distributed into 25,mL Erlenmeyer flasks (final 
culture volume: 3.5 mL). Exclusion of trypan blue was 
taken as an index of viability, and it was >95%. Flasks were 
gassed with a mixture of 90% air/lo% CO,, capped tightly, 
and then incubated at 37” under constant rotation (77 
rpm) using a gyratory shaker. 

Experimental Protocol 

Aliquots of stock solution of BDNF (2 kg/l0 I.LL 0.1% BSA 
in saline) and of cocaine ( lop2 M in H,O) were kept frozen 
at -70”. Stock solutions of BZE and CE (0.1 M each) and 
PMA (20 FM) were made in ethanol and kept at -20”. On 
the day of the experiment, stock solutions were diluted to 
the desired concentration with DMEM”tT”. Unless other- 
wise stated, cultures were maintained for 9 days using the 
following protocol. On day 3, 2 out of 3.5 mL medium was 
replaced with a solution of cocaine or metabolite giving a 
final concentration in the incubation culture medium of 
the designated dose; on day 6,2 mL was again replaced with 
a solution containing the designated dose of cocaine or 
metabolite. Media for the control cultures contained the 
appropriate amount of ethanol (0.1% ethanol for 100 FM 
CE/BZE). To assess NPY/SRIF production, on day 8 the 
entire medium was replaced with DMEM”rT” containing 
BDNF (50 ng/mL) or PMA (20 nM); controls were re- 
placed with DMEM”IT5 alone or DMEM”lT’” containing 
0.1% ethanol, respectively. Twenty-four hours later, cul- 
tures were terminated and processed for peptide, DNA, and 
LDH assays. In one experiment, aggregates were cultured 
for a total period of I4 days with exposure to cocaine on 
days 3-13; media changes on days 8 and 10 were as 
described above for day 6. In each experiment, each 
treatment group consisted of 3-4 replicates. 

Assays 

Media and aggregates were processed as described (3 I], and 
NPY and SRIF contents were quantified by radioimmuno- 
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assay. NPY was assayed, using synthetic rNPY as the 
standard, ‘251-NPY as the tracer, and an NPY-antiserum 
raised in our laboratory [37]. SRIF was assayed as described 
[32], using synthetic SRIF as the standard, ‘251-SRIF as the 
tracer, and an SRIF antiserum generated in our laboratory 
[38]. LDH was assayed in the medium (O.l-mL aliquots) 
using Sigma LDH assay Kit TOX-7. There was no differ- 
ence in LDH activity between BDNF- and control-treated 
cultures; therefore, the values were pooled, and the mean 
value for each experiment was taken as a single determina- 
tion. Aggregate DNA content was assayed fluorometrically 

WI. 

Analysis of Cocaine Metabolites 

Aggregates were incubated with cocaine/metabolite at the 
designated dose as described above; media were harvested at 
various time intervals thereafter and kept frozen at -70”. 
Cocaine and its metabolites were extracted from media 
using a previously described method [40, 411, and each 
mobile phase extract was subjected to gas chromatography, 
using a Hewlett Packard 5890A Gas Chromatograph 
equipped with a nitrogen-phosphorus detector (NPD). The 
area under the peak of cocaine/metabolite was calculated 
and the amount computed from standard curves of the 
respective standards, using a linear regression analysis ( r2 = 
0.96 to 0.99 for cocaine/metabolites). Intra- and interassay 
variability was ~5% as determined through use of a 
standard sample every third sample injection. Limits of 
quantitation (LOQ) of the NPD detector were: 19 ng/mL 
for cocaine; 100 ng/mL for BZE; and 35 ng/mL for CE. 
Positive identification of cocaine and its metabolites was 
done by GC/MS on a Finnigan SSQ 700 GC/MS system. 

Statistical Analyses 

Statistical significance of the differences between multiple 
mean-groups was evaluated by one-way analysis of variance 
followed by Newman-Keuls (equal N) or Tukey HSD 
(unequal N) Post-Hoc test for multiple comparison of 
probabilities (Systat computer program). 

RESULTS 

Effect of Cocaine on NPY and SRlF Production 

In all the experiments, aggregate and medium contents of 
NPY and SRIF were assayed. In our previous studies, and 
re-confirmed in this study, we consistently observed that 
the amounts of NPY/SRIF secreted into the medium over a 
period of 24 hr exceeded by far those contained in the 
aggregates, and this was true for control cultured aggregates 
as well as for stimulated (BDNF, PMA, forskolin, or 
PMA + forskolin) aggregates. Moreover, in stimulated 
aggregate cultures, most of the increase in peptide content 
was noted in the medium. A typical example of the 
distribution of NPY/SRIF between the aggregates and the 
medium is presented in Fig. 1. Since the entire culture 
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FIG. 1. Effect of cocaine on BDNF-stimulated production of 
SRIF and NPY. Aggregates were incubated with cocaine (100 
FM) on days 3 and 6 as described in Materials and Methods. On 
day 8, the entire medium was replaced with DMEM”ITS with or 
without BDNF (50 ng/mL), and 24 hr later cultures were 
terminated. In this and subsequent figures, peptide content is 
&incubation flask. Data are means of 3-4 determinations; the 
SEM of the total peptide content (aggregate + medium) is 
indicated. Results are representatives of five different experi- 
ments. Statistical significance of the difference in total culture 
content of SRIF between cocaine- and control-treated cultures is 
indicated. 

medium was replaced 24 hr before termination of the 
experiment, the medium content of NPY/SRIF can be 
taken as a reliable criterion for peptide production, and it is 
used as such in the following text. To simplify presentation 
of the data in subsequent figures, only medium peptide 
content is presented. 

