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Neurocircuitry Underlying the Preferential Sensitivity of
Prefrontal Catecholamines to Low-Dose Psychostimulants

Brooke E Schmeichel' and Craig W Berridge*'
'Psychology Department, University of Wisconsin, Madison, Wi, USA

Low doses of psychostimulants, including methylphenidate (MPH), are highly effective in the treatment of attention-deficit/hyperactivity
disorder (ADHD). At these doses, psychostimulants improve prefrontal cortex (PFC)-dependent function. Recent evidence indicates
that low and clinically relevant doses of psychostimulants target norepinephrine (NE) and dopamine (DA) signaling preferentially in the
PFC. To better understand the neural mechanisms responsible for the regional selectivity of low-dose psychostimulant action, it is
important to first identify the underlying neurocircuitry. The current study used reverse microdialysis to test the hypothesis that the
preferential targeting of PFC catecholamines by low-dose psychostimulants involves direct action within the PFC, reflecting an intrinsic
property of this region. For these studies, the effects of varying concentrations of MPH (0.25, 1.0, and 4.0 uM) on NE and DA efflux were
examined within the PFC and select subcortical fields in unanesthetized rats. Low concentrations of MPH elicited significantly larger
increases in extracellular levels of NE and DA in the PFC than in subcortical regions linked to motor-activating and arousal-promoting
actions of psychostimulants (nucleus accumbens and medial septal area, respectively). The differential action of MPH across regions
disappeared at higher concentrations. The enhanced sensitivity of PFC catecholamines to low and clinically relevant doses of
psychostimulants, at least in part, reflects a unique sensitivity of this region to NE/DA transporter blockade. Available evidence suggests

INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is conser-
vatively estimated to affect 3-5% of children and adults
(Solanto, 2001; Spencer et al, 2004). Pharmacological
treatment is highly effective in the treatment of this
disorder, with low-dose psychostimulants currently the
most effective and most widely used treatment for ADHD
(Greenhill, 2001). In ADHD patients, clinically relevant
doses of psychostimulants and other drugs used in the
treatment of ADHD improve prefrontal cortex (PFC)-
dependent behavioral and cognitive processes, including
behavioral inhibition, working memory, and planning
(Berridge and Devilbiss, 2011), consistent with evidence
implicating the PFC in ADHD (Castellanos and Tannock,
2002). Moreover, these actions of psychostimulants are not
unique to ADHD, with similar cognition-enhancing effects
observed in healthy human and animal subjects adminis-
tered clinically relevant doses (Berridge et al, 2006; Gamo
et al, 2010; Rapoport and Inoff-Germain, 2002).
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that the increased sensitivity of PFC catecholamines likely involves DA clearance through the NE transporter within the PFC.
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Neurochemically, low and clinically relevant doses of the
psychostimulant, methylphenidate (MPH; Ritalin), elevate
norepinephrine (NE), and dopamine (DA) signaling pre-
ferentially within the PFC. Thus, in rats, doses of MPH that
produce clinically relevant plasma concentrations and
enhance PFC-dependent working memory and sustained
attention, elicit larger increases in extracellular NE and DA
in the PFC relative to other cortical and subcortical regions
(Berridge et al, 2006; Kuczenski and Segal, 2001). This
regional selectivity is in contrast to the robust and
widespread increases seen with higher doses of psychosti-
mulants (Kuczenski et al, 1997). Consistent with these
observations, recent studies demonstrate that when infused
directly into the dorsomedial PFC, MPH improves perfor-
mance in a working memory task, similar to that seen with
systemic administration of MPH (Spencer et al, 2012).
Combined, these observations indicate that the cognition-
enhancing and therapeutic actions of psychostimulants
involve, at least in part, preferential targeting of PFC
catecholamines.

