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Abstract
Background—At low and clinically-relevant doses, psychostimulants enhance cognitive and
behavioral function dependent on the prefrontal cortex (PFC) and extended frontostriatal circuitry.
These actions are observed in individuals with attention deficit hyperactivity disorder (ADHD) as
well as in normal human and animal subjects. Despite the widespread use of these drugs, the sites
of action involved in their cognition-enhancing and therapeutic effects are poorly understood.
Indirect and/or correlative evidence suggests the cognition-enhancing/therapeutic effects of
psychostimulants may involve actions directly within the PFC or extended frontostriatal circuitry.
The current studies examined the degree to which methylphenidate (MPH; Ritalin®) acts within
distinct frontostriatal subfields to improve PFC-dependent cognition as measured in a delayed-
response test of spatial working memory.

Methods—Working memory performance was assessed following microinfusion of vehicle or
varying doses of MPH (0.03-8.0 μg/500 nl) directly into the dorsomedial PFC (dorsal prelimbic
and dorsal anterior cingulate cortex), the ventromedial PFC (infralimbic) and the dorsomedial
striatum of rats (n=69).

Results—MPH infusion into the dorsomedial PFC, but not ventromedial PFC, elicited an
inverted-U shaped facilitation of PFC-dependent cognition as measured in this task. The
magnitude of this improvement was comparable to that seen with systemic administration.
Additional studies demonstrated that although the dorsomedial striatum is necessary for accurate
performance in this task, MPH infusion into this region did not affect working memory
performance.

Conclusions—These observations provide the first definitive evidence that the PFC is a site of
action in the cognition-enhancing and presumably therapeutic actions of low-dose
psychostimulants.
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Millions of prescriptions are written annually for psychostimulants, particularly
methylphenidate (MPH; Ritalin) and amphetamine, to treat the cognitive and behavioral
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symptoms of attention deficit hyperactivity disorder (ADHD) (1). Extensive research
demonstrates that low doses of these drugs improve cognitive and behavioral processes
dependent on the prefrontal cortex (PFC)/frontal cortex in ADHD patients. These
observations are consistent with structural and functional imaging evidence implicating
dysregulation of the PFC/frontal cortex and extended frontostriatal circuitry in this disorder
(2–5). Importantly, the cognition enhancing actions of psychostimulants are not unique to
ADHD, as similar effects occur in normal humans and animals when administered at low
and clinically-relevant doses (6–9). Indeed, this is evident through the increasing use of
these drugs in the general population as cognitive enhancers (10). Despite their widespread
use, the neural circuitry responsible for the therapeutic and cognition-enhancing actions of
low-dose psychostimulants is surprisingly poorly understood.

A number of observations suggest that the cognition-enhancing/therapeutic actions of these
drugs may stem from direct action within the PFC (2; 11). For example, in animals,
clinically-relevant and cognition-enhancing doses of psychostimulants elevate extracellular
catecholamine levels and increase responsiveness to afferent signals preferentially within the
PFC (8; 12). Moreover, structural and functional imaging studies demonstrate
psychostimulants reverse ADHD-associated hypofrontality (2; 13–15). However,
interpretation of these observations is confounded both by their correlational nature and the
fact that systemic administration of psychostimulants, as used in all of these studies, can
influence PFC neuronal activity indirectly via actions in regions that project to the PFC.
Combined, these observations provide intriguing, though indirect, support that the cognition-
enhancing/therapeutic effects of low-dose psychostimulants involve drug action directly
within the prefrontal/frontal cortex.

An additional or alternative site of action in the cognition-enhancing/therapeutic actions of
psychostimulants is the striatum, a region also implicated in the neuropathology of ADHD
(16). For example, a variety of observations indicate the striatum is anatomically and
functionally connected with the PFC and plays a prominent role in cognitive/behavioral
processes historically viewed as ‘PFC-dependent’ (17; 18). Additionally, studies in both
humans and animals demonstrate that clinically-relevant doses of psychostimulants impact
dopamine (DA) signaling within striatal regions (19; 20), albeit to a lesser degree than seen
in the PFC (8).