As can be seen in Fig. 1, exposure of aggregates to 100 
FM cocaine on days 3-8 did not affect basal (non- 
stimulated) SRIF production, but it markedly suppressed 
BDNF stimulation of SRIF production. When the net 
BDNF-stimulated SRIF production was estimated (peptide 
medium content with BDNF minus the respective control), 
SRIF production was inhibited by 70% (Table 1). A shorter 
exposure of the aggregates to cocaine on days 6-8 was 
essentially ineffective. In contrast to SRIF, cocaine did not 
attenuate BDNF stimulation of NPY production. 

To assess whether this reduction in BDNF stimulation of 
SRIF production reflects general toxicity of cocaine, we 
measured the DNA contents of the aggregates (total cell 
number) and LDH activity in the same medium processed 
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TABLE 1. Effect of cocaine on medium content of NPY and SRIF and aggregate content of DNA 

DNA BDNF Control (C) 

(pg) NPY (ng) SRIF (ng) NPY (ng) SRIF (ng) 

Control 35.8 -c 2.0 19.6 2 1.5 11.2 -c 1.5 9.7 ‘- 0.4 4.4 2 0.5 
Cocaine 38.2 ? 0.9 17.8 C 0.3 6.3 r 0.5 8.5 2 0.8 4.2 ? 0.3 

Data are from the experiment outhned m Fig. 1. Data are means 2 SEM, N = 3-4 for peptide content and 7-R for DNA. 

Net = BDNF 
minus C 

NPY SRIF 

9.9 6.8 
9.3 2.1 

for peptide assay (index for cell integrity). Cocaine treat- 
ment did not lead to a significant decrease in DNA content 
of the aggregates (Table 1) nor to a significant increase in 
LDH activity released into the medium. Taking the mean 
value of LDH activity in the medium of control-treated 
aggregates as lOO%, LDH activity in the medium of 
cocaine-treated aggregates was 130 ? 10.5% (N = 4 
separate experiments). These results indicate that exposure 
of the aggregates for 5 days to a concentration of 100 FM 
cocaine does not lead to major cell loss or deterioration of 
cell integrity. 

Previous studies indicated that BDNF action on the NPY 
neuron is mediated by the TrkB receptor [33, 421, which is 
a protein tyrosine kinase. The question is whether the effect 
of cocaine is limited to the signalling pathway initiated by 
activation of the protein tyrosine kinase or whether other 
major signalling pathways are affected, e.g. the protein 
kinase C pathway. To address this question, we examined 
the effect of cocaine exposure on PMA stimulation of SRIF 
and NPY production. Cocaine exposure on days 3-8 
(Fig. 2, left panel) or days 3-13 (Fig. 2, right panel) led to 
a concentration-dependent suppression of SRIF but not 
NPY production in response to PMA. 

Is Cocaine or Its Metabolite(s) the Active Component in 
Our Culture System? 

To ascertain the fate of cocaine in our culture system, 

aggregates were incubated with cocaine (10 FM) on day 6 
and media were collected for chemical analysis at various 
time intervals. Cocaine was converted into BZE progres- 
sively with time such that -50% was converted by 8 hr 
and -90% by 48 hr (Fig. 3). When media were incubated 
at 3 7” in the absence of aggregates, only 13% of the cocaine 
was converted to BZE by 48 hr (the purity of cocaine, 0 
time no incubation, was 295%). These results indicate that 
cocaine is metabolized by the cultured aggregates to BZE, 
which is recovered extracellularly in the culture medium, 
and that there is minimal spontaneous conversion of 
cocaine to BZE in our culture medium at 37”. The question 
then arises: is cocaine itself or BZE the active compound in 
our culture system? 

Aggregates were exposed to either cocaine or BZE (100 
p,M each) on days 3-8, and basal and BDNF- or PMA- 
stimulated peptide production was assessed 24 hr later. As 
shown in Fig. 4, cocaine suppressed BDNF stimulation of 
SRIF production (the net BDNF-stimulated production was 

suppressed by 77%), whereas BZE did not do so. Moreover, 
neither cocaine nor BZE suppressed BDNF stimulation of 
NPY production (Fig. 5). The same cocaine specificity was 
noted for PMA stimulation of SRIF and NPY production. 
These results indicate that BZE is inactive in our culture 
system and that cocaine as such or a very short-lived 
intermediate metabolite of cocaine is the active compound. 

Effect of CE on NPY and SRIF Production 

CE has been reported to be as potent or even more potent 
than cocaine in some biological systems [43,44]. Therefore, 
it was of interest to assess whether the effect of CE on 
SRIF/NPY production is similar to that of cocaine. Aggre- 
gates were exposed to 100 FM CE in parallel with those 
exposed to cocaine or BZE. The effect of CE differed from 
that of cocaine in three respects: (1) CE markedly sup- 
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FIG. 2. Suppression of PMA-induced SRIF and NPY produc- 
tion as a function of the concentration of cocaine. Aggregates 
were incubated for a total period of 9 days or 14 days in two 
separate experiments. Cocaine was included in the medium at 
the designated concentration (0, 10, 50, or 100 PM) on days 3 
and 6 (left panel) or days 3, 6, 8, and 10 (right panel). The 
concentration of cocaine (PM) is indicated on the X-axis. 
Twenty-four hours before termination of culture, the entire 
medium was replaced with DMEM”ITS with or without PMA 
(20 nM). The medium content of SRIF or NPY of the control 
incubated cultures was taken as loo%, respectively; the values 
of the controls were: left panel, 29.4 and 32.0 ng, respectively; 
right panel, 9.5 and 38.3 ng, respectively. Data are means + 
SEM of 3-4 determinations; SRIF is presented in a solid line 
and NPY in a broken line. 