To date, the mechanisms responsible for the preferential
sensitivity of PFC catecholamines to low and clinically
relevant doses of psychostimulants are unknown, represent-
ing a significant gap in our understanding of both the
pharmacology of ADHD and the neurobiology of the PFC.
The enhanced sensitivity of PFC catecholamines to low-dose
psychostimulants could reflect drug action outside the PFC,
including on non-catecholamine PFC-projecting neurons
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Figure |

Photomicrographs of Nissl-stained tissue sections depicting placement of dialysis probes within prefrontal cortex (PFC; a), nucleus accumbens

(NAG b), and medial septal area (MSA; c). For PFC, probes spanned the majority of the dorsoventral extent of the medial PFC. For NAc, probes were
generally placed within the central portion corresponding to the core subdivision. For MSA, probes were placed medially, largely within the medial septum
and diagonal band of Broca. Arrows indicate probe track and point toward midline. ac, anterior commissure; CC, corpus callosum; LV, lateral ventricle.

known to modulate catecholamine release (eg, amino acids;
Bonanno et al, 1989; Galli et al, 1991). Alternatively, this
could reflect local action within the PFC and a unique
sensitivity of PFC catecholamines to low concentrations of
psychostimulants. For example, in the PFC the NE transpor-
ter (NET) has a prominent role in DA clearance from the
extracellular space (Carboni et al, 2006, 1990; Moron et al,
2002; Valentini et al, 2004). Evidence suggests that NE and
DA binding to the NET is competitive, with increases in
either NE or DA within the PFC elevating extracellular levels
of the other transmitter (Bymaster et al, 2002; Schmeichel
et al, 2012; Valentini et al, 2004). Such a feed-forward process
could contribute to the enhanced sensitivity of PFC
catecholamines to low-dose psychostimulants.

A critical first step in identifying the mechanism(s)
responsible for the preferential targeting of PFC catechola-
mines by low-dose psychostimulants is the identification of
the underlying neurocircuitry. The current studies exam-
ined whether the enhanced sensitivity of PFC catechola-
mines involves direct action of psychostimulants within the
PEC. Using a reverse microdialysis approach, we examined
the effects of local perfusion of MPH on extracellular levels
of NE and DA within the PFC, nucleus accumbens (NAc)
and the medial septal area (MSA). These three regions were
of particular interest as earlier studies characterized the
effects of low and clinically relevant doses of systemically
administered MPH on extracellular catecholamines within
these regions (Berridge et al, 2006). Results obtained
demonstrate that the enhanced sensitivity of PFC catecho-
lamines to low-dose psychostimulants reflects an intrinsic
property of the PFC.

MATERIALS AND METHODS
Animals and Surgery

Forty-six male Sprague-Dawley rats (260-280 g, Charles River,
Wilmington, MA) had ad lib access to food and water on an
11:13-h light:dark cycle (lights on 0700 h). For microdialysis
studies, probes were surgically implanted under isoflurane
anesthesia. All procedures were in accordance with NIH

guidelines and were approved by the University of Wisconsin
Institutional Animal Care and Use Committee.

Microdialysis and HPLC Analyses of NE and DA

In all cases, 1-2 days before testing, laboratory-made
microdialysis probes were lowered into the PFC (A +3.2;
L1.0; V-5.0 mm at an angle of 4° lateral), the core subregion
of the NAc (A+1.7; L1.4; V-7.8 mm), or the MSA (A-0.7;
L0.5; V-7.8mm) as described previously (Berridge et al,
2006; Berridge and Stalnaker, 2002). No more than two
regions were sampled per animal. Animals were housed in
the testing chamber following surgery (see below) and
artificial extracellular fluid (AECF; 147 mM NaCl, 1.3 mM
CaCl,, 0.9 mM MgCl,, 2.5 mM KCI; pH 7.4) was perfused at a
rate of 1.5ul/min through PE20 tubing to a length of
Spectra/Por hollow fiber (MW cutoff 13000, o.d. 250 um).
The dialysis membrane was sealed and attached to the PE20
tubing with epoxy. The approximate length of functional
dialysis membrane was 4 mm for PFC, 3 mm for MSA, and
2mm for NAc. This active membrane began immediately
above the ~ 1 mm epoxy plug located at the most ventral tip
of the probe. Fused silica (150 mm o.d., 75mm i.d.) pro-
vided outflow of dialysate to a sample collection vial outside
the testing chamber. The average recovery for probes was as
follows: PFC, 10.3+0.3% for NE (n=20) and 11.2+0.5%
for DA (n=21); MSA, 8.8+0.8% for NE (n=7) and
10.1 +1.1% for DA (n=7); NAc, 8.6 + 0.5% for DA (n=21).

