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Cocaine is a highly addictive drug that binds to the dopamine
transporter (DAT), inhibits the reuptake of dopamine, and initiates
multiple actions within midbrain dopaminergic systems. Using the
rhesus monkey, we have investigated the consequences of in
utero cocaine exposure on the expression of DAT in the fetal brain.
By using the selective DAT ligand [125I]RTI-121and tyrosine hy-
droxylase (TH) immunocytochemistry, we found that DAT binding
sites are highly developed by day 70 of gestation and show a
distribution pattern similar to TH. The rank order of specific 3b-
(4-[125I]iodophenyl)tropane-2b-carboxylic acid isopropyl ester
([125I]RTI-121) binding densities was substantia nigra–ventral teg-
mental area . putamen . caudate . lateral hypothalamus .
accumbens . linear/interfascicular nuclei $ globus pallidus .
prefrontal cortex. Furthermore, we observed that DAT mRNA was
differentially expressed within fetal midbrain dopamine neurons

with the highest levels detected in the ventral tier of the substantia
nigra pars compacta, and the lowest levels in the ventral tegmen-
tal area and the linear/interfascicular nuclei. In utero cocaine ex-
posure between days 22 and 70 significantly increased DAT
mRNA expression, and the density of [125I]RTI-121 binding sites
within midbrain dopamine neurons in the 70-d-old fetus. This
increased DAT expression is accompanied by other presynaptic
and postsynaptic neuronal changes, which collectively suggest
that midbrain dopamine neurons are hypoactive after prolonged
cocaine exposure, a state that may be a contributing factor in the
development of attention deficit disorders observed in subjects
exposed prenatally to cocaine.
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Dopamine neurotransmission is important for the control of
movement, reward-reinforced learning, cognition, and emotion
(Wickens, 1990; Glenthoj, 1995; Gerfen and Wilson, 1996).
Pathophysiology of this system is implicated in a number of
disorders, including schizophrenia, mood disorder, and drug ad-
diction (Koob, 1992; Brown and Gershon, 1993; Self and Nestler,
1995; Knable et al., 1997). Disturbances of dopamine neurotrans-
mission may also play an important role in attention deficit
hyperactivity disorder (ADHD) (Hunt et al., 1994; Searight et al.,
1995; Sagvolden and Sergeant, 1998). The main symptoms of
ADHD, which is a complex developmental disorder, are inatten-
tiveness, impulsivity, and hyperactivity (Stevenson, 1992; Hunt et
al., 1994; Cook et al., 1995; Solanto, 1998; Taylor, 1998). Some of
the same symptoms are also described frequently in children who
were exposed to cocaine and other drugs in utero (Struthers and
Hansen, 1992; Mayes et al., 1995, 1998; Tronick et al., 1996;
Chasnoff et al., 1998).

Cocaine binds to dopamine, norepinephrine, and serotonin
transporters and thus affects many physiological functions (Ritz
et al., 1987; Fischman, 1988). However, the acute reinforcing
properties of cocaine are attributable primarily to its binding to
the dopamine transporter (DAT), which affects the midbrain–

rostral forebrain dopaminergic circuitry (Ritz et al., 1987; Koob
and LeMoal, 1997). Chronic use of cocaine leads to neuronal
adaptations, including upregulation of the cAMP pathway, which
contributes to addiction with symptoms such as emotional dis-
tress, drug craving, and relapse (Koob and LeMoal, 1997; Nestler
and Aghajanian, 1997). Fetal cocaine exposure through maternal
use of the drug also results in long-term adaptations, as evidenced
by alterations in dopamine release, dopamine receptors,
receptor–G-protein coupling, and increased sensitivity to stres-
sors in the offspring (Dow-Edwards et al., 1990; Scalzo et al.,
1990; Friedman et al., 1996; Keller, et al., 1996; Choi et al., 1998;
Spear et al., 1998).

In an effort to characterize cocaine-induced alterations in the
developing fetus, we have used a nonhuman primate model,
which exhibits disruption of the midbrain–rostral forebrain do-
pamine circuitry after gestational cocaine exposure (Rønnekleiv
et al., 1998). The rhesus monkey is a particularly useful model
because its in utero development is similar to that of the human
(Gribnau and Geijsberts, 1981); in particular, the development of
the dopamine neurocircuitry exhibits many of the same charac-
teristics (Verney et al., 1991; Rønnekleiv and Naylor, 1995; Aub-
ert et al., 1997; Fang et al., 1997; Unis et al., 1998). Our previous
studies demonstrated that gestational cocaine exposure decreases
the mRNA expression of tyrosine hydroxylase (TH), the rate-
limiting enzyme in dopamine synthesis, in the midbrain by the
60th d of gestation (Rønnekleiv and Naylor, 1995). This treat-
ment also increases the expression of mRNAs encoding several
dopamine receptor subtypes as well as dopamine receptor bind-
ing in striatal regions of the fetal rhesus monkey (Choi and
Rønnekleiv, 1996; Fang et al., 1997). Because cocaine may cause
these changes through its action on the DAT, in the present study,
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we evaluated the expression of DAT mRNA and binding sites in
both normal and cocaine-treated day 70 fetal monkeys using
quantitative ligand autoradiography and in situ hybridization.

MATERIALS AND METHODS
Animals and cocaine treatment. Animal care and use were in accordance
with institutional guidelines based on National Institutes of Health stan-
dards. The animal model used in this study was described previously in
detail (Rønnekleiv and Naylor, 1995). Briefly, adult female rhesus mon-
keys (Macaca mulatta) were paired with fertile males for 3 d, and the
second day was chosen as the day of conception. When pregnancy was
confirmed, at days 21–23 after mating, cocaine (3 mg dissolved in 50 ml
of 0.9% saline/kg) was injected intramuscularly four times daily at 8 A.M.
and 12, 4, and 8 P.M. until the fetus was delivered. This cocaine
treatment gave peak plasma cocaine levels of 800–1000 ng/ml in the
mother at 10–15 min after the injection and 150–460 ng/ml in the fetus
at ;45 min after the cocaine injection (Rønnekleiv and Naylor, 1995).

