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Reduced Presynaptic Dopamine Activity in Adolescent Dorsal
Striatum
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Adolescence coincides with symptomatic onset of several psychiatric illnesses including schizophrenia and addiction. Excess limbic
dopamine activity has been implicated in these wvulnerabilities. We combined molecular and dynamic indices of dopamine
neurotransmission to assess dopamine function in adolescent rats in two functionally distinct striatal subregions: nucleus accumbens
(NAc) and dorsal striatum (DS). In adolescents, we find an overall reduction in dopamine availability selective to the DS. Dopamine
release in the DS, but not in the NAc, was less responsive to amphetamine in adolescents compared to adults. The dopamine
transporter (DAT) inhibitor, nomifensine, similarly inhibited basal and amphetamine-induced dopamine release in either regions of both
the age groups, suggesting that the reduced effectiveness of amphetamine is not due to differences in DAT function. Furthermore, DAT
and vesicular monoamine transporter-2 expressions were similar in the DS and NAc of adolescent rats. In contrast, expression of
tyrosine hydroxylase (TH) was reduced in the DS, but not in the NAc, of adolescents compared to adults. Behaviorally, adolescents were
less sensitive to amphetamine but more sensitive to a TH inhibitor. These data indicate that, in contrast to the general notion that
dopamine is hyperactive in adolescents, there is diminished presynaptic dopamine activity in adolescents that is selective to the DS and
may result from attenuated TH activity. Given recent reports of altered dopamine activity in associative/dorsal striatum of individuals at a
clinically high risk of psychosis, our data further support the idea that dorsal, as opposed to ventral, regions of the striatum are a locus of

vulnerability for psychosis.

INTRODUCTION

The brain undergoes major remodeling during adolescence
and early adulthood (Rakic et al, 1994; Andersen et al,
2000), which may account for behavioral changes associated
with this developmental period. These changes include
increased risk-taking and novelty seeking (Adriani et al,
1998). These behaviors, albeit a component of normal
maturation processes, can have negative consequences that
lead to increased injuries and mortality rates (Lerner and
Galambos, 1998; Spear, 2000). Furthermore, it is during this
developmental period that the symptomatic onset of many
psychiatric illnesses, such as schizophrenia, occurs. The
efforts to design safe and mechanistically driven interven-
tions for these illnesses depend on a better functional
understanding of neuronal systems that contribute to
adolescent vulnerability. The dopamine system has been
strongly implicated in adolescent vulnerability to addiction
as well as transition to psychosis (Spear, 2000; Wahlstrom
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et al, 2010; O’Donnell, 2011; Sturman and Moghaddam,
2011; Forbes and Dahl, 2012). The dopamine system has a
central role in goal-directed and habitual behavior (Kelley,
2004; Wise, 2005), and undergoes significant remodeling
during adolescence, including changes in dopamine turn-
over, synthesis, and reuptake (Teicher et al, 1993; Andersen
et al, 1997). Dysfunction of the dopamine system is
associated with schizophrenia, mood, and addictive dis-
orders, symptoms of which often manifest during early or
late adolescence (Volkmar, 1996; Pine et al, 2002). In
particular, recent PET studies have reported abnormal
dopamine synthesis capacity before the onset of psychosis
in individuals at a clinically high risk of schizophrenia
(Howes et al, 2011a; Howes et al, 2011b).

The purpose of the present study was to better under-
stand the dynamics of dopamine neurotransmission in
behaving adolescents using a rodent model. We focused on
two functionally distinct, dopamine-innervated striatal
subregions: the nucleus accumbens (NAc) and the dorsal
striatum (DS). These regions are integral to behaviors that
are highly relevant to adolescent vulnerability to psychiatric
illnesses. The NAc is implicated in motivation and reward
processing (Mogenson et al, 1980), and the DS is involved in
habit formation and action selection (Yin et al, 2006a;
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Balleine et al, 2009). Recent studies have described age-
related electrophysiological differences in the reactivity of
neurons to salient events in these two regions (Sturman and
Moghaddam, 2011). We used amphetamine as a tool to
activate dopamine release in behaving adolescent and adult
rats. Amphetamine disrupts the dopamine transporter
(DAT) (Sulzer et al, 1995), thus increasing the dopamine
efflux. Amphetamine-like stimulants are commonly pre-
scribed to human youths with ADHD (Kutcher et al, 2004),
though little is known about their impact on dopamine
neurotransmission at this age. These stimulants produce
smaller behavioral activation in adolescent rodents com-
pared to adults (Bolanos et al, 1998; Laviola et al, 1999).
Thus, amphetamine may be an important tool for revealing
developmental differences in the release properties of
dopamine in behaving adolescents. We find that ampheta-
mine-induced dopamine release is attenuated in the DS of
adolescents compared to adults. This effect appears to be
due to reduced tyrosine hydroxylase (TH) expression in the
DS. Collectively, our data point to a DS-selective hypodo-
paminergic state in adolescents.