Cocaine and NPY and SRIF Neurons 

A. WITH TISSUE B. NO TISSUE 

o 1 1 1 l ___.___.-------- 

0 8 16 24 32 40 48 0 8 16 24 32 40 48 

TIME OF INCUBATION: hr 

FIG. 3. Time-course of cocaine metabolism to BZE. On day 6 of 
culture, cocaine was added to the culture medium to a final 
concentration of 10 PM, and cultures were terminated 4, 8, 24, 
or 48 hr thereafter (left panel). In parallel, culture medium 
without aggregates was incubated with cocaine at 37” (right 
panel, scale is the same as the left panel). Media were processed 
for analysis of cocaine/metabolites as described in Materials and 
Methods. Data are means f SEM, N = 6. 

pressed (P I 0.002) basal production of both SRIF (Fig. 4) 
and NPY (Fig. 5); (2) CE suppressed (P 5 0.001) BDNF 
or PMA stimulation of both peptides (data for PMA are not 
shown; results were similar to those for BDNF); and (3) CE 
led to a significant reduction in DNA content of the 
aggregates (Fig. 6). Next, we assessed the concentration- 
dependence of CE action and found that a concentration of 
1 FM CE did not alter any of the parameters assayed. 
However, a concentration of 10 FM CE suppressed BDNF- 
stimulated production of SRIF and NPY, but it did not 
suppress basal peptide production or DNA content of the 
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aggregates (Fig. 7). In addition, we found that only the 100 
p,M concentration of CE led to an increase (-2-fold) in LDH 
activity released into the culture medium. These results are 
consistent with CE (at concentrations ~10 yM) leading to 
loss of cell integrity and to cell death. Importantly, such 
neurotoxicity was not demonstrable for cocaine, BZE, or the 
ethanol added to the control-treated cultures. 

A possible explanation for our results is that CE itself is 
more potent than cocaine in our culture system and that it 
is metabolized very slowly by the aggregates or not at all. To 
address this possibility, aggregates were incubated on day 3 
with either cocaine, BZE, or CE (100 PM each), and the 
profile of metabolites present in the medium was evaluated 
72 hr later. When cocaine was used as the substrate 
(Fig. 8A, left panel), 7% remained as unmetabolized co- 
caine and -93% was converted to BZE. When BZE was 
used as the substrate (Fig. 8B, left panel), none was 
converted to cocaine and 70% remained as unmetabolized 
BZE; the remaining 30% was converted to an unidentified 
material (possibly ecgonine). When CE was used as the 
substrate (Fig. 8C, left panel), 20% remained unmetabo- 
lized CE, 18% was converted to cocaine, and 62% was 
converted to BZE. None of these substrates was metabolized 
at 37” in the absence of aggregates (Fig. 8, right panels). 
Taken together with the kinetic profile of cocaine metab- 
olism shown in Fig. 3, these results suggest that CE is slowly 
metabolized to cocaine, which in turn is metabolized to 
BZE; whether ethanol is formed during this process has yet 
to be established. Even if ethanol is formed, it is most 
unlikely that the effects of CE seen in our study are the 
result of ethanol toxicity. The highest concentration of 
ethanol, attained in cultures incubated with 100 p_M CE 
over a period of 72 hr, would be 0.04% (80% conversion), 
which is less than the amount of ethanol included in the 
control cultures (0.1%). 

BDNF-STIMULATED SRIF 

BZE 
llillll 
CE 

FIG. 4. Comparison of the effects of cocaine, BZE, 
and CE on BDNF-induced SRIF production. Aggres 
gates were incubated for a total period of 9 days. 
Cocaine, BZE, or CE (100 PM each) was added to 
the medii on days 3 and 6; ethanol was added to the 
media of cocaine- and DMEM”lTS control-treated 
cultures to a final concentration of 0.1%. On day 8, 
the entire medium was replaced with DMEM”lTS with 
or without BDNF (50 ng/mL), and 24 hr later 
cultures were analyzed for the content of SRIF, NPY 
(data shown in Fig. 5) , and DNA (data shown in Fig. 
6). Left panel: medium content of SRIF; right panel: 
net BDNF-stimulated SRIF production (medium 
content with BDNF minus medium content of the 
respective control). Data are means + SEM, N = 4. 
Basal and BDNF-stimulated production of SRIF by 
CE-treated cultures was significantly (P < 0.002 and 
P C 0.001, respectively) lower than that of control- 
treated cultures. Changes in SRIF production by 
BZE-treated cultures were not significant. Results are 
representative of three separate experiments. Similar 
results were obtained when aggregates were cultured 
with cocaine, CE, or BZE and then challenged with 
PMA. 
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DISCUSSION 