Tissue preparation. On day 70 of gestation, the fetuses were delivered
by cesarean section. A total of 20 fetuses were used in this study, and
preferably they were matched according to body weight and sex. How-
ever, both males and females were used, and each experiment had one set
of male–female match, because we have found that the day 60–70 fetal
brains respond similarly to cocaine irrespective of sex (Rønnekleiv and
Naylor, 1995). Each fetal brain was dissected into three or four coronal
blocks, which were soaked in ice-cold 20% sucrose for 2 hr for binding
studies (control group, four males and one female; cocaine group, five
males) or fixed in 4% paraformaldehyde for 6 hr on ice for immunocy-
tochemistry and in situ hybridization studies (control group, three males
and two females; cocaine group, four males and one female). The tissue
blocks were frozen at 255° C and stored in liquid nitrogen until sectioned
coronally on a cryostat at 15 mm.

In vitro binding autoradiography. We used 3b-(4-[125I]iodophenyl)
tropane-2b-carboxylic acid isopropyl ester ([ 125I]RTI-121), which binds
specifically to the DAT (Boja et al., 1995; Carroll et al., 1995), to
determine DAT distribution in the fetal brain and to characterize
cocaine-induced changes. The method for in vitro autoradiography for
the DAT was performed as described previously (Boja et al., 1995; Staley
et al., 1995) with minor modifications as follows. On the day of an assay,
sections were fixed lightly in 0.5% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, for 5 min and rinsed briefly in 0.1 M phosphate buffer. The
light fixation was needed to keep the fragile fetal tissue sections on the
slides, and preliminary test experiments determined that [ 125I]RTI-121
binding in fetal monkey striatal sections was not influenced by the
fixation described above. To disassociate the binding of injected cocaine
to the dopamine transporter, all sections were preincubated in a large
volume (400 ml) of 10 mM sodium phosphate buffer containing (in mM):
10 Na2HPO4, 1.8 KH2PO4, 50 NaCl, 2.8 KCl, and 10 NaI (assay buffer,
pH 7.4) for 30 min. This procedure is necessary and effective because
disassociation of membrane-bound cocaine is rapid, with a disassociation
half-life in seconds (Reith et al., 1981). Thereafter, the sections were
incubated with 150 pM [ 125I]RTI-121 (2200 Ci/mmol; New England
Nuclear, Boston, MA) in the assay buffer for 60 min at 22–23°C. Non-
specific binding was evaluated by treating a parallel set of slides with the
same concentration of iodinated ligand in the presence of 100 mM
(2)-cocaine. After the incubation, the tissue sections were rinsed twice
for 20 min each in ice-cold assay buffer, followed by a brief rinse in
ice-cold deionized water, and immediately dried with a stream of cold,
dry air. The sections from controls and cocaine-exposed animals and an
autoradiographic 125I microscale used as standard (Amersham, Arling-
ton Heights, IL), were co-exposed to tritium sensitive-film (Hyperfilm-
3H;, Amersham) for up to 72 hr at 280°C. The exception was the
hypothalamus, which was exposed for up to 2 weeks, and the frontal
cortex, which was exposed for up to 3 weeks.

Immunocytochemistry and in situ hybridization histochemistry. Immu-
nocytochemistry for TH was performed according to previously de-
scribed methods with minor modifications as outlined below (Rønnekleiv
and Naylor, 1995). Briefly, tissue sections were reacted overnight at 4°C
with a monoclonal TH antibody (DiaSorin, Inc, Stillwater, MN) at a
1:5000 dilution. A 30 min postprimary wash in phosphate buffer was
followed by a 60 min room temperature incubation with biotinylated IgG
at 1:300 (Vector Laboratories, Burlingame, CA), another 30 min wash,
and a 60 min room temperature incubation with either streptavidin-HRP
(1.5 mg/ml, NeutraLite; Molecular Probes, Eugine, OR) or streptavidin-
Cy3 (1:500; Jackson ImmunoResearch; West Grove, PA). The HRP

slides were washed for 30 min in phosphate buffer and then reacted with
DAB (Aldrich, Milwaukee, WI) by the glucose oxidase–b-D-glucose
method (Itoh et al., 1979). The slides were allowed to air dry, quickly
dipped in xylene, and coverslipped with Polymount (Poly Scientific
Research and Development Corp., Bay Shore, NY). The Cy3 fluorescent
slides were washed for 2–3 hr in phosphate buffer and coverslipped with
buffered glycerol, pH 7.4.