MATERIALS AND METHODS
Subjects

Adolescent (PND 34-38) and adult (PND 70-80) male
Sprague-Dawley rats (Harlan, Frederick, MD) were pair-
housed in a 12h light/dark cycle (lights on at 1900 hours).
Experiments were conducted during the animals’ dark
(active) phase. All animals were allowed to acclimate to the
housing environment for at least 5 days prior to experi-
ments or sacrifice, and had ad libitum access to water and
rat chow food. All microdialysis experiments and western
blot analyses employed separate subsets of rats, and there
was no overlap of subjects within these experiments.
Experiments were performed in accordance with and
approved by the ethical guidelines of the Institutional
Animal Care and Use Committee at the University of
Pittsburgh.

Microdialysis Measures of Dopamine in Behaving Rats

For microdialysis probe implantation, rats were anesthe-
tized with isoflurane and placed in a stereotaxic apparatus
using blunt ear bars. All methods and procedures were as
described previously (Adams and Moghaddam, 1998).
Animals were implanted bilaterally with dialysis probes in
both the medial area of the DS (for adolescents: AP -+ 0.7,
ML +2.0 from bregma, DV —5.0 from skull; and for
adults: AP + 1.6, ML + 2.2 from bregma, DV —6.0 from
skull) and the core of the NAc (for adolescents: AP + 1.0,
ML + 1.2 from bregma, and DV — 7.0 from skull; and for
adults: AP + 1.2, ML + 1.1 from bregma, DV — 8.4 from
skull). Motor behavior during the microdialysis experi-
ments was quantified as described before (Pehrson and
Moghaddam, 2010). Ambulations were defined as move-
ments where the animal moved its entire body (ie, a new
beam was broken, whereas a previously broken beam was
released). Fine movements were defined as smaller move-
ments where a new beam was broken without releasing a
previously broken beam. After completion of microdialysis
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experiments, rats were anesthetized with chloral hydrate
(400 mg/kg) and perfused intracardially with 0.9%
saline. Stained sections were evaluated for accuracy of
probe placement. Only data from placements within the
brain region of interest were used for further analysis
(Figure 1).

Drugs

Amphetamine (1.0 mg/kg; Sigma-Aldrich, St Louis, MO),
alpha-methyl-DL-tyrosine (50 mg/kg; TCI America), and
nomifensine (20 uM; Sigma-Aldrich) were dissolved in 0.9%
saline. Nomifensine was diluted further (5puM) in Ringer’s
solution before infusion through the microdialysis probe.
The dose of amphetamine used in this study was consistent
with previous work, demonstrating that low doses of
amphetamine increase the striatal dopamine efflux and
associated the motor behaviors (ie, locomotion, stereotyped
movements) in adolescent and adult rats. The dose of
nomifensine was chosen based on our previous studies that
show low doses of nomifensine infusion cause sustained
increases in striatal dopamine (Adams et al, 2002). The
alpha-methyl-DL-tyrosine dose was chosen based on
previous studies, demonstrating that pretreatment with a
dose of 50mg/kg (i.p.) attenuates the stimulation of
locomotor activity induced by amphetamine (Finn et al,
1990; Di Lullo and Martin-Iverson, 1991).