Although cocaine abuse affects a wide range of brain 
functions, most of the investigations on the mechanisms of 
cocaine action conducted in the past two decades dealt 
with monoaminergic neurons, specifically dopaminergic, 
noradrenergic, and serotonergic neurons. However, results 
from recent studies indicate that cocaine may affect a much 
broader spectrum of neurons, i.e. peptidergic neurons such 
as NPY and SRIF. Systemic administration of cocaine to 
adult rats leads to a decrease in NPY but not in SRIF in 
several cortical regions [18, 191. On the other hand, 
administration of cocaine to pregnant and lactating rats 
results in an increase in SRIF content in the cortex of the 
newborn and neonatal rats [27]. In this study, using NPY/ 
SRIF production in response to BDNF as a functional 
criterion, we demonstrated that cocaine and two of its 
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FIG. 6. Comparison of the effects of cocaine, CE, and BZE on 
the DNA content of the aggregates. Data were obtained from the 
experiment described in the legend of Fig. 4. There was no 
difference in DNA content between BDNF- and control-treated 
aggregates; therefore, data were pooled (N = 8). DNA content 
of CE-treated aggregates was significantly (I’ < 0.001) lower 
than that of cocaine-, BZE-, or control-treated aggregates. 

FIG. 5. Comparison of the effects of cocaine, CE, 
and BZE on BDNF-induced production of NPY. 
Data obtained from the experiment described in the 
legend of Fig. 4. Left panel: medium content of 
NPY; right panel: net BDNF-stimulated NPY pro- 
duction (medium content with BDNF minus me- 
dium content of the respective control). Basal and 
BDNF-stimulated production of NPY by CE- 
treated cultures was significantly (I’ < 0.002 and 
P < 0.001, respectively) lower than that of con- 
trol,, cocaine- or BZE-treated cultures. 
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FIG. 7. NPY and SRIF production, LDH activity released into 
the medium, and DNA content of the aggregates as a function of 
the concentration of CE. Aggregates were incubated with either 
0, 1, 10, or 100 PM CE on days 3 and 6 (media of control 
cultures contained the appropriate amounts of ethanol). On day 
8, aggregates were challenged with BDNF (50 ng/mL), and 
cultures were terminated 24 hr later. Data for NPY (upper left), 
SRIF (upper right), LDH (loeuer left), and DNA (loeuer right) 
are expressed per culture. Data are means f SEM, N = 3-4. 
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FIG. 8. Profile of metabolites formed from cocaine, BZE, or CE in 
the presence and absence of aggregates. Left pan& aggregates were 
exposed to either cocaine, BZE, or CE (100 PM each) for 3 days 
(the same experiment presented in Figs. 4-6). Ecgonine was 
detected (14.1 &mL) only after incubation with BZE but not with 
cocaine or CE. Right patds (scale is the same as for the left 
panels): culture media, without aggregates, were incubated in 
parallel with the aggregate cultures. Media were collected and 
processed for analysis of metabolites as described in Materials and 
Methods. Note, there was no spontaneous non-enzymatic metabo- 
lism of either cocaine, CE, or BZE. By comparison to the molar 
concentration of cocaine, BZE, or CE included in the culture 
medium, the measured values of these substances were higher by 
3560%. Data are means f SEM, N = 4. 
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derivatives, i.e. CE and BZE, exhibited differential poten- 
cies in suppressing the functional expression of NPY and 
SRIF neurons in cultures of fetal cortical cells. In this 
respect, CE was much more potent than cocaine and BZE 
was ineffective (Figs. 4 and 5). The characteristics of this 
effect of GE/cocaine are such that CE suppressed BDNF- 
induced production of both NPY and SRIF, whereas co- 
caine suppressed only the production of SRIF. The finding 
of a similar order of potency for suppression of PMA- 
induced production of NPY and SRIF indicates that co- 
caine/CE affects the expression of multiple intracellular 
signalling pathways, in this case the protein tyrosine kinase 
(BDNF) and protein kinase C (PMA) pathways. 

Our finding of suppression of SRIF production is in 
contradistinction to those of Rodriguez-Sanchez et al. [27]. 
This discrepancy may reflect the fundamental differences 
between our experimental systems: in vitro vs in duo. In the 
in viva system, longer exposure periods to cocaine have been 
utilized, e.g. 12 days during pregnancy or 12 days during 
pregnancy followed by 15 days during lactation. In our in 
vitro culture system, cocaine suppression of PMA stimula- 
tion of SRIF production was observed regardless of whether 
cocaine exposure was for 5 or 10 days (Fig. 2). Thus, it is 
quite possible that some of the effects seen in the in viva 
study are due to peripheral effects of cocaine/metabolite 
manifested in the pregnant/lactating mother and/or her 
fetuses. It is also possible that the effect of cocaine on the 
fetal/neonatal cortical SRIF neuron requires input from 
other brain regions, as is the case for the NPY neuron. 
Whalestedt et al. [ 181 reported that cocaine suppression of 
NPY production in the cerebral cortex requires input from 
mesocortical/mesolimbic intact fibers. Such input most 
likely does not operate in the culture system, which may 
explain the lack of effect of cocaine on the NPY neuron. 
The novel finding in this study is that both SRIF and NPY 
neurons are highly susceptible to CE. Whether other 
neuronal cell types express a similar susceptibility has yet to 
be established. 