A monkey DAT-specific riboprobe was used for the in situ hybridiza-
tion histochemistry studies. A pGEM-3Zf(1) plasmid, containing a 410
bp insert corresponding to the C-terminal segment of rhesus monkey
DAT cDNA sequence, was cloned in our laboratory (Choi and Rønnek-
leiv, 1996). The 35S-rUTP-labeled antisense cRNA probe was tran-
scribed with SP6 RNA polymerase from the DAT plasmid construct,
linearized with EcoRI, and purified through a G-50 Nick column (Phar-
macia Biotech, Alemeda, CA). In situ hybridization experiments were
performed with minor modifications of previously described methods
(Fang et al., 1998). Briefly, sections were fixed in 4% paraformaldehyde
for 40 min in 0.3 M Sorensen’s buffer, pH 7.4, rinsed briefly in Sorensen’s
buffer, treated in 0.1 M triethanolamine (TEA) followed by 0.25% acetic
anhydride, and finally treated with proteinase K (1 mg/ml) for 2 min at
37°C. Sections were prehybridized for 60 min at 58°C (60% formamide,
10% dextran sulfate, 13 Denhardt’s solution, 23 SSC, 125 mg/ml yeast
transfer RNA, and 100 mM dithiothreitol) and then quickly rinsed in 23
SSC buffer. The 35S-labeled riboprobe was diluted with hybridization
buffer and used at a final saturating concentration of 2 3 10 4 dpm/ml.
Subsequently, the sections were covered with glass coverslips, sealed, and
hybridized for at least 18 hr at 57°C. After hybridization, the slides were
rinsed in 23 SSC buffer, reacted with RNase (20 mg/ml) for 30 min at
37°C, and washed in 2.0, 1.0, and 0.53 SSC at 55–60°C to a final
stringency of 0.13 SSC at 65°C. The sections were dehydrated in ethanol
and together with autoradiographic [ 14C]microscales (Amersham) were
exposed to hyperfilm-bmax x-ray film (New England Nuclear) for 5 d. The
slides were then dipped in Eastman Kodak (Rochester, NY) NTB-2
nuclear track emulsion and exposed for up to 16 d at 4°C. In some
instances, sequential in situ hybridization for DAT and immunocyto-
chemistry for TH were performed on the same tissue sections. The in situ
hybridization procedure was performed first, essentially as described
above with the exception of eliminating the TEA–acetic anhydride
treatment and ethanol dehydration. After the final posthybridization
wash in 0.13 SSC, sections for the combined procedure were reacted for
TH immunocytochemistry as described above, and streptavidin Cy3 was
used as marker. The slides were then dipped in Kodak NTB-2 nuclear
track emulsion and exposed for up to 35 d at 4°C.

Quantification and image analysis. Quantification of film images of
DAT binding and mRNA was performed using an Apple Power Macin-
tosh computer equipped with the NIH Image 1.61 program. For quan-
tification of [ 125I]RTI-121 (DAT) binding densities, six sections from
each area were matched and analyzed in control (n 5 4–5) and cocaine-
treated (n 5 5) fetuses. Film images of these sections were scanned on a
flat-bed scanner (ScanJet IIcx /T; Hewlett–Packard, Palo Alto, CA), and
the optical densities of the signals were measured and quantified. The
optical density was converted to nanocuries per milligram using the
standard autoradiographic 125I microscale. The specific binding equals
the total binding minus the nonspecific binding. Data were expressed as
mean 6 SEM and analyzed by a two-tailed Student’s t test. Bright-field
and pseudocolor autoradiograms were generated from the autoradio-
graphic film using the Adobe (Mountain View, CA) Photoshop and
Macromedia (San Francsico, CA) FreeHand software programs. For
quantification of DAT mRNA signals, film images of six sections from
the rostral, medial, and caudal midbrain of matched control (n 5 5) and
cocaine-treated (n 5 5) fetuses were analyzed, and an average optical
density value was obtained, which was used for further analysis. The
autoradiographic 14C microscale was used as a standard to calculate the
density of DAT mRNA signals, and the optical density was converted to
nanocuries per gram. Statistical analysis was performed using a paired
two-tailed Student’s t test. Sections from control and cocaine-exposed
brains were always treated identically.

To illustrate the distribution of TH-IR images, immunostained sec-
tions from fetal brains were scanned directly from the slides and digitized
using the Power Macintosh computer outfitted with a slide scanner
(Polaroid Sprint Scan 35 Plus with Pathscan Enabler) and the appropri-
ate software. TH-IR and DAT mRNA images were also evaluated and
photographed under fluorescent and dark-field illumination using a
Zeiss (Thornwood, NY) microscope. Dark-field and fluorescent views of
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photomicrographs were illustrated from film negatives or color slides
using the slide scanner and the Adobe Photoshop software.

To determine the concentration of TH-containing cells in the ventral
midbrain, cells within 250 3 250 mm 2 were counted under bright-field
illumination with a 163 objective using an eyepiece square grid reticle on
a Leitz (Wetzlar, Germany) Laborlux microscope. Five to seven sections
at ;300 mm intervals were counted from the rostral to caudal midbrain
of each animal without knowledge of treatment groups. Within each
section, cells were counted in the ventral (SNv) and dorsal (SNd) sub-
stantia nigra, the ventral tegmental area (VTA), and the linear/interfas-
cicular (Li /IF) area. The mean number of cells from each area was
calculated and used for further analysis. Statistical differences between
saline- and cocaine-treated fetuses were evaluated using ANOVA. Val-
ues were expressed as group mean and SEM.

RESULTS
Fetal growth and development
In this quantitative study, the control fetal groups consisted of
seven males and three females, and the cocaine-treated groups
consisted of nine males and one female. Maternal cocaine treat-
ment from day 22 to day 70 of gestation did not significantly affect
fetal body weight, crown–rump length, or head circumference.
Body weight of control and cocaine-treated fetuses was 27.25 6
1.43 and 28.13 6 1.28 gm, respectively. The crown–rump lengths
of the two fetal groups were 7.78 6 0.11 and 7.80 6 0.10 cm, and
the head circumference was 8.06 6 0.12 and 8.18 6 0.14 cm,
respectively.