Western Blot Analysis

Rats were anesthetized with chloral hydrate, brains removed
rapidly, and placed in an iced metal brain mold for
dissection of NAc and DS. The dissected tissue was
homogenized with a Polytron homogenizer in buffer D
(20 mM HEPES, 125mM NacCl, 10% glycerol, 1 mM EDTA,
ImM EGTA, 1mM DTT, pH 7.6), containing protease
inhibitors (Pierce). Triton X-100 was added to a final
concentration of 1% and the samples were incubated with
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rotation for 1h at 4°C. Samples were centrifuged twice at
4°C at 10000 ¢ for 10 min. The supernatant was collected
and measured for protein concentration. Samples were
separated by SDS-PAGE on 10% Tris-HCl polyacrylamide
gels and transferred to nitrocellulose membranes using the
Bio-Rad system. Nitrocellulose membranes were first
blocked for 1h in TBS buffer (50 mM Tris-HCl, 150 mM
NaCl, 0.2% Tween 20) containing 5% dry milk and then
incubated with the indicated primary antibody in blocking
buffer, washed three times, and incubated with a horse-
radish peroxidase-conjugated secondary antibody. Follow-
ing all antibody incubations, membranes were washed three
times with TBS buffer and protein bands were visualized
using the West Pico SuperSignal system (Pierce). Primary
antibodies included anti-TH, anti-VMAT2, anti-DAT, and
anti-tubulin.

Data Analysis

Microdialysis and behavior data were analyzed as described
previously (Adams and Moghaddam, 1998; Pehrson and
Moghaddam, 2010). The microdialysis data were expressed
as a percentage of baseline DA release, where baseline was
defined as mean of the three baseline values obtained
immediately before a pharmacological manipulation. For
amphetamine studies, locomotor activity and stereotypy
data were expressed as the number of infrared beam breaks
within a 20-min bin (to correspond with the 20-min
microdialysis sample-collection bins). Western blot data
were expressed as the optical density ratio of protein
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normalized to tubulin. Statistical analysis of these depen-
dent measures was conducted using the two-factor repeated
measures, ANOVAs with age as the between-subjects factor,
and time as the within-subjects factor. For the western blot
analysis, independent f-tests were used.

RESULTS

Effects of Amphetamine on Motor Behavior and
Dopamine Efflux in the DS and NAc

Microdialysate analyses of baseline dopamine levels
indicated no age-dependent differences in NAc or DS.
The baseline means (in fmol/ul) for the NAc were 0.48 +
0.10 in adolescents and 0.60 £+ 0.14 in adults (t;,o= — 0.693,
n.s.); the baseline mean (in fmol/ul) for the DS were
1.13+0.33 in adolescents and 0.95%£0.29 in adults
(t,; = 0.687, n.s.).

Systemic administration of amphetamine (1.0 mg/kg, i.p.)
produced different regional effects in dopamine efflux in
adolescent vs adult rats. Amphetamine had similar effects
on both the age groups in NAc (Figure 2a), whereas it
induces significantly lower enhancements in dopamine levels
in the DS of adolescent vs adult rats (Figure 2b; time x age
interaction F(11,99) =27.30, p<0.001). After vehicle injec-
tion, there was no significant effect on dopamine efflux in
either NAc (Figure 2a) or DS (Figure 2b) of either age group.
There were also no age-related differences in resting baseline
extracellular levels of dopamine in DS or NAc.

In the same animals, amphetamine produced smaller
activation of locomotion (Figure 2c; time x age interaction
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Figure 2 Amphetamine causes lower increases in DS dopamine and motor behavior in adolescent rats. Adolescent (orange) and adult (blue) rats were
given an i.p. injection of 1.0 mg/kg amphetamine (squares) or 0.9% saline vehicle (circles). Dopamine release was measured in the (a) NAc (adolescent
amphetamine group, n=6; adult amphetamine group, n=6; adolescent vehicle group, n=15; adult vehicle group, n=5), and (b) DS (adolescent
amphetamine group, n = 6; adult amphetamine group, n = 5; adolescent vehicle group, n = 6; adult vehicle group, n =5). Motor behavior was also measured
for each animal, expressed as (c) ambulations (adolescent amphetamine group, n = 8; adult amphetamine group, n = 6; adolescent vehicle group, n = 9; adult
vehicle group, n=9), and (d) fine movements (adolescent amphetamine group, n= 8; adult amphetamine group, n = 6; adolescent vehicle group, n=9;
adult vehicle group, n=9). In each graph, baseline dopamine release and motor behavior were measured prior to injection, represented by the first three
time points displayed. All data are expressed as mean + SEM. Black arrows denote time of injection. Asterisk(s) denotes significant difference between
amphetamine-treated age groups at a given time point (*p <0.05, **p <0.01, ***p <0.001).
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F(11,132) =2.48, p<0.01) and fine motor movements
(Figure 2d; time x age interaction F(11,132)=3.51,
p<0.001) in adolescents compared to adults. Vehicle
administration showed no effect on locomotion
(Figure 2c) or fine movements between the groups
(Figure 2d), though adolescent rats had a transient response
in fine movements immediately after the injection.