To test whether the cognition-enhancing effects of psychostimulants involve direct action
within the PFC and/or striatum, the current studies examined the effects of microinfusion of
MPH into select PFC and striatal subfields on performance in a PFC-dependent delayed-
alternation test of working memory (21). Importantly, the pharmacology of performance in
this test closely aligns with the pharmacology of ADHD (8; 9; 22), in contrast with other
tests of PFC-dependent cognition (23). This close alignment may reflect the fact that
performance in these tasks is simultaneously dependent on a variety of cognitive and
behavioral processes known to be affected in ADHD, including attention, working memory,
and planning.

The medial PFC (mPFC) of rats is functionally and anatomically heterogeneous, with the
dorsomedial PFC (dmPFC), encompassing the dorsal anterior cingulate (dAcg) and dorsal
prelimbic subregions, implicated in higher cognitive function (21; 24). In contrast, the
ventromedial PFC (vmPFC) comprised of the infralimbic and ventral prelimbic subregions,
is strongly associated with autonomic, visceromotor, and affective processes (3; 24; 25).
Consistent with this, the current studies demonstrate that MPH infusion into the dmPFC, but
not vmPFC, improve working memory performance comparable to that seen with systemic
administration.
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The dorsomedial striatum (dmSTR) receives direct projections from the dmPFC. Moreover,
pharmacological and lesion studies demonstrate that the dmSTR participates in higher
cognitive functions typically associated with the dmPFC (26; 27). Therefore, additional
studies examined the degree to which MPH acts within the dmSTR to improve working
memory performance. We first identified a region of the dmSTR that receives prominent
and direct projections from the dmPFC. Subsequent studies demonstrated that reversible
inactivation of the dmSTR impairs performance comparable to that seen with PFC
inactivation, indicating the dmSTR is necessary for performance of this task. Nonetheless,
MPH infusion into this region had no effect on PFC-dependent cognition as measured in this
task.

Combined, these studies provide the first demonstration that the cognition-enhancing actions
of psychostimulants believed to underlie the therapeutic effects in treatment of ADHD
involve direct action within the PFC.

Methods and Materials
Animals

Male Sprague-Dawley rats (260-280 grams; Charles River, Wilmington, MA) were pair-
housed in clear polycarbonate cages on a 13-11 hour light/dark cycle (lights on 06:00).
Animals were fed ad libitum for the first 7 days and subsequently restricted to 15-17 grams
of food per day following training/testing. Training/testing was conducted between 09:00
and 16:00 hours (typically 6 days/week). Rats were weighed twice weekly to confirm
animals did not lose weight and were assigned a single experimenter who handled them
extensively prior to behavioral testing. All facilities and procedures were in accordance with
the guidelines regarding animal use and care put forth by the National Institutes of Health of
the United States and were approved by the Institutional Animal Care and Use Committee of
the University of Wisconsin.

Surgery
Following training in the T-maze (see below), rats were anesthetized with isoflurane and
placed in a standard stereotaxic device with the skull flat. Indwelling stainless steel cannulae
(25 ga.) were implanted bilaterally over either the dAcg/prelimbic PFC (A+3.0; L±0.8; V
−0.2 mm measured from dura; Fig. 1A,C), infralimbic PFC (same coordinates as dAcg, with
longer needle; Fig. 2A,B), or dmSTR (A+0.45; L±2.0; V−3.2 mm; Fig. 3B) and secured to
the skull with stainless steel screws and dental acrylic (Plastics One, Roanoke,VA). Stainless
steel stylets prevented occlusion of the cannulae, and were replaced as needed to maintain
patency.

Great care was taken to maintain the structural integrity of the mPFC in these experiments.
Given the anatomical and behavioral evidence implicating the dorsal mPFC (dAcg, dorsal
prelimbic PFC) in higher cognitive/behavioral processes (21; 24), cannulae were only
lowered 200 μm below dura to avoid cannula-related damage to this region.