Distribution of TH-IR in day 70 fetal monkey brain
To assess the distribution of dopamine neurons in the fetal brain,
we performed immunocytochemistry with a monoclonal antibody
to TH. In the most rostral brain sections, TH-IR fibers were found
primarily in the intermediate layer of the developing prefrontal
cortex (Pfc) (Figs. 1A, 2A). Sections at the level of the striatum
revealed dense TH-IR fibers in the caudate (Cd), putamen (Put),
and nucleus accumbens (ACB), which exhibited a patchy appear-
ance (Figs. 1B,C, 2B). This was in contrast to the more uniform
distribution of fibers observed in day 60 fetuses, suggesting that the
patch matrix compartments begin to develop between days 60 and
70 in the nonhuman primate (O. K. Rønnekleiv unpublished
observations). At this stage in gestation, a relatively large, undif-
ferentiated subventricular zone destined to form additional striatal
neurons was observed dorsal and medial to the caudate, which
supports findings by others (Goldman-Rakic, 1981). The subven-
tricular zone, however, did not contain immunoreactive TH (Fig.
1B,C). In the olfactory bulbs (OB), TH-IR cells and fibers were
found in the glomerular and plexiform layers (Fig. 1B). Cells
immunoreactive to TH were also present in the olfactory tubercle
area, diagonal band, and striatum of the day 70 fetus. These cells
were small (6–10 mm in diameter), round or pyramidal shaped,
with one to three processes. The latter population of dopamine
cells have previously been documented in adult human and non-
human primates but have not been described in the rodent
(Dubach et al., 1987; Betarbet et al., 1997; Ikemoto et al., 1998).

At the level of the preoptic area, TH-IR cells were located
ventrally along the optic chiasm and dorsally in the paraventricu-
lar nucleus. Dense, patchy TH fiber stain was present in the
putamen, and relatively dense concentrations of TH-IR fiber
bundles were found in the external and internal segments of the
globus pallidus (Figs. 1D, 2C). Dense fiber stain and scattered
cells were also located in the lateral preoptic area (Fig. 1D).

At the level of the basal hypothalamus, TH-IR fibers exhibited
a dense and patchy distribution in the putamen (Fig. 1E). The

TH-IR fibers were also dense in the central nucleus of the
amygdala, globus pallidus, and lateral hypothalamus (Figs. 1E,
2D). A distinct TH-IR fiber tract extended from the dorsal
hypothalamus to the rostral arcuate nucleus of the hypothalamus
(Figs. 1E, 2D). TH-IR cells were found in the zona incerta of the
dorsal hypothalamus, the periventricular area, and the arcuate
nucleus of the hypothalamus.

At the level of the midbrain, the different layers of TH-IR
neurons that have been described in the adult primate (Haber et
al., 1995) were also observed in the day 70 fetus. Thus, TH-IR
neurons were found in the dorsal and ventral tiers of the substan-
tia nigra pars compacta and in the cell columns of the ventral tier
(Figs. 1F–H, 2E,F). TH-IR neurons were also present in the
VTA, ventral periaqueductal gray, linear nucleus, and interfas-
cicular nucleus (Figs. 1F–H, 2E,F).

Distribution of [125I]RTI-121 binding sites in day 70
fetal monkey brain
To investigate the development of DAT binding sites in the day 70
fetal monkey brain, we used the ligand [125I]RTI-121, which is
highly specific for the dopamine transporter. This analysis re-
vealed a defined pattern of distribution of [ 125I]RTI-121 binding
sites (Fig. 3). The nonspecific binding in different regions varied
from 0.001 to 0.08 nCi/mg of tissue with a mean value of 0.04 6
0.01 nCi/mg. The rank order of specific [ 125I]RTI-121 binding
densities was substantia nigra–ventral tegmental area . puta-
men . caudate . lateral hypothalamus . accumbens . linear/
interfascicular nuclei $ globus pallidus . prefrontal cortex.
There was a paucity of DAT binding sites in the prefrontal cortex,
which correlated with the faint TH-IR (Figs. 2A, 3A). These
binding sites were observed in the intermediate zone of the
prefrontal cortex. In comparison, ligand binding in the caudate
and putamen from rostral to caudal was quite dense and exhibited
a patchy appearance as described above for the TH fiber input
(Fig. 3B–E). The [ 125I]RTI-121 binding sites were dense in the
patches and significantly less dense in the surrounding matrix
area ( p , 0.05; Table 1). Overall, the ligand binding in the
putamen was significantly higher than that found in the caudate
and accumbens (ANOVA, p , 0.05 and p , 0.01, respectively).
DAT binding sites, although slight, were also observed in the
globus pallidus and a relatively high concentration was found in
the lateral hypothalamus (Fig. 3, Table 1). DAT binding sites
were not detected in the medial preoptic or medial basal hypo-
thalamus, although these regions had substantial amount of TH-
positive cells and fibers (Figs. 1–3). The highest density of
[ 125I]RTI-121 binding sites in the fetal brain was measured in the
SN/VTA area, which also had high concentration of densely
packed dopamine cells and fibers (Figs. 3–5, Table 1). In contrast,
faint label was found in the Li/IF, an area of the midbrain which
also contained a high concentration of TH-positive dopamine
neurons (Figs. 1–3). Overall the distribution of [125I]RTI-121
binding sites coincides well with the distribution of immunoreac-
tive TH (Figs. 1, 3).