Protein Expression Levels of DAT, VMAT2, and TH in
the DS and NAc

Given the region-specific differences in amphetamine-
induced dopamine efflux between adolescent and adult
rats, we sought to investigate the molecular mechanisms
responsible for these differences. We used western blot
analysis to measure the levels of proteins involved in
dopamine availability and effects of amphetamine, includ-
ing DAT, the monamine vesicular transporter-2 (VMAT?2),
and TH of adolescent and adult rats (Figure 3). Protein
analyses showed that adolescents have reduced DAT protein
levels in both the NAc (Figure 3a; ts = 3.70, p <0.05) and DS
(Figure 3b; t;=4.05, p<0.01) compared to adults. In
contrast, TH levels were selectively lower in DS of
adolescents compared to adults (Figure 3b; t;,,=4.87,
p<0.001), whereas levels were comparable in NAc of both
the age groups (Figure 3a). There were no significant
differences between either age group in VMAT?2 levels in the
NAc (Figure 3a) or in the DS (Figure 3b).

Effects of Nomifensine and Amphetamine on Dopamine
Efflux in the DS and NAc

Although reduced DAT levels were observed in adolescents
compared to adults in both the NAc and DS, the difference
in the DS was comparably more than the one in NAc
(age x region interaction F(1,10) =6.95, p<0.05), suggest-
ing that the reduced DAT function may potentially account
for reduced effects of amphetamine on dopamine release in
DS. To test the validity of this mechanism, we compared the
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effect of locally applied DAT inhibitor, nomifensine, on
basal and amphetamine-activated extracellular dopamine
levels at doses that produce a stable increase in extracellular
levels of dopamine (Adams et al, 2002). In both NAc and DS
of adolescents (Figure 4a and b), application of the DAT
inhibitor, nomifensine, produced a near six-fold increase in
dopamine efflux that was sustained throughout the drug
infusion. There were no significant age differences in
dopamine efflux in either the NAc (Figure 4a) or DS
(Figure 4b), in that a similar magnitude of increase was
observed in both adolescents and adults. Amphetamine
administration after nomifensine infusion had no age-
dependent differences in dopamine efflux in NAc
(Figure 4c) or DS (Figure 4d). The fact that the local
blockade of DAT with nomifensine had similar effects on
dopamine release in the NAc and DS between adolescents
and adults suggests that the function or density of DAT
alone is not responsible for the region-specific effects of
amphetamine-induced dopamine release.