Behavioral Training and Testing
Training and testing were similar to that described previously (8). Black plastic sheeting
surrounded the maze to obscure any external spatial cues. Animals were trained to enter the
maze arm not chosen on the previous trial to gain food reward (1 chocolate chip/trial; 20
trials per session, 1 session per day). Between trials, rats were placed in the start box located
at base of the T and prevented from exiting by a removable acrylic glass gate during the
delay interval. Following surgery, rats resumed testing in the T-maze until performance
reached pre-surgery levels. Delay intervals were used that resulted in 65%-80% accurate
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performance. Stable performance was defined as 2 consecutive days of 65-80% accuracy in
which performance did not differ by more than 10%. Accuracy in performance improves
gradually with testing at a given delay, thus it was necessary to extend the delay interval
over several weeks of testing. For these studies, delay intervals ranged between 3 and 80
seconds (mean = 21 seconds). Performance at the same delay was further tested on the first
two days following infusion to confirm stable performance. No consistent effects of any of
the treatments were observed in the days following treatment. Thus, when a difference
between the pre-infusion average and post-infusion average was greater than 10%, the
animal was considered unstable and that treatment data point excluded.

All treatments were separated by at least two days. Before receiving a drug treatment, rats
were given two mock infusions, consisting of an initial needle insertion followed by a
vehicle infusion 48 hours later. This permitted animals to acclimate to the mild restraint
associated with the infusions, as well as minimize detrimental behavioral effects of tissue
damage related to needle insertion.

Drug Infusion
Methylphenidate HCl (Sigma, St. Louis, MO; (0.035, 0.125, 0.5, 2.0, and 8.0 μg/500 nl))
and the GABAA agonist muscimol (Sigma, St. Louis, MO; 75 ng/500 nl) were dissolved in
AECF (147 mmol/L NaCl, 1.3 mmol/L CaCl2, 0.9 mmol/L MgCl2, 2.5 mmol/L KCl;
pH=7.4). 0.5 μl infusions of drug or AECF were made bilaterally through 33 gauge needles
that projected below the guide cannulae by 1.6 mm for dAcg, 2.5 mm for prelimbic (See
Fig. 1C), 4 mm for infralimbic (see Fig. 2B), and 3.5 mm for dmSTR infusions (See Fig.
3B). Infusions were performed using a microprocessor pump (Harvard Apparatus, South
Natick, MA), set at a rate of 250 nl/minute for 2 minutes. Needles remained in tissue for 2
minutes following infusions after which the stylets were replaced. Rats were placed in their
home cage for an additional 15 minutes before testing.

Histological Analyses of Drug Infusion Sites and Data Selection
At the end of testing, rats were deeply anesthetized with isoflurane and transcardially
perfused with 10% w/v formaldehyde. Brains were stored in formaldehyde for a minimum
of 24 hours prior to sectioning. Placement of injectors was verified in 40 μm-thick coronal
sections stained with Neutral Red dye. Data from a given experiment were included only
when histological analyses verified accurate placement of injectors and minimal tissue
damage.

Striatal Retrograde Tracer Infusion
In a limited number of animals (n=4), the retrograde tracer Fluorgold (FG; Fluorochrome,
Denver, CO) was infused into the dmSTR (see Surgery above) or dorsolateral STR (+0.45A,
±3.8L, −3.5V), using glass pipettes, as described previously (28). For these infusions,
single-barrel glass micropipettes (15-25 μm diameter; Friedrich and Dimmock Inc.
Millville, NJ) were filled with 2.0 % FG solution (dissolved in saline) as previously
described. Once the infusion pipette was in position, FG was iontophoresed (5.0 μA, 15-
minutes, 5-second pulses, 50% duty cycle) with the pipette remaining in place for an
additional 10-minutes. Animals were sacrificed 7 days following FG infusions. FG was
visualized using immunohistochemical procedures as described previously (28). Briefly,
animals were perfused with 4% paraformaldehyde, 40 μm sections were collected through
the PFC and later incubated for 48 hours at 4° with rabbit anti-FG antibody (1:2,000;
Chemicon International, Temecula, CA; cat# AB153) diluted in 0.01 M PBS-TX. After
incubation, tissue was rinsed with 0.01 M PBS-TX, and incubated with donkey-anti-rabbit
antibody (1:500; Jackson ImmunoResearch, West Grove, PA) for 90-minutes. Tissue was
then rinsed with 0.01 M PBS-TX, exposed to rabbit PAP (1:500; Dako Corporation,
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Carpinteria, CA) for 90-minutes and rinsed with 0.01 M PBS-TX. Sections were reacted
with diaminobenzidene (DAB; Vector Laboratories) to yield a brown precipitate.