Differential localization of DAT mRNA in midbrain
dopamine neurons
We used in situ hybridization with a DAT riboprobe to document
the distribution of DAT mRNA in the fetal brain and combined
in situ hybridization and fluorescence immunocytochemistry to
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Figure 1. Distribution of immunoreactive TH (IR-TH) in day 70 fetal monkey brain. Images of TH stained coronal sections from the prefrontal cortex
(Pfc) to the midbrain were scanned and digitized directly from the slides. The dark stain, indicative of IR-TH, can be seen in the prefrontal cortex (Pfc;
A), olfactory bulbs (OB; B), caudate nucleus (Cd; B, C), putamen (Put; B–E), nucleus accumbens (ACB; C), globus pallidus (GP; D, E), lateral
hypothalamus (LH; E), substantia nigra (SN; F–H ), ventral tegmental area (VTA; F–H ), linear nucleus (Li), and interfascicular nucleus (IF; F–H ). The
striatal TH fiber stain was patchy at this stage in gestation ( B–E). IR-TH was not found in the subventricular zone (SVZ), an area destined to form
additional striatal neurons. Amy, Amygdala; Ctx, cortex; DR, dorsal raphé; IC, internal capsule; OT, optic tract; POA, preoptic area. Scale bar, 5 mm.
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determine its expression in TH-positive neurons of the midbrain.
DAT mRNA was found in the midbrain from rostral to caudal
and was co-localized with TH-IR (Fig. 4). An example of a
high-power view of DAT mRNA and TH-IR co-localization in
ventral tier neurons is illustrated in Figure 5. We were, however,
unable to detect expression of DAT mRNA in any of the rostral
forebrain regions where TH-positive cells were found. Within the
midbrain, DAT mRNA was most highly expressed in dopamine
neurons of the ventral tier of the SN and was lightly expressed in
the dorsal SN, VTA, and Li/IF area (see Figs. 4, 8). Quantitative
analysis of film images revealed that the density of DAT mRNA
was significantly higher in the SNv in comparison with that in
other midbrain regions (ANOVA, p , 0.05–0.01; see Fig. 8).

Effect of cocaine on the density of [125I]RTI-121
binding sites
Based on the evidence that cocaine exposure in utero has specific
action within the fetal midbrain–rostral forebrain dopamine cir-

cuitry (Rønnekleiv et al., 1998), we hypothesize that cocaine
initiates these actions through binding to the dopamine trans-
porter. To assess the effects of in utero cocaine exposure on DAT
binding in the fetal brain, we compared the distribution and
density of [ 125I]RTI-121 binding sites in brain sections obtained
from control and cocaine-treated fetuses. This analysis revealed
that the distribution of DAT binding sites was similar in control
(n 5 4–5) and cocaine-treated fetal brains (n 5 5) (Table 1).
However, the fetal monkeys exposed to cocaine between days 22
and 70 of gestation exhibited a significant increase in binding
density of [ 125I]RTI-121 in the SN/VTA and the Li/IF ( p ,
0.05) in comparison with controls (Figs. 6, 7; Table 1).

Effect of cocaine on the expression of dopamine
transporter mRNA
Next we determined the effects of prenatal cocaine exposure on
the expression of DAT mRNA using in situ hybridization analysis
of tissue sections through the fetal midbrain. Similar to observa-

Figure 2. Dark-field views of photomicrographs of some of the sections in Figure 1 with a more detailed illustration of IR-TH. A, TH fibers in the
prefrontal cortex (Pfc) were primarily concentrated in the intermediate layer. B, C, The TH fiber distribution in the striatum was clearly patchy in
appearance, and some of the fibers crossed the internal capsule (IC). C, D, A distinct network of fibers was observed in the internal and external segment
of the globus pallidus (GPi, GPe). D, Within the hypothalamus TH cells and fibers were found in the periventricular, arcuate (Arc), and lateral
hypothalamic nuclei; a distinct fiber bundle connects the lateral hypothalamus (LH ) and the Arc. E, F, At day 70, TH cells and fibers within the ventral
midbrain were densely intermingled; however, the various TH neuronal groups described in adult primates were also found at this stage in development
(also see Fig. 4A). Cd, Caudate; IF, interfascicular nucleus; LV, lateral ventricle; Li, linear nucleus; OT, optic tract; Put, putamen; SN, substantia nigra;
3V, third ventricle; VTA, ventral tegemental area. Scale bar: A, B, 500 mm; C–F, 1.0 mm.
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Figure 3. DAT binding sites are highly expressed in day 70 fetal monkey brain. Bright-field view of autoradiograms illustrating the distribution of DAT
binding sites, labeled with [ 125I]RTI-121, in coronal sections from rostral ( A) to caudal ( H ). The darker the images, the denser are the binding sites. A,
The DAT binding sites were faint (0.08 6 0.03 nCi/mg) in the prefrontal cortex (Pfc) and were illustrated within the intermediate layer after 3 weeks
of film exposure. B–E, Within the caudate (Cd) and the putamen (Put) the DAT binding sites were dense and patchy in appearance, similar to the TH
fiber stain illustrated in Figure 1. DAT binding sites were also present in the nucleus accumbens (ACB), globus pallidus (GP), and lateral hypothalamus
(LH ) and exhibited a distribution pattern similar to IR-TH. F–H, The highest density of DAT binding sites was measured in the substantia nigra (SN )
and the ventral tegmental area (VTA) of the fetal midbrain. F–H, Light binding densities were found in the linear nucleus (Li) and interfascicular nucleus
(IF ), whereas binding sites were not detected in the dorsal Raphé (DR). The nonspecific binding is 0.04 6 0.01 nCi/mg. Ctx, Cortex; IC, internal capsule;
OB, olfactory bulb; OT, optic tract; POA, preoptic area. Scale bar, 2 mm.
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tions in the controls, DAT mRNA was found exclusively in the
midbrain of cocaine-exposed fetuses. Densitometric analysis of
film images revealed that DAT mRNA in sections from cocaine-
exposed fetuses was significantly increased in the VTA (n 5 5;
p , 0.03) and approaching significance in the Li/IF ( p 5 0.052)
in comparison with findings in control fetuses (Fig. 8). DAT
mRNA levels were also elevated in the SN as a result of cocaine
exposure, but again, the increase did not reach statistical signifi-
cance (Fig. 8). To determine whether cocaine exposure had
altered the development of dopamine cells, we counted the num-
ber of TH-IR cells within specific midbrain regions from control
and cocaine-exposed fetuses. There were significant regional dif-
ferences in the distribution of TH-IR cells, in that the concen-
tration of cells in the ventral tier of the SN was significantly higher
than that of the dorsal tier of the SN and the VTA ( p , 0.05) in
both control and cocaine-treated animals. There was, however, no
significant change in TH cell concentration in any midbrain
regions in cocaine-treated fetuses in comparison with controls
(Table 2).