Use of high doses of cocaine is known to be lethal. The 
concentration range of cocaine found in post-mortem adult 
brain and blood varies, teaching levels as high as lo-100 
FM [29, 45, 461; levels of cocaine in the meconium of 
infants born to drug-dependent mothers can be as high as 
65 FM [47], and CE levels in post-mortem brain and blood 
can reach levels of lo-50 p,M [36]. Out finding that the 
effective concentrations of cocaine and CE are in the range 
of lo-100 c~_M and the report by Heatn et al. [43] that CE 
is mote potent than cocaine in mediating lethality in the 
rat raise the question whether CE and/or cocaine are 
neurotoxic in out culture system. Three lines of evidence 

are consistent with CE causing loss of cell integrity and 
death in a concentration-dependent manner. A concentta- 
tion of 100 PM CE led to a doubling in the activity of LDH 
released into the culture medium, to a significant reduction 
in the DNA contents of the aggregates, and to a marked 
reduction in basal (non-stimulated) production of both 
SRIF and NPY (Fig. 7). By these functional criteria, lower 
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concentrations of CE or 100 FM cocaine did not lead to 
substantial cell loss. The latter is in accord with previous 
results, indicating that prolonged exposure to 100 p,M 
cocaine is not neurotoxic to fetal mesencephalic neurons in 
culture [48]. These results, however, do not exclude the 
possibility of a selective, concentration-dependent, lethal 
effect of CE on NPY and SRIF neurons and of cocaine on 
SRIF neurons. Whether suppression of NPY/SRIF produc- 
tion is one of the early steps in the cascade of events leading 
eventually to cell death or whether it reflects another 
aspect of GE/cocaine actions on these neurons is a question 
for future investigation. 

Why is CE more potent than cocaine in our culture 
system? Cocaine is converted to BZE by the cultured brain 
cells, the rate of which appears to be dependent on the type 
of cell culture (-50% conversion by 8 hr in our study 
(Fig. 3) and by 18 hr in another study [48]). As BZE is 
inactive in our culture system, we deduce that cocaine as 
such or a very short-lived intermediate metabolite of 
cocaine is the active substance leading to suppression of the 
SRIF neuron. CE is metabolized slowly to cocaine and BZE, 
and substantial amounts of the former two remain in the 
culture for up to 72 hr (Fig. 8C). Since BZE is not 
metabolized by the cultured cells, this profile of CE metab- 
olites suggests the following sequence of CE metabolism: 
CE -+ cocaine + BZE. To our knowledge, this is the first 
demonstration of metabolism of CE to cocaine by brain 
cells in culture. Thus, one possibility is that CE serves as a 
source for slow and continuous formation of cocaine, 
which, in turn, suppresses expression of the SRIF neuron. 
The prolonged continuous exposure to cocaine may also 
suppress the functional expression of the NPY neuron and 
may affect other brain cells to such an extent that they lose 
cell integrity. 

manner depending on the brain region [57-601. However, 
it is unlikely that the dopamine transporter mediates 
cocaine/GE actions in our culture system, since dopamine 
neurons are very sparse or absent in fetal and adult rat 
cortex [61, 621 and in cortical cultures [63, 641. On the 
other hand, two other potential binding sites for co- 
caine/CE are abundant in the cortex, i.e. muscarinic recep- 
tors and sodium channels. Muscarinic receptors are co, 
expressed with SRIF and y-aminobutyric acid in neurons in 
several brain regions of the fetal and adult rat and in brain 
cultures [65-671, many of which may co-express NPY. 
Sodium channels are abundant on neurons throughout the 
brain, and cocaine is known for its anesthetic effects (for 
references, see [52, 681). The profile of cocaine metabolites 
active in our culture system and the concentration range for 
cocaine/GE action are consistent with the involvement of 
muscarinic receptors and/or the sodium channels present 
on the NPY/SRIF neurons themselves and/or on other cells 
regulating the functional expression of these peptidergic 
neurons. 
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supported by NZH Research Grant NS32207. 

References 

1. 

2. 

Another possibility is that CE as such is as active as or 
even more active than cocaine in our culture system and, if 
so, the effects of CE could be synergistic/additive to those of 
cocaine. Supporting this possibility are the following lines 
of investigation. It is by now well established that the 
transporters for dopamine, norepinephrine, and serotonin 
serve as major sites of cocaine action in the brain (for 
references, see [49]). In addition to these transporters, 
cocaine can bind to muscarinic receptors and the sodium 
channel, albeit with a lower affinity than that to the 
monoamine transporters [50-531. By comparison with co- 
caine, CE binds to the muscarinic receptor and the sodium 
channel with a higher affinity [44, 531, to the dopamine 
transporter with a similar affinity, and to the serotonin 
transporter with a lower affinity [36, 541. It is also possible 
that additional receptors/transporters are affected differen- 
tially by CE and cocaine. Interestingly, BZE does not bind 
to either of these cocaine/GE binding molecules [44,5 1,55, 
561. 

3. 

4. 

5. 

6. 

It is tempting to speculate on the transporters/receptors 
that may mediate the actions of CE and cocaine on the 
cultured NPY/SRIF neurons. Dopamine regulates NPY 
gene expression in the rat brain in a positive or negative 