Effects of TH Inhibition on Amphetamine-induced
Motor Behavior

To examine the role of TH regulation on dopamine-
mediated motor behaviors, animals were pretreated with
the TH inhibitor, alpha-methyl-DL-tyrosine, (50 mg/kg, i.p.)
for 2h prior to amphetamine (1.0 mg/kg, i.p.). Ampheta-
mine produces hyperactivity primarily by releasing newly
synthesized dopamine, and the dose of alpha-methyl-DL-
tyrosine chosen attenuates the motor-activating effects
of amphetamine (Finn et al, 1990; Di Lullo and Martin-
Iverson, 1991). Adults and adolescents pretreated with
alpha-methyl-DL-tyrosine responded similarly to ampheta-
mine in locomotor ambulations (Figure 5a), whereas
amphetamine-induced stereotyped movements were signif-
icantly reduced in adolescents (Figure 5b; time X age
interaction F(29,206) =1.740, p<0.01). Vehicle adminis-
tration showed no effect on locomotion (Figure 5a) or fine
movements between the groups (Figure 5b).
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Figure 3 Adolescent rats have decreased levels of TH and DAT in the DS. Diagrams in the upper right corner of each panel depict general regions of
dissection of tissue-free hand dissected bilaterally from both the NAc (outlined in green) and DS (outlined in red) of adolescent and adult rats. Protein
expression levels of DAT (adolescents, n=4; adults, n=3), VMAT2 (n =6 for each group), and TH (n= 6 for each group) were measured using western
blot analysis in the (a) NAc, and (b) DS of adolescent (orange bars) and adult (blue bars) rats. All protein optical densities were normalized to tubulin, shown
along the bottom of the figure. All data are expressed as mean £ SEM. Asterisk(s) denotes significant differences between age groups (*p <0.05, **p <0.01,

% <0.001).
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Figure 4 Blockade of DAT produced similar regional effects on dopamine release in both adolescents and adults. The DAT inhibitor nomifensine was
infused directly into the NAc and DS of adolescent (orange) and adult (blue) rats. Dopamine release was measured in the (a) NAc (adolescent group,
n=11; adult group, n=10), and (b) DS (adolescent group, n = |4; adult group, n=11). When maximum dopamine release was reached for at least three
consistent time points during nomifensine infusion, animals were given an i.p. injection of 1.0 mg/kg amphetamine (squares) or 0.9% saline vehicle (circles).
Dopamine release continued to be measured in the (c) NAc (adolescent amphetamine group, n = 6; adult amphetamine group, n = 6; adolescent vehicle
group, n=1>5; adult vehicle group, n=5), and (d) DS (adolescent amphetamine group, n = 6; adult amphetamine group, n=>5; adolescent vehicle group,
n = 8; adult vehicle group, n = 6) following injection. In graphs (a) and (b), baseline dopamine release was measured prior to infusion, represented by the first
three time points displayed. In graphs (c) and (d), baseline dopamine release was measured after nomifensine infusion caused a plateau in dopamine release,
represented by the first three time points displayed. All data are expressed as mean + SEM. Black bar denotes nomifensine infusion. Black arrow denotes
time of amphetamine injection.
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Figure 5 TH inhibition causes lower increases in fine movements in adolescent rats after amphetamine administration. Adolescent (orange) and adult
(blue) rats were pretreated with alpha-methyl-DL-tyrosine before given an i.p. injection of 1.0 mg/kg amphetamine (squares) or 0.9% saline vehicle (circles).
Motor behavior was measured for each animal (n= 10 for each group), expressed as (a) ambulation, and (b) fine movements. In each graph, baseline motor
behavior during pretreatment was measured prior to amphetamine injection, represented by the first six time points displayed. All data are expressed as
mean £ SEM. Black arrow denotes time of injection.

DISCUSSION adults. Dopamine influences striatal neuronal activity

We find that compared to adults, amphetamine releases less P rimarily by modulating the imp act of cortical and other
inputs onto these neurons (Surmeier et al, 2011). Our

dopamine in the DS of adolescents. Our data further findings, therefore, suggest that the modulatory role of
indicate that a potential mechanism for this attenuated dopamine is reduced in the DS of adolescents. These data
response is the reduced expression of TH in the DS of  are in contrast to theories that suggest dopamine neuro-
adolescents, which would diminish dopamine synthesis and  transmission is enhanced during adolescence (Chambers
the releasable pool of dopamine. In contrast to the DS, we et al, 2003; Wahlstrom et al, 2010; Forbes and Dahl, 2012).
find similar levels of TH expression and amphetamine-  The data, however, are consistent with exaggerated respon-
induced dopamine release in the NAc of adolescents and  siveness of adolescent DS neurons to salient events such as
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reward expectancy (Sturman and Moghaddam, 2012).
Reduced dopamine modulation in the DS during this
developmental phase may be a ‘normal’ process that
enhances DS-dependent functions, such as action-
outcome learning. Absence of this reduced modulation
may serve as a mechanism for increased vulnerability to
dopamine-related illnesses like schizophrenia and addic-
tion. Consistent with this hypothesis, recent studies have
linked elevated presynaptic measures of dopamine in the DS
to prodromal signs of schizophrenia and transition to
psychosis in at-risk individuals (Howes et al, 2009; Howes
et al, 2011a; Howes et al, 2011b; Allen et al, 2012).