DISCUSSION
In this study we have shown that the DAT is highly developed
before midgestation in the primate and that cocaine exposure
from day 22 to day 70 of gestation significantly increases DAT
mRNA expression and binding site density in the midbrain of the
day 70 fetus. These findings suggest that during early develop-
ment, the primate midbrain dopamine neurons are particularly
vulnerable to gestational environmental insults.

Differential expression of DAT in fetal midbrain
dopamine neurons
Previously, we demonstrated that DAT mRNA can be detected in
RNA extracted from the fetal monkey midbrain by day 45 of

gestation and that midbrain DAT mRNA expression is greatly
increased by day 60 (Choi and Rønnekleiv, 1996). In the present
study we found that DAT mRNA is expressed in midbrain dopa-
mine neurons and is differentially located within the fetal mid-
brain by day 70. The dopamine neurons in the SN of primates
have a distinct organization that is different from that found in
rodents. In particular these neurons are organized into dorsal and
ventral tiers and columns within the substantia nigra pars com-
pacta (Haber et al., 1995). Our results indicate that fetal dopa-
mine neurons of the ventral tier and columns in the SN densely
express DAT mRNA as evidenced by the high concentration of
grains. In contrast, TH-containing neurons of the dorsal tier of
the SN, the VTA, and the raphé nuclei display low levels of DAT
mRNA. A similar DAT mRNA distribution pattern has also been
described in the adult monkey (Haber et al., 1995), suggesting
that the organization of the primate fetal dopamine neurons is
similar to that of adults, although these neurons continue to
develop throughout gestation (Levitt and Rakic, 1982; Aubert et
al., 1997). It is well known that dopamine neurons are distributed
in various regions of the rostral forebrain (Hökfelt et al., 1984). In
addition, in contrast to rodents, primates have a population of
dopamine cells within the olfactory tubercle and striatum
(Dubach et al., 1987; Betarbet et al., 1997; Ikemoto et al., 1998).
These rostral, primate-specific dopamine cells were detected as
early as day 70 in the fetus. Using in situ hybridization we
explored DAT mRNA expression in diencephalic and more ros-
tral brain regions, but none of these neurons contained detectable
levels of DAT mRNA. Given the findings reported for the adult
rat (Cerruti et al., 1994), we suggest that DAT mRNA may be
present in these rostral dopamine neurons of the monkey but are
below the level of detectability by the methods we used.

DAT binding sites and immunoreactive TH have similar
distribution pattern
In this investigation the DAT-specific radioligand [125I]RTI-121
was used to measure transporter density in the fetal brain (Boja et
al., 1995; Carroll et al., 1995). In most regions examined we found
a close correlation between [125I]RTI-121 binding sites and im-
munoreactive TH. For example, in the striatum TH was ex-
pressed in a patch–matrix distribution pattern with the densest
staining in patches. Similarly, [ 125I]RTI-121 binding sites were
found as dense patches with less dense areas in between. In
contrast, dopamine-b-hydroxylase (DBH) immunoreactivity,
which is used to differentiate dopamine from norepinephrine, was
weak in most forebrain regions, including the striatum, suggesting
a sparse noradrenergic innervation of the fetal rostral forebrain at
this stage in development (O. K. Rønnekleiv, unpublished
observations).

One of the important findings made in the course of this
investigation is that [125I]RTI-121 binding sites are highly devel-
oped in multiple brain regions by day 70 of gestation in the
primate. In this respect, the DAT binding sites were most dense
in the SN/VTA area of the fetal midbrain and less dense in
terminal field areas of the rostral forebrain. This is in contrast to
observations made in adult brains, in which DAT binding sites
were found to be highest in the striatum area in comparison with
midbrain regions (Kaufman et al., 1991; Reader et al., 1998). A
different developmental profile of the DAT has been reported in
the rat, in which DAT binding sites in the fetal midbrain and
striatum are extremely low, even close to birth (Shearman et al.,
1996). The significance of these developmental differences is
currently unclear but may imply that dopamine neurons in pri-

Table 1. Effect of gestational cocaine exposure on the density of
[125I]RTI-121 binding sites (nanocuries per milligram) in day 70 fetal
monkey brain

Area

Treatment

Control Cocaine

Forebrain
Prefrontal cortex 0.08 6 0.03 0.11 6 0.03
Accumbens 1.32 6 0.33 1.23 6 0.20
Caudate

Patch 3.46 6 0.63* 4.34 6 0.65**
Matrix 1.61 6 0.22* 2.43 6 0.36**

Putamen
Patch 4.40 6 0.86* 5.20 6 0.56**
Matrix 2.91 6 0.53* 3.20 6 0.34**

Globus pallidus 0.71 6 0.24 1.24 6 0.10
Lateral hypothalamic area 1.99 6 0.19 2.02 6 0.23

Midbrain
Substantia nigra/ventral tegmental area 6.05 6 0.54 8.56 6 0.67***
Linear nucleus/interfascicular nucleus 0.75 6 0.15 1.88 6 0.37***

The values represent the mean density 6 SEM of DAT binding sites in the different
brain regions, measured using the specific ligand [125I]RTI-121. Data were analyzed
by two-tailed Student’s t test. The highest density of DAT binding sites was found in
the SN/VTA, and DAT binding sites in this area was significantly increased in
cocaine-exposed fetuses. Cocaine exposure also significantly increased DAT binding
sites in the linear and interfascicular nuclei.
*,**Within the caudate and the putamen [ 125I]RTI-121 binding site densities were
significantly higher in the patch compared with the matrix compartments in both
control (*p , 0.05) and cocaine-exposed (**p , 0.01) fetuses.
***p , 0.05 comparing cocaine-treated fetuses (n 5 5) versus saline-treated control
animals (n 5 4–5).
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mates develop earlier and are more sensitive to prenatal modifi-
cation at an earlier time point compared with the developing rat.