DA and NE were measured in dialysate samples using
HPLC with electrochemical detection. For these analyses,
20 pl aliquots were immediately injected following collec-
tion onto an HPLC-EC system consisting of an ESA Model
582 pump and an ESA 5100 A Coulochem II detector with
2 electrodes in series: —0.25mV, -+220mV (Cell Model
5014B; ESA, Boston, MA). For DA, samples were injected
onto a Velosep C18 100 x 3.2mm column with a mobile
phase consisting of 200mM sodium phosphate (pH 3.0-
4.5), 0.1 mM EDTA, 0.3 mM sodium octyl-sulfate, and 5% v/v
methanol with the pump set at 0.6ml/min. For NE,
samples were injected onto an ion exchange column
(ESA, MD-16) and the mobile phase consisted of 150 mM
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Figure 2 Regional effects of local application of methylphenidate (MPH) on extracellular levels of norepinephrine (NE) and dopamine (DA). Mean (+ SEM)
NE and DA levels expressed as percentage of baseline following local application of MPH at varying concentrations via reverse dialysis within the prefrontal
cortex (PFC), nucleus accumbens (NAc), and medial septal area (MSA) are shown. (a—) The effects of 0.25, 1.0, and 4.0 uM MPH, respectively, on DA (left
panels) in the PFC, NAc and MSA and NE (right panels) in the PFC and MSA (1.0 uM only) are depicted. Values represent the average of two 30-min samples
collected 2 h before (negative numbers) and beginning 30-min after MPH application (positive numbers). The 1.0 uM concentration elicited significantly larger
increases in DA and NE relative to the subcortical regions in the second and third 60-min collection epochs. #P < 0.05, ¥*P<0.01 compared with Sample -1;
+tP<0.05 T TP<00! compared with NAc DA within the same sample epoch; *P<0.05 compared with MSA NE within the same sample epoch.

ammonium acetate (pH ~6.0), 0.14mM EDTA, 15% v/v
methanol, and 5% acetonitrile with the pump set at 0.2 ml/min.

In all cases, 30-min samples were collected before and
following local perfusion of methylphenidate hydrochloride
(MPH; Sigma, St Louis, MO) dissolved in AECF via reverse
dialysis. For the PFC and MSA, samples were split and
analyzed for both DA and NE. Baseline values were
determined from samples characterized by low levels of
waking (ie, sleeping) and displaying less than 10% variation
from the average value. The quantitation limit for both NE
and DA (three times background noise) was ~ 0.3 pg (20 pl
samples). The mean baseline concentration of NE per
sample was 1.4+0.1pg within the PFC (n=23) and
1.5+ 0.2 pg within the MSA (n=7). The mean baseline
concentration of DA per sample was 1.0 £ 0.1 pg (n=22)
within the PFC, 1.0 £ 0.1 pg within the MSA (n=7), and
7.0 £ 0.5 pg (n=22) within the NAc.

Microdialysis Experimental Procedure

Microdialysis sample collection was conducted in a Plexiglas
testing chamber (32 x 32 x 40cm) containing bedding and
housed in a ventilated, sound-attenuating chamber (Berridge
and Foote, 1996). Animals had ad lib access to food and
water. Baseline samples were collected during the light phase
of the circadian cycle between the hours of 0800 and 1300,
identical to prior studies examining the effects of systemic
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MPH on extracellular catecholamines in the PFC, NAc, and
MSA (Berridge et al, 2006). On the day of testing, at least
four 30-min baseline dialysis samples were collected before
switching the AECF-containing syringe to a syringe contain-
ing AECF+MPH (0.25, 1.0, and 4.0 uM). Following this
switch, there was a 30-min delay before resuming sample
collection to allow for pressure/flow-rate restabilization.
Sample collection continued for an additional 4 h.