Chronwall BM, DiMaggio DA, Massari VJ, Pickel VM, 
Ruggiero DA and O’Donohue TL, The anatomy of neuropep- 
tide-Y-containing neurons in rat brain. Neuroscience 15: 
1159-l 181, 1985. 
de Quidt ME and Emson PC, Distribution of neuropeptide 
Y-like immunoreactivity in the rat central nervous system-II. 
Immunohistochemical analysis. Neuroscience 18: 545-618, 
1986. 
Allen YS, Adrian TE, Allen JM, Tatemoto K, Crow TJ, 
Bloom SR and Polak JM, Neuropeptide Y distribution in the 
rat brain. Science 221: 877-879, 1983. 
Pickel VM, Chan J and Massari VJ, Neuropeptide Y-like 
immunoreactivity in neurons of the solitary tract nuclei: 
Vesicular localization and synaptic input from GABAergic 
terminals. Bruin Res 476: 265-278, 1989. 
Sawchenko PE, Swanson LW, Grzanna R, Howe PR, Bloom 
SR and Polak JM, Colocalization of neuropeptide Y immu- 
noreactivity in brainstem catecholaminergic neurons that 
project to the paraventricular nucleus of the hypothalamus. 
j Camp Neural 241: 138-153, 1985. 
Everitt BJ, Hokfelt T, Terenius L, Tatemoto K, Mutt V and 
Goldstein M, Differential co-existence of neuropeptide Y 
(NPY)-like immunoreactivity with catecholamines in the 
central nervous system of the rat. Neuroscience 11: 443-462, 
1984. 
Seroogy K, Hokfelt T, Buchan A, Brown JC, Terenius L, 
Norman AW and Goldstein M, Somatostatin-like immuno- 
reactivity in rat main olfactory bulb: Extent of coexistence 
with neuropeptide Yy, tyrosine hydroxylase- and vitamin 
D-dependent calcium binding protein-like immunoreactivi- 
ties. Brain Res 496: 389-396, 1989. 
McDonald A], Coexistence of somatosratin with neuropep- 
tide Y, but not with cholecystokinin or vasoactive intestinal 
peptide, in neurons of the rat amygdala. Bruin Res 500: 
37-45, 1989. 



Cocaine and NPY and SRIF Neurons 499 

9. Guy J and Pelletier G, Neuronal interactions between neu- 
ropeptide Y (NPY) and catecholaminergic systems in the rat 
arcuate nucleus as shown by dual immunocytochemistry. 
Peptides 9: 567-570, 1988. 

10. Vuillet J, Kerkerian L, Salin P and Nieoullon A, Ultrastruc- 
tural features of NPY-containing neurons in the rat striatum. 
Brain Res 477: 241-251, 1989. 

11. Liposits Z, Sievers L and Paul1 WK, Neuropeptide-Y and 
ACTH-immunoreactive innervation of corticotropin releas- 
ing factor (CRF)-synthesizing neurons in the hypothalamus of 
the rat. An immunocytochemical analysis at the light and 
electron microscopic levels. Histochemistry 88: 227-234, 
1988. 

12. Beal MF, Mazurek MF and Martin JB, A comparison of 
somatostatin and neuropeptide Y distribution in monkey 
brain. Brain Res 405: 213-219, 1987. 

13. Toni R, Jackson IM and Lechan RM, Neuropeptide-Y- 
immunoreactive innervation of thyrotropin-releasing hor- 
mone-synthesizing neurons in the rat hypothalamic paraven- 
tricular nucleus. Endocrinology 126: 2444-2453, 1990. 

14. Markou A and Koob GF, Postcocaine anhedonia: An animal 
model of cocaine withdrawal. Neuropsychopharmrcology 4: 
17-25, 1991. 

15. Gjerris A, Widerlov E, Werdelin L and Ekman R, Cerebro- 
spinal fluid concentrations of neuropeptide Y in depressed 
patients and in controls. J Psychiany Neurosci 17: 23-27, 
1992. 

16. Widerlov E, Lindstrom LH, Wahlestedt C and Ekman R, 
Neuropeptide Y and peptide YY as possible cerebrospinal fluid 
markers for major depression and schizophrenia, respectively. 
J Psychian Res 22: 69-79, 1988. 

17. Lachman HM, Papolos DF, Weiner ED, Ramazankhana R, 
Hartnick C, Edwards E and Henn FA, Hippocampal neu- 
ropeptide Y mRNA is reduced in a strain of learned helpless 
resistant rats. MoI Brain Res 14: 94-100, 1992. 

18. Wahlestedt C, Karoum F, Jaskiw G, Wyatt RJ, Larhammar D, 
Ekman R and Reis DJ, Cocaine-induced reduction of brain 
neuropeptide Y synthesis dependent on medial prefrontal 
cortex. Proc Nat1 Acad Sci USA 88: 2078-2082, 1991. 

19. Goodman JH and Sloviter RS, Cocaine neurotoxicity and 
altered neuropeptide Y immunoreactivity in the rat hip- 
pocampus; A silver degeneration and immunocytochemical 
study. Brain Res 616: 263-272, 1993. 

20. Marksteiner J and Sperk G, Concomitant increase of soma- 
tostatin, neuropeptide Y and XX glutamate decarboxylase in 
the frontal cortex of rats with XX decreased seizure threshold. 
Neuroscience 26: 379-385, 1988. 

21. Bellmann R, Widmann R, Olenik C, Meyer DK, Maas D, 
Marksteiner J and Sperk G, Enhanced rate of expression and 
biosynthesis of neuropeptide Y after kainic acid-induced 
seizures. J Neurochem 56: 525-530, 1991. 

22. Marksteiner J, Sperk G and Maas D, Differential increases in 
brain levels of neuropeptide Y and vasoactive intestinal 
polypeptide after kainic acid-induced seizures in the rat. 
Naunyn Schmiedebergs Arch Pharmacol 339: 173-177, 1989. 

23. Beal MF, Chattha GK and Martin JB, A comparison of 
regional somatostatin and neuropeptide Y distribution in rat 
striatum and brain. Brain Res 377: 240-245, 1986. 