Gestational cocaine exposure increases the
expression of DAT in the fetal midbrain
A significant finding made in the course of the present study is
that cocaine exposure in utero increased the expression of DAT in
the fetal midbrain. The increased density of DAT mRNA and
binding sites were not due to an increased concentration of
dopamine neurons because this was not found in cocaine-treated
animals. In contrast to the midbrain, [125I]RTI-121 binding sites
were not significantly different from controls in the striatum and
surrounding areas of the rostral forebrain. This would suggest
that in utero cocaine exposure primarily affects dopamine trans-
port mechanisms of the midbrain at this time in gestation. To our
knowledge, a comparable study has not been reported in other

species. However, several studies have treated rats and mice
prenatally with cocaine and then explored the consequences at
various time points postnatally. One such study found that striatal
DAT binding sites were increased during postnatal days 1–5 and
decreased at postnatal days 14 and 35 in offspring from rats
treated with cocaine during gestation until birth (Leslie et al.,
1994). Other investigators have also documented a decrease in
DAT in the striatum in infants, juvenile and young adult animals
after cocaine withdrawal at term (Pumford et al., 1993; Leslie et
al., 1994; Stadlin et al., 1994; Collins and Meyer, 1996). In adult
subjects, prolonged cocaine intake increases DAT binding sites in
the striatal area and/or the ventral midbrain when assessed
shortly after termination of treatment (Alburges et al., 1993;
Wilson et al., 1994; Staley et al., 1994; Aloyo et al., 1995; Tella et
al., 1996; Little et al., 1999). Interestingly, animals that receive

Figure 4. DAT mRNA is expressed in TH-
containing neurons of the fetal midbrain.
Fluorescent immunocytochemistry (A) cou-
pled with in situ hybridization (B) on the
same tissue section revealed that TH-
containing neurons of the ventral tier (SNv)
including the columns of the SN (SNc), con-
tain high concentration of autoradiographic
silver grains indicative of a high concentra-
tion of DAT mRNA (B). DAT mRNA was
more lightly expressed in TH neurons of the
dorsal tier of the SN (SNd) and the VTA.
The neurons containing clusters of silver
grains (B) were hybridized with a 35S-
labeled DAT riboprobe. Immunocytochem-
istry was performed after the in situ hybrid-
ization procedure with a TH monoclonal
antibody visualized with the Cy-3 fluoro-
chrome. ,Bundles of myelinated fibers of the
oculomotor nerve. Scale bar, 100 mm.
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prolonged cocaine treatment display increased DAT ligand bind-
ing immediately after the last dose of cocaine, but withdrawal for
3 weeks decreases DAT binding sites in the striatal area and the
ventral midbrain (Wilson et al., 1994). The decrease in DAT
ligand binding sites in rostral forebrain regions after a period of

cocaine withdrawal is observed in both rats and monkeys and in
the rat is accompanied by a decrease in DAT mRNA in midbrain
nuclei (Sharpe et al., 1991; Farfel et al., 1992; Cerruti et al., 1994;
Pilotte et al., 1994). Therefore, chronic exposure to cocaine may
result in an immediate increase in the population of dopamine

Figure 5. High-power view of TH and DAT co-localization in ventral tier neurons of
the fetal substantia nigra. A, Fluorescent photomicrograph illustrating IR-TH neurons
in the ventral tier of the SN. B, Dark-field photomicrograph of the same section
showing silver grains, indicative of DAT mRNA, surrounding cell nuclei (blue nuclei).
Scale bar, 50 mm.

Figure 6. In utero cocaine exposure caused
increased DAT binding sites in the fetal ventral
midbrain. Pseudocolor autoradiograms show
DAT binding site densities, labeled with the
specific ligand [ 125I]RTI-121 in matched sec-
tions through the rostral and caudal midbrain of
a control (a, c) and cocaine-exposed (b, d) fe-
tus. Each color represents a range of DAT bind-
ing densities (nanocuries per milligram) calcu-
lated from the calibrated 125I standards exposed
along with the brain sections. Analogous
sections from each brain were determined
using standard anatomical landmarks. Scale
bar, 2 mm.
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transporters, whereas, abstinence from cocaine after a period of
exposure reduces its concentration (Sharpe et al., 1991; Farfel et
al., 1992; Alburges et al., 1993; Byrnes et al., 1993; Cerruti et al.,
1994; Leslie et al., 1994; Pilotte et al., 1994; Stadlin et al., 1994;
Wilson et al., 1994; Collins and Meyer, 1996; Tella et al., 1996).

It is evident that in mature animals prolonged cocaine exposure
acts at the level of the dopamine cell bodies and also in the
terminal field regions to alter DAT activity (Sharpe et al., 1991;
Farfel et al., 1992; Cerruti et al., 1994; Pilotte et al., 1994; Wilson
et al., 1994; Tella et al., 1996). By way of comparison, cocaine

exerts its action at the level of the midbrain dopamine neurons to
increase DAT activity in the primate fetus. The mechanism by
which cocaine exerts these effects is not obvious. One could
speculate that cocaine binding to transporters in the fetal mid-
brain can prevent reuptake and consequently increase dopamine
in the extracellular space. This might cause induction of new
transporters in an effort to clear dopamine from synapses within
the brain. One argument against a dopamine-stimulated upregu-
lation of DAT is that significant alteration in dopamine levels
with L-DOPA or a-methyltyrosine administration do not alter
DAT ligand binding sites (Moody et al., 1996). Another explana-
tion for DAT up-regulation is that it could be related to the
pharmacodynamics of cocaine binding to a specific site on the
transporter. Such a possibility was suggested by Tella et al. (1996),
who found that prolonged cocaine administration but not admin-
istration of the dopamine uptake blocker GBR-12909 increased
[ 125I]RTI-121 binding in the ventral midbrain as well as the
striatum. Cocaine and GBR compounds bind to overlapping but
nonidentical binding domains on the transporter (Saadouni et al.,
1994). It is also possible that the upregulation of DAT expression
is coupled to cocaine-induced alterations of the feedback mech-
anisms involving dopamine receptors and intracellular transduc-
tion pathways (Simon et al., 1997; Vaughan et al., 1997; Batchelor