Statistical Analyses

A mixed-design three-way ANOVA for concentration
(between subjects; three levels), region/neurotransmitter
(between subjects; five levels), and time (within subjects; six
levels, representing 6-1h epochs) was used to analyze
neurochemical data (see Figure 2). For each time epoch
within a dose, pairwise post hoc analyses were conducted
using independent t-tests. Matched-pair t-tests were also
used to determine whether within a given group post-
treatment measures differed significantly from the baseline
epoch that immediately preceded MPH perfusion. To
further characterize the neurochemical effects of the
1.0pM MPH concentration, additional analyses were
conducted to assess the effects of this concentration
on catecholamines over an extended 90-min period (see
Figure 3). For these latter analyses, drug-induced changes in
DA across regions were examined using a one-way ANOVA
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Figure 3 Locally administered methylphenidate (MPH) increases dopa-
mine (DA) and norepinephrine (NE) preferentially within the prefrontal
cortex (PFC). The effects of local application of 1.0 uM MPH on extracellular
levels of DA and NE within the PFC, nucleus accumbens (NAc), and medial
septal area (MSA) are shown. Data are an average ( + SEM) of three 30-min
samples collected 90—180 min following MPH application and are expressed
as percent above baseline. At this dose, MPH produced only modest
increases in DA and NE levels (~50-60%) in subcortical regions (NAc and
MSA), while eliciting significantly larger increases in DA and NE levels
(~100-120%) within the PFC. A similar pattem of effects is seen with
systemic administration of MPH (Berridge et al, 2006). *P <0.05 relative to
NAc DA and *P<0.05 relative to MSA NE.

(three levels, PFC, NAc, and MSA) followed by a Tukey’s
HSD post hoc test, while NE effects were examined using an
independent t-test (PFC vs MSA).

Histological Analyses and Data Selection

The placement of microdialysis probes was verified in
40 um thick coronal sections stained with Neutral Red dye.
Data from a given experiment were included only when
histological analyses verified accurate probe placement
within a target region and NE or DA concentrations were
stable (< +10%) throughout baseline.

RESULTS

Effects of Local Application of MPH on NE and DA
Within the PFC, NAc, and MSA

To determine whether low-dose MPH differentially impacts
extracellular NE and DA levels across regions, we initially
examined the effects of varying concentrations of locally
perfused MPH (0.25, 1.0, and 4.0 uM) on NE and DA in the
PFC and DA in the NAc (Figure 1). This first series of
measurements indicated that the 1.0uM concentration
elicited differential actions across regions. Therefore, we
extended our measurements for this concentration of MPH
to NE and DA within the MSA, an area that receives
moderate DA and NE innervation, similar to the PFC
(Figure 1). This region permitted: (1) determining the
degree to which subcortical NE differs in sensitivity from
PFC NE; and (2) extending our analyses to a second
subcortical DA terminal field that differs in the degree of
DA innervation and DA transporter (DAT) density from the
NAc. The number of data points per MPH concentration,
region, and transmitter were (1) 0.25puM: PFC NE, n=2§;
PFC DA, n=7; NAc DA, n=7; (2) 1.0uM: PFC NE, n=17;
MSA NE, n=7; PFC DA, n=7; NAc DA, n=7; MSA DA,
n=17; (3) 4.0 uM, PFC NE, n=38; PFC DA, n=28; NAc DA,
n=28. An omnibus ANOVA for concentration, time, and
region indicated that MPH significantly increased NE and
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DA in a concentration- and region-dependent manner
(Figure 2; concentration: F,;o=24.55, P<0.001; region:
F470=2.07, P=0.09; concentration X region: F, ;o= 1.70,
P=0.16; time: Fs350=224.39, P<0.001; time X concen-
tration: Fjg350=35.32, P<0.001; time X region: F,q350=
1.94, P<0.05; time X concentration X region: Fyg 350 =3.11,
P<0.001).