Adolescent Responses to Psychostimulants

Our finding of age-dependent differences in sensitivity to
amphetamine is consistent with studies showing that
adolescent rats are less sensitive than adults to the motor-
activating effects of psychostimulants (Bolanos et al, 1998;
Laviola et al, 1999). The unconditioned behavioral re-
sponses to psychostimulants depend on dopamine function
(Beninger, 1983). Decreasing or depleting dopamine by
blocking the dopamine receptors or lesioning dopamine
cells with 6-hydroxy-dopamine produces hypolocomotion,
whereas drugs that enhance dopamine neurotransmission,
such as amphetamine and cocaine, produce hyperlocomo-
tion and stereotypy (Beninger, 1983). There is a dorsal-
ventral relationship in the striatum related to this effect in
that stereotypy and fine movements are attributed to DS
dopamine activation, whereas hyperlocomotion is attribu-
ted to NAc dopamine activation (Beninger, 1983). Despite
the observation that both amphetamine-induced hyperlo-
comotion and stereotypy were reduced in adolescents, we
found a reduction in dopamine release that was selective to
the DS. A lack of difference in dopamine release in the NAc
suggests that dopamine-mediated behaviors such as loco-
motion that are dependent on the functional integrity of this
region in adults may be differently regulated in adolescents.
Our data further indicate indicate that at least some of the
observed reduced behavioral effects of stimulants in
adolescents may be attributed to hypoactive dopamine
neurotransmission in the DS.

Dopamine Maturation Occurs During Adolescence

The age-specific behavioral differences observed in re-
sponse to dopamine releasers, such as amphetamine, may
be the result of underlying developmental neural changes in
the dopamine circuitry during adolescence. Several lines of
evidence indicate that the dopamine system undergoes
major remodeling during adolescence. In adolescent
rodents, there is dopamine receptor overproduction and
pruning in the striatal regions (Andersen et al, 1997;
Badanich et al, 2006; Cao et al, 2007). The modulatory
impact of dopamine receptor-binding shifts from being
mildly inhibitory to strongly excitatory during adolescence
to early adulthood (O’Donnell, 2011). Firing rates of
midbrain dopamine neurons also have been shown to peak
during adolescence before decreasing over time into
adulthood (McCutcheon and Marinelli, 2009; McCutcheon
et al, 2012). Furthermore, DAT levels in both the DS and
NAc are considered to follow a similar pattern of postnatal
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development, with higher DAT levels in adulthood com-
pared to adolescence in these regions (Tarazi et al, 1998).
However, there have been other reports that show DAT
levels peak in adolescence and gradually decline with age
(Meng et al, 1999; Moll et al, 2000).

When considering the action of amphetamine in the
present context, it is important to underscore the potential
neurodevelopmental consequences of DAT on dopamine
availability. Amphetamine increases extracellular dopamine
by disrupting the function of DAT (Sulzer et al, 1995). Our
finding of reduced amphetamine effect on dopamine efflux
in adolescent DS could indicate the reduced DAT function
in this region. When examining DAT expression and
function, however, we found that adolescents express less
DAT in both the NAc and DS than adults, and that the
functional consequences of DAT inhibition are similar in
both regions. Consistent with these data, Volz et al (2009)
have shown that whereas adolescent rats have lower DAT
expression in striatal tissue, there are increased levels of
functionally active DAT as measured by dopamine trans-
port velocities and DAT immunoreactivity. This study did
not distinguish between dorsal and ventral striatum but the
results suggest that although adolescent rats express less
DAT, these DATs are functionally more efficacious at
dopamine clearance than those expressed in adults.