Statistical Analyses
Given the number of infusions/animal was limited to four, it was not possible that every
animal receive every dose of MPH. Thus, the effect of intra-PFC infusions on performance
(change in % accuracy compared to baseline) was statistically analyzed using a between-
subjects 1-way ANOVA. Post-hoc analyses were conducted comparing each dose to vehicle
using one-way Dunnett’s t-tests. In addition, given systemically-administered
psychostimulants improve working memory performance following a non-monotonic dose-
response curve (inverted-U) a planned comparison tested the fit of data to a quadratic trend.
For muscimol studies and 8.0 μg MPH vs. AECF, independent T-tests were used for
analysis.

RESULTS
Cognitive Effects of Intra-PFC MPH Infusion

Given the likely involvement of rat dAcg in working memory performance (21), we avoided
placement of guide cannulae directly into this dorsal-most region of the rat mPFC and
utilized small gauge (33ga) infusion needles. As shown in Figure 1, this approach resulted in
minimal damage to the mPFC. Vehicle infusions had minimal, non-significant effects on
working memory performance (Figure 1; 0.75% ± 2.37% change from baseline, n=13). In
contrast, direct infusion of MPH (500 nl) into the dmPFC resulted in an inverted-U-shaped
dose-dependent improvement in working memory (Figure 1; F(1,49)=8.36, p<0.01 for
quadratic fit of data). MPH maximally improved accuracy by 10.3% ± 2.7% at the 0.125 μg/
hemisphere dose (p=0.04; n=14). Both a four-fold lower dose (0.031 μg/hemisphere, n=7)
and a four-fold higher dose (0.5 μg/hemisphere, n=10) of MPH produced a non-significant
trend for improvement (8.5% ± 3.9%, p=0.17; 5.8% ± 4.2%, p=0.33, respectively), while the
highest dose (2.0 μg/hemisphere, n=10) had no distinguishable effects on performance
relative to vehicle treatment (0.42% ± 3.0%, p=0.84).

When administered systemically, MPH impairs working memory performance at a dose 4-
fold higher than one that elicits maximal cognition enhancement. Thus, it was surprising that
when infused into the dmPFC at concentrations that were 4-fold higher (0.5 μg/hemisphere)
and 16-fold higher (2.0 μg/hemisphere) MPH lacked cognition-impairing actions. Therefore,
in a limited subset of subjects (n=6) we examined the effects of a 64-fold higher dose (8.0
μg/hemisphere) on delayed response performance. Performance of animals treated with this
highest dose did not differ significantly from vehicle treatment (5.7% ± 4.8%, t(17)=1.05,
p=0.16).

To assess whether the cognition-enhancing actions of MPH are limited to the dmPFC,
additional studies examined the working memory effects of MPH when infused into the
infralimbic subfield of the vmPFC. In contrast to that seen with more dorsally placed
infusions, infusion of MPH into the vmPFC did not substantially alter performance at any
dose examined (See Figure 2; vehicle (n=4) = −4.2 ± 5.3% change from baseline; 0.125 μg
(n=7) = 4.4 ± 3.6%, p=0.46; 2.0 μg (n=4) = 6.0 ± 9.2%, p=0.43).

Cognitive Effects of Intra-Striatal MPH Infusion
Additional studies examined the involvement of the dmSTR in working memory
performance. We initially identified a region of the dmSTR that receives prominent
projections from the dmPFC using iontophoretic infusions of the retrograde tracer,
Fluorogold (Fluorochrome, Denver, CO). As shown in Figure 3A, and consistent with prior
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observations (3), placement of this tracer into the dmSTR resulted in robust labeling of
neurons in the dmPFC but not the vmPFC. In contrast, retrograde tracer placement within
the dorsolateral striatum resulted in minimal retrograde labeling within the dmPFC and more
robust labeling within the vmPFC (data not shown). Subsequent intra-tissue infusions
targeted the region of the dmSTR identified in these retrograde tracing studies that receives
a prominent projection from the dmPFC.

Although the dmSTR is implicated in higher cognitive function, the degree to which this
region contributes to performance in tests of working memory is unknown. Therefore, we
next assessed the degree to which temporary inactivation of the dmSTR affects working
memory performance using intra-dmSTR infusions of the GABA agonist, muscimol (75 ng/
hemisphere). Temporary inactivation of the dmSTR profoundly impaired performance in
this test (Figure 3C). Indeed, as shown