Regional Effects of MPH

Given the highly significant time X concentration X region
interaction, additional analyses examined the effects of a
given concentration on NE/DA levels across regions for
each post-treatment time period. These analyses indicated
that local application of 1.0 UM MPH, but not 0.25 or 4.0 uM
MPH, resulted in elevations in PFC catecholamines similar
to that seen with systemic administration of clinically
relevant doses (eg, increases of 100-200%; Berridge et al,
2006). Moreover, as shown in Figure 2, the 1.0uM dose
exerted preferential actions on PFC catecholamines relative
to the other two regions, also similar to that seen with
systemic administration of clinically relevant doses.

Specifically, at the 1.0-uM concentration, MPH produced
significantly larger increases in PFC DA than either NAc DA
or MSA DA in the second and third 60-min post drug
collection epochs (NAc, Post-2, t;, =3.39, P=10.005; Post-3,
t1, =2.58 P=0.027; MSA, Post-2, t,, = 2.25, P<0.05; Post-3
t1,=2.16 P=0.05). Similarly, for NE, this concentration of
MPH elicited significantly larger increases in PFC NE
relative to the NE in the MSA in the second 60-min
collection epoch (#;,=2.71, P=0.019) with a trend for a
significant difference in the third 60-min collection epoch
(t;2=1.69 P=0.12). These differences across regions
observed at the 1.0 UM concentration are reduced in later
time points as the subcortical catecholamine levels continue
to increase while levels in the PFC reach a steady state. At
the 1.0-uM concentration, the effects of MPH on NE and DA
within the PFC were not significantly different.

To further characterize the regionally selective effects of
1.0 UM MPH, we examined the effects of this concentration
on NE and DA levels averaged over a 90-min period spanning
90-180 min after MPH application. As shown in Figure 3,
MPH maximally increased extracellular PEC DA by ~100%
compared with an ~50% increase in DA within both the
NAc and MSA (F, 50 =6.04, P<0.01). For NE, MPH increased
PFC NE ~ 120% above baseline compared with an increase of
~50-60% within the MSA (Figure 3; t;, =2.52, P<0.05).

DISCUSSION

Clinically relevant and cognition-enhancing doses of
psychostimulants produce larger increases in extracellular
levels of DA and NE in the PFC than in cortical and
subcortical regions outside the PFC, including regions
associated with the arousing and motor-activating effects of
these drugs (Berridge et al, 2006; Drouin et al, 2007;
Kuczenski and Segal, 2001; Kuczenski and Segal, 2002).
At higher and behaviorally activating doses, this preferential
targeting of PFC catecholamines does not occur (Kuczenski
et al, 1995; Moghaddam et al, 1993). This and other
evidence indicates that the preferential elevation of PFC
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catecholamines by low-dose psychostimulants contributes
to their ability to promote PFC-dependent cognition while
lacking the locomotor-activating and arousal-promoting
effects typically associated with these drugs (Berridge et al,
2006; Spencer et al, 2012). However, the circuitry respon-
sible for the selective targeting of PFC catecholamines by
low-dose psychostimulants has been unclear.

The current studies demonstrate that when applied directly
to the PFC at a concentration that elevates catecholamines in
a range seen with systemic administration of clinically
relevant doses (100-200%), MPH produced significantly
smaller increases in DA and NE in the two subcortical
regions examined (~50%). These observations indicate that
the enhanced sensitivity of PFC catecholamines to clinically
relevant doses of psychostimulants reflects, at least in part,
mechanisms contained within the PFC. This information
provides new insight into the neurobiology underlying the
neurochemical and cognitive effects of cognition-enhancing
doses of psychostimulants. Moreover, these studies provide
critical information for future research aimed at under-
standing the cellular mechanisms responsible for the
enhanced sensitivity of PFC catecholamines to clinically
relevant doses of psychostimulants and other drugs used in
the treatment of ADHD (eg, selective NE reuptake inhibitors
(SNRIs); Bymaster et al, 2002).