Similar patterns of reuptake in both the NAc and DS
suggest that there are other mechanisms that govern
dopamine availability in adolescents that selectively target
the DS, making it hyporesponsive to stimulants such as
amphetamine. Our data strongly indicate that this region-
ally selective mechanism involves expression of TH.
Dopamine synthesis is mediated by TH, a rate-limiting
enzyme that converts tyrosine to L-DOPA (Molinoff and
Axelrod, 1971). TH activity is sustained until catecholamine
neurotransmitters are no longer needed, and thus dopamine
synthesis and availability are activity-dependent. We
observed that, unlike DAT, there are region-specific
differences in TH expression between adolescents and
adults. Lower levels of TH in the adolescent DS would lead
to reduced dopamine synthesis, potentially leading to
reduced dopamine transmission in this region. Our finding
that amphetamine-induced stereotypy, a motor behavior
dependent on dopamine neurotransmission in the DS
(Beninger, 1983), was selectively attenuated in adolescents
by a TH inhibitor further supports the lower functional state
of TH activity in this region. TH is regulated long-term
through gene expression and short-term through feedback
inhibition by catecholamines, allosteric regulation, and
phosphorylation (Kumer and Vrana, 1996). Further studies
are needed to establish which of these mechanisms
contribute to reduced TH activity in the adolescent DS.

Functional and Clinical Relevance

The most critical finding of this study is that dopamine
neurotransmission may be selectively reduced in the DS but
not in the NAc of adolescents. These striatal regions are
functionally and structurally distinct. The DS is involved in
voluntary motor control, instrumental learning, and habit
formation, whereas the NAc is involved in reward and
reinforced behaviors (Mogenson et al, 1980; Kelley et al,
2004). At the structural level, the pattern of cortical inputs

Neuropsychopharmacology

1349



Dopamine hypoactivity in adolescents
M Matthews et al

1350

to these regions is distinct. Cortical glutamatergic afferents
innervate the striatum in a topographic gradient, where the
dorsolateral striatum predominantly receives inputs from
sensory and motor cortical areas, and the ventromedial
striatum (including NAc) receives inputs from the amygdala
and hippocampus (Groenewegen, 1994; Voorn et al, 2004).
The different cortical and midbrain influence over the DS
compared to the NAc may contribute to dopamine synthesis
and, subsequently, activity-dependent release throughout
adolescence.

The developmental remodeling of the striatum is of
particular interest because of its role in goal-directed
behavior. Previous models had implicated the limbic
system, in particular the amygdala and the NAc, in
functional immaturities of the adolescent brain (Spear,
2000; Chambers et al, 2003). However, the present data, as
well as a recent electrophysiology study (Sturman and
Moghaddam, 2012), do not find functional differences in the
NAc of adolescents as compared to adults. Instead, we find
reduced dopamine neurotransmission in the DS, a region
that is involved critically in learning, habit formation, and
action selections (Yin et al, 2006b). Dopamine’s action in
the striatum is primarily inhibitory (Bamford et al, 2004).
Thus, reduced dopamine activity in this region during
adolescence may enhance the function of afferent input that
mediates learning and habit formation. Whereas this may
be a critical process for normal development, disruption of
this reduced dopamine activity may produce vulnerability
to illnesses such as schizophrenia. Consistent with this
mechanism, recent PET studies have reported selective
disruption of dopamine synthesis capacity in associative
subregions of the striatum in individuals at high risk to
develop schizophrenia (Howes et al, 2009; Fusar-Poli et al,
2010) who transition to psychosis (Howes et al, 2011la;
Howes et al, 2011b; Allen et al, 2012), suggesting that
dysregulation of dopamine synthesis in the DS, potentially
through mechanisms that regulate TH activity, could lead to
psychosis in these individuals.

Conclusion

These data demonstrate that dopamine neurotransmission
in the DS of adolescent rodents is hypofunctional compared
to adults. These findings support the idea that develop-
mental changes of the dopamine system may contribute to
illnesses such as schizophrenia and suggest that a locus of
this dopaminergic involvement is the DS. As part of normal
development, the reduced inhibitory modulation of DS
neurons by dopamine may facilitate DS-dependent func-
tions such as action-outcome learning, but an abnormally
hyperactive dopamine modulation in the DS may contribute
to increased vulnerability to habit formation, impulsive
decision making, and development of psychosis in indivi-
duals at high risk for schizophrenia.
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