24. Cavanagh ME and Parnavelas JG, Development of neuropep- 
tide Y (NPY) immunoreactive neurons in the rat occipital 
cortex: A combined immunohistochemical-autoradiographic 
study. J Camp Neural 297: 553-563, 1990. 

25. Cavanagh ME and Parnavelas JG, Development of somatosta- 
tin immunoreactive neurons in the rat occipital cortex: A 
combined immunocytochemical-autoradiographic study. 
J Comp Neural 268: 1-12, 1988. 

26. Grilli M, Wright AG Jr and Hanbauer I, Characterization of 
[3H]dopamine uptake sites and [‘HIcocaine recognition sites 

in primary cultures of mesencephalic neurons during in vitro 
development. J Neurochem 56: 2108-2115, 1991. 

27. Rodriguez-Sanchez MN, Alvaro I and Arilla E, Effect of 
prenatal and postnatal cocaine exposure on somatostatin 
content and binding in frontoparietal cortex and hippocam- 
pus of developing rat pups. Peptides 12: 951-956, 1991. 

28. Rodriguez-Sanchez MN and Arilla E, Effects of acute and 
chronic cocaine administration on somatostatin level and 
binding in the rat brain. Neuropeptides 16: l-7, 1990. 

29. Baselt RC and Cravey RH, Cocaine. In: Disposition of Toxic 
Drugs and Chemicals in Man, pp. 208-213. New York Medical 
Publishers, Inc., Chicago, IL, 1989. 

30. Barnea A, Anthony E, Lu G and Cho G, Morphological 
differentiation of neuropeptide Y neurons in aggregate cul- 
tures of dissociated fetal cortical cells: A model system for 
glia-neuron paracrine interactions. Brain Res 625: 313-322, 
1993. 

31. Bamea A, Hajibeigi A, Cho G and Magni P, Regulated 
production and secretion of immunoreactive neuropeptide Y 
by aggregating fetal brain cells in culture. Neuroendocrinology 
54: 7-13, 1991. 

32. Barnea A, Cho G, Hajibeigi A, Aguila MC and Magni P, 
Dexamethasone induced accumulation of neuropeptide Y by 
aggregating fetal brain cells in culture: A process dependent 
on the developmental-age of the aggregates. Endocrinology 
129: 931-938, 1991. 

33. Bamea A, Cho G, Lu G and Mathis M, Brain-derived 
neurotrophic factor induces functional expression and pheno- 
typic differentiation of cultured fetal neuropeptide Y produc- 
ing neurons. J Neurosci Res 42: 638-647, 1995. 

34. Magni P and Bamea A, Forskolin and phorbol ester stimula- 
tion of neuropeptide Y (NPY) production and secretion by 
aggregating fetal brain cells in culture: Evidence for regulation 
of NPY biosynthesis at transcriptional and posttranscriptional 
levels. Endocrinology 130: 976-984, 1992. 

35. Magni P and Barnea A, An early and transient period of 
protein synthesis is required for induction of neuropeptide 
Y-mRNA by phorbol ester and forskolin in aggregate cultures 
of fetal brain cells. Mel Cell Endocrinol 94: 205-211, 1993. 

36. Hearn WL, Flynn DD, Hime GW, Rose S, Cofino JC, 
Mantero-Atienza E, Wetli CV and Mash DC, Cocaethylene: 
A unique cocaine metabolite displays high affinity for the 
dopamine transporter. J Nemo&m 56: 698-701, 1991. 

37. Barnea A, Cramer 0 and Cho G, Truncated insulin-like 
growth factor-I: A potent inducer of neuropeptide Y pro- 
duction by aggregate cultures of fetal brain cells. Endocr J 1: 
11-17, 1993. 

38. Ho RH and DePalatis LR, Substance P immunoreactivity in 
the median eminence of the North American opossum and 
domestic fowl. Bruin Res 189: 565-569, 1980. 

39. Labarca C and Paigen K, A simple, rapid, and sensitive DNA 
assay procedure. Ann Biochem 102: 344-352, 1980. 

40. Settler RW, Bohman VR, Little BB, Westfall KL and Sobhi S, 
Metabolism of cocaine by cholinesterase during pregnancy: 
Maternal and fetal activity. J Maternal Fetal Med 4: 135-138, 
1995. 

41. Foetester EM, Dempsey J and Gariott JC, A gas chromato- 
graphic screening procedure for acid and neutral drugs in 
blood. J Anal Toxicol3: 87-91, 1979. 

42. Nawa H, Bessho Y, Carnahan J, Nakanishi S and Mizuno K, 
Regulation of neuropeptide expression in cultured cerebral 
cortical neurons by brain-derived neurotrophic factor. J Neu- 
rochem 60: 772-775, 1993. 

43. Heam WL, Rose S, Wagner J, Ciarleglio A and Mash DC, 
Cocaethylene is more potent than cocaine in mediating 
lethality. Pharrnacol Biochem BehaP, 39: 531-533, 1991. 