The Pharmacology of ADHD: Preferential Targeting of
the PFC

Neuropsychological and imaging evidence suggests a
prominent involvement of the PFC in ADHD (for review,
Arnsten and Castellanos, 2002). Consistent with this, drugs
used to treat ADHD, including psychostimulants, SNRIs
and o,-receptor agonists, improve an array of PFC-
dependent processes (Chamberlain et al, 2007; Diamond,
2005; Mehta et al, 2001; Turner et al, 2005). Neurochemi-
cally, low and clinically relevant doses of MPH preferentially
increase extracellular levels of NE and DA within the PFC
relative to other cortical and subcortical regions (for review,
Berridge and Devilbiss, 2011). Moreover, despite their
selectivity for the NET, SNRIs used in the treatment of
ADHD (desipramine and atomoxetine) also elevate both NE
and DA in the PFC (Bymaster et al, 2002; Carboni et al,
2006; Carboni et al, 1990; Yamamoto and Novotney, 1998).
These observations suggest that the cognition-enhancing/
therapeutic effects of drugs used to treat ADHD involve
increased catecholamine signaling within the PFC. Consis-
tent with this hypothesis, direct infusion of MPH into the
PFC, but not dorsomedial striatum, improves working
memory performance (Spencer et al, 2012). This cognition-
enhancing action of intra-PFC MPH is similar to that seen
with intra-PFC infusion of clinically efficacious o, agonists
(eg, guanfacine; for review, Arnsten, 2009).

These observations indicate that the cognition-enhancing
actions of low-dose psychostimulants involve drug-induced
elevations in PFC catecholamines. Conversely, the fact that
clinically relevant doses of psychostimulants exert only a
modest impact on circuitry associated with psychostimu-
lant-induced arousal (eg, MSA NE; Berridge, 2006) and
motor activation (eg, NAc; Kelley et al, 1989) is consistent
with their minimal arousal-promoting and motor-activating
effects. Moreover, the fact that clinically relevant doses of
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psychostimulants exert a modest impact on DA levels in the
NAc, a key region involved in the reinforcing effects of
psychostimulants, is also consistent with evidence indicat-
ing that the clinical use of psychostimulants does not
increase, and may reduce, the liability for drug abuse in
ADHD populations (Biederman, 2003). Collectively, these
observations indicate that the preferential targeting of PFC
catecholamines contributes to the therapeutic actions of
psychostimulants seen in the treatment of ADHD.

Potential Mechanisms Underlying the Preferential
Targeting of PFC Catecholamines

The current studies identify the PFC as a site involved in
the enhanced sensitivity of PFC catecholamines. Currently,
the cellular mechanisms within this region responsible for
the enhanced sensitivity of catecholamines to low-dose
psychostimulants remain to be elucidated. One possible
mechanism involves the tight relationship between DA and
NE clearance within the PFC. Anatomical studies demon-
strate a limited density of the DAT in the PFC (Sesack et al,
1998). Additional evidence indicates that the NET has a
prominent role in DA clearance within the PFC. Indeed, it
has long been known that the NET displays a higher affinity
for DA than does the DAT (Giros et al, 1994; Gu et al, 1994).
Consequently, in regions with minimal DAT (eg, PFC),
drugs that block the NET increase both NE and DA while
having no significant impact on DA levels in regions with
high DAT density and low NET density (eg, NAc; Bymaster
et al, 2002; Carboni et al, 1990). Conversely, recent
studies demonstrate that a highly selective DAT inhibitor
also elevates both DA and NE in the PFC (Schmeichel et al,
2012). These observations suggest that NE and DA binding
to the NET in the PFC is competitive, with elevations in
extracellular levels of one transmitter resulting in elevations
of the other. Such a feed-forward mechanism could contri-
bute to the differential sensitivity of PFC catecholamines to
low-dose psychostimulants relative to other regions.

In addition to the tight linkage of NE and DA clearance in
the PFC, amino acids and other transmitters are known to
modulate catecholamine/monoamine release via presynaptic
receptors (Bonanno et al, 1989; Galli et al, 1991; Raiteri et al,
1989). Thus, psychostimulant-induced alterations in amino-
acid signaling or other neurotransmitters could exert region-
specific modulation of extracellular catecholamine levels.