Figure 7. Group data of cocaine-induced increase in DAT
binding sites in the fetal midbrain. Quantitative analysis and
distribution of DAT binding site densities labeled with
[ 125I]RTI-121 (nanocuries per milligram of tissue) in brain
sections obtained from control and cocaine-exposed fetal
monkeys are shown. DAT binding site density was signifi-
cantly increased in the substantia nigra/ventral tegmental
area (SN/VTA) and the linear nucleus/interfascicular nu-
cleus (Li/IF ) area in cocaine-treated fetuses compared with
saline-treated controls (,p , 0.05, two-tailed Student’s t
test). n, Number of animals. Pfc, prefrontal cortex; ACB,
nucleus accumbens; Cd, caudate; Put, putamen; GP, globus
pallidus; LH, lateral hypothalamus.

Figure 8. Group data of cocaine-induced increase in DAT mRNA ex-
pression in the fetal VTA. Distribution and quantitative analysis of DAT
mRNA in midbrain tissue sections obtained from control and cocaine-
treated fetal monkeys (n 5 5 each) are shown. Values represent the mean
density of DAT mRNA levels (nanocuries per gram of tissue) in the
ventral and dorsal tiers of the substantia nigra (SNv, SNd, respectively),
the ventral tegmental area (VTA), and the linear nucleus/interfascicular
nucleus (Li/IF ) in the fetal midbrain. The expression of DAT mRNA was
significantly increased in the VTA of cocaine-treated fetuses compared
with saline-treated controls (,p , 0.03, paired two-tailed Student’s t test).

Table 2. Number of TH-immunoreactive neurons per unit area in day
70 fetal monkey midbrain

Treatment

Area

SNv SNd VTA Li/IF

Control 81.1 6 1.6* 57.4 6 7.3 58.0 6 5.5 69.2 6 3.4
Cocaine 83.2 6 4.4* 48.6 6 2.9 62.2 6 5.1 64.0 6 3.5

Values represent estimates of mean number of cells 6 SEM counted in 250 3 250
mm2 in the ventral substantia nigra (SNv), dorsal SN (SNd), ventral tegmental area
(VTA), and linear/interfascicular (Li/IF) nuclei from control and cocaine-treated
fetuses. Data were analyzed by ANOVA and revealed that cocaine treatment did not
affect the number of TH-IR neurons (p . 0.05). In both control and cocaine-exposed
fetuses the number of TH-IR cells in the SNv was significantly higher than that in the
other midbrain regions (*p , 0.05; n 5 5).
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and Shenk, 1998). In this respect, dopamine D2 receptor antag-
onists inhibit upregulation of dopamine uptake induced by re-
peated cocaine intake (Parsons et al., 1993). Because D2 receptor
binding sites are not yet expressed in the fetal monkey SN/VTA,
but D1 sites are present (Fang et al., 1997), we hypothesize that
increased extracellular dopamine may activate D1 receptors on
striatal–substantia nigra GABA terminals and thereby increase
GABA release, which in turn may inhibit the dopamine neurons
(Cameron and Williams, 1993). In fact, we have found in the
cocaine-exposed 70-d-old fetus that D1 receptor binding sites are
increased on presumed striatal–SN projection neurons (Fang et
al., 1997). This hypothesis is supported by our previous findings
that TH mRNA is reduced in the fetal midbrain, and dopamine
D1 and D2 receptor subtypes are up-regulated in the striatal area
of cocaine exposed animals (Rønnekleiv and Naylor, 1995; Fang
et al., 1997). The mechanism by which these cocaine-induced
alterations within the dopamine circuitry would cause, or be the
result of, increased expression of DAT is unknown and needs
further investigation.

The midbrain dopaminergic system is important for the control
of movement, reward-based learning, cognition, and emotion
(Wickens, 1990; Nestler, 1994; Glenthoj, 1995; Gerfen and Wil-
son, 1996). Interestingly, genetic analysis has revealed a signifi-
cant association between ADHD and the human DAT gene
(Cook et al., 1995; Rowe et al., 1998; Waldman et al., 1998).
Among other transmitter candidates, the specific role of dopa-
mine in this disorder is unknown, but based on clinical observa-
tions and the results obtained from animal models, it has been
proposed that ADHD may result from reduced activity of dopa-
mine neurons that ultimately causes behavioral problems
(Sagvolden and Sergeant, 1998). We have currently found in the
fetal primate that gestational cocaine exposure increased the
expression of DAT in the midbrain, suggesting a specific action of
cocaine on midbrain dopamine neurons. Based on our previous
findings, increased DAT activity is accompanied by other presyn-
aptic and postsynaptic neuronal alterations, which collectively
suggest that the dopamine neurons have decreased activity (Røn-
nekleiv et al., 1998). These conclusions are further supported by
findings of reduced spontaneous activity of midbrain dopamine
neurons in juvenile and adult animals prenatally exposed to
cocaine (Minabe et al., 1992; Wang and Pitts, 1994). Such changes
within the midbrain dopamine circuitry may be a contributing
factor to the development of attention deficit disorders observed
in subjects exposed prenatally to cocaine and other drugs of
abuse.
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