44. Tan XX and Costa LG, Inhibition of muscarinic receptor- 
stimulated phosphoinositide metabolism by cocaine, norco- 



500 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

Caine and cocaethylene in rat brain. Dep, Brain Res 79: 
132-135, 1994. 
Spiehler VR and Reed D, Brain concentrations of cocaine 
and benzoylecgonine in fatal cases. ] Forensic Sci 30: 1003- 
101 1, 1985. 
Weiss RD and Gawin FH, Protracted elimination of cocaine 
metabolites in long-term high-dose cocaine abusers. Am J 
Med 85: 879-880, 1988. 
Ostrea EM Jr, Brady MJ, Parks PM, Asensio DC and Naluz A, 
Drug screening of meconium in infants of drug-dependent 
mothers: An alternative to urine testing. J Pediatr 115: 
474-477, 1989. 
Bennett BA, Hyde CE, Pecora JR and Clodfelter JE, Long- 
term cocaine administration is not neurotoxic to cultured 
fetal mesencephalic dopamine neurons. Neurosci Lett 153: 
210-214, 1993. 
Hitri A, Hurd YL, Wyatt RJ and Deutsch SI, Molecular, 
functional and biochemical characteristics of the dopamine 
transporter: Regional differences and clinical relevance. Clin 
NeuroQharmucol 17: l-22, 1994. 
Flynn DD, Vaishnav AA and Mash DC, Interactions of 
cocaine with primary and secondary recognition sites on 
muscarinic receptors. Mel Pharmacol 41: 736-742, 1992. 
Sharkey J, Ritz MC, Schenden JA, Hanson RC and Kuhar 
MJ, Cocaine inhibits muscarinic cholinergic receptors in 
heart and brain. J Phannacol Exe Ther 246: 1048-1052, 1988. 
Reith MEA, Central and peripheral cocaine binding sites. In: 
Cocaine: Pharmacology, Physiology, and Clinical Strategies (Eds. 
Lakoski JM, Galloway MI? and White FJ), pp. 203-227. CRC 
Press, Boca Raton, FL, 1992. 
Xu YQ, Crumb WJ Jr and Clarkson CW, Cocaethylene, a 
metabolite of cocaine and ethanol, is a potent blocker of 
cardiac sodium channels. ,J Pharmacol EXQ Ther 271: 319- 
325, 1994. 
Bradberry CW, Nobiletti JB, Elsworth JD, Murphy B, Jatlow 
I’ and Roth RH, Cocaine and cocaethylene: Microdialysis 
comparison of brain drug levels and effects on dopamine and 
serotonin. J Neurochem 60: 1429-1435, 1993. 
Reith ME, Meisler BE, Sershen H and Lajtha A, Structural 
requirements for cocaine congeners to interact with dopamine 
and serotonin uptake sites in mouse brain and to induce 
stereotyped behavior. Biochem Pharmacol 35: 1123-1129, 
1986. 
Ritz MC, Cone EJ and Kuhar MJ, Cocaine inhibition of 
ligand binding at dopamine, norepinephrine and serotonin 
transporters: A structure-activity study. Life Sci 46: 635-645, 
1990. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

N. Aguila-Mansilla et al. 

Salin I’, Kerkerian L and Nieoullon A, Expression of neu- 
ropeptide Y immunoreactivity in the rat nucleus accumbens is 
under the influence of the dopaminergic mesencephalic 
pathway. Exp Brain Res 81: 363-371, 1990. 
Kerkerian L, Salin P and Nieoullon A, Pharmacological 
characterization of dopaminergic influence on expression of 
neuropeptide Y immunoreactivity by rat striatal neurons. 
Neuroscience 26: 809-817, 1988. 
Abrous DN, Le Moal M and Herman JP, The increase in 
striatal neuropeptide Y immunoreactivity induced by neona- 
tal dopamine-depleting lesions in rats is reversed by intras- 
triatal dopamine-rich transplants. Bruin Res 656: 169-173, 
1994. 
Midgley LP, Wagstaff JD, Singh NA, Bush LG, Gibb JW and 
Hanson GR, Dynamic dopaminergic regulation of neuropep- 
tide Y systems in discrete striatal and accumbens regions. Eur 
J Pharmacol 251: 191-199, 1994. 
Specht LA, Pickel VM, Joh TH and Reis DJ, Light-micro- 
scopic immunocytochemical localization of tyrosine hydrox- 
ylase in prenatal rat brain. 1. Early ontogeny. .J Camp Neural 
199: 233-253, 1981. 
Specht LA, Pickel VM, Joh TH and Reis DJ, Light-micro- 
scopic immunocytochemical localization of tyrosine hydrox- 
ylase in prenatal rat brain. II. Late ontogeny. .I Camp Neural 
199: 255-276, 1981. 
Iacovitti L, Lee J, Joh TH and Reis DJ, Expression of tyrosine 
hydroxylase in neurons of cultured cerebral cortex: Evidence 
for phenotypic plasticity in neurons of the CNS. J Neurosci 7: 
1264-1270, 1987. 
Honegger P and Richelson E, Biochemical differentiation of 
aggregating cell cultures of different fetal rat brain regions. 
Brain Res 133: 329-339, 1977. 
Van der Zee EA and Luiten PG, GABAergic neurons of the 
rat dorsal hippocampus express muscarinic acetylcholine re- 
ceptors. Brain Res Bull 32: 601-609, 1993. 
Hosli E and Hosli L, Colocalization of binding sites for 
somatostatin, muscarine and nicotine on cultured neurones of 
rat neocortex, cerebellum, brain stem and spinal cord: Com- 
bined autoradiographic and immunohistochemical studies. 
Newosci Lett 173: 71-74, 1994. 
Van der Zee EA and Luiten PG, Cholinergic and GABAergic 
neurons in the rat medial septum express muscarinic acetyl- 
choline receptors. Bruin Res 652: 263-272, 1994. 
Olsen GD, Potential mechanisms of cocaine-induced devel- 
opmental neurotoxicity: A minireview. Neurotoxicology 16: 
159-167, 1995. 