Although the pattern of changes in extracellular NE and
DA across regions produced by locally perfused MPH was
largely similar to that seen with systemic administration of
clinically relevant doses, there was one exception. Namely,
when administered systemically, clinically relevant doses
produce significantly larger increases in extracellular levels
of NE (~200%) than DA (~100%) in the PFC (relative to
vehicle treatment). However, in the current studies, perfu-
sion of 1.0 uyM MPH directly into the PFC elicited relatively
comparable increases in PFC NE and DA, with the magni-
tude of the increase in NE (~120%) smaller than that seen
with systemic administration of clinically relevant doses.
This difference could reflect the fact that extracellular levels
of NE are significantly more sensitive to arousal state than
are DA levels (Berridge et al, 2006; Berridge and Stalnaker,
2002) and that systemic administration of clinically relevant
doses of MPH exert modest wake-promoting actions
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(Berridge et al, 2006). Alternatively, the current studies may
have missed the optimal concentration for maximally
elevating PFC NE. Finally, drug action outside the PFC
may modulate the effects of clinically relevant doses on NE
and/or DA levels in the PFC.

Psychostimulant Action Outside the PFC May
Contribute to Their Therapeutic Efficacy in ADHD

The available information indicates that the therapeutic and
cognition-enhancing actions of low-dose psychostimulants
involve alterations in PFC catecholamines. However, it is
important to note that this does not preclude actions outside
the PFC in the cognitive/therapeutic effects of these drugs.
Anatomical, electrophysiological, and pharmacological stu-
dies demonstrate that the PFC represents one node in an
extended frontostriatal network that guides goal-directed
behavior (Voorn et al, 2004). Moreover, there is strong
evidence that ADHD is associated with dysfunction in this
broader frontostriatal circuitry (Castellanos and Tannock,
2002). Thus, psychostimulant-induced elevation in striatal DA
signaling may contribute to the therapeutic and cognition-
enhancing actions of psychostimulants. Consistent with this,
psychostimulants are generally viewed as more effective than
selective NE reuptake blockers (atomoxetine and desipra-
mine) in treating ADHD. Although NE reuptake blockers
elevate both NE and DA in the PFC, they have minimal effects
on striatal DA (Bymaster et al, 2002). These observations
suggest that modest increases in striatal DA signaling elicited
by clinically relevant doses of psychostimulants may con-
tribute to their clinical efficacy. In prior work, we demon-
strated that microinfusion of MPH into the dorsomedial, but
not into ventromedial PFC, improves PFC-dependent cogni-
tion as measured in a spatial working memory task (Spencer
et al, 2012). In the rat, the dorsomedial PFC sends a
prominent projection to the dorsomedial striatum (Gabbott
et al, 2005), a region that is necessary for accurate
performance of ‘PFC-dependent’ working memory tasks
(Spencer et al, 2012). Nonetheless, MPH infusion into this
region had no noticeable effect on performance in this task
(Spencer et al, 2012).

The NAc is implicated in the regulation of impulsivity
(Cardinal et al, 2001; Christakou et al, 2001) and working
memory (Floresco et al, 1999), as well as the pathophysiol-
ogy of ADHD (for review, Castellanos and Tannock, 2002).
Functional imaging studies indicate that MPH-induced
improvement in certain cognitive/behavioral tasks is
associated with alterations in NAc activity (Dodds et al,
2008; Seidman et al, 2005). Moreover, MPH-induced
changes in DA receptor occupancy in the ventral striatum
are correlated with the magnitude of MPH-induced
improvement in a spatial working memory task
(Clatworthy et al, 2009). However, it should be noted that
although it is currently not possible to image DA receptor/
transporter occupancy in the PFC, evidence strongly
indicates that there is likely a similar or stronger association
between MPH-induced changes in DA/NE receptor occu-
pancy within the PFC and MPH-induced changes in
cognition (Berridge et al, 2006). Nonetheless, collectively,
these observations indicate that the cognitive/therapeutic
effects low-dose psychostimulants may involve actions

within the NAc. Ongoing studies in our laboratory are
testing this hypothesis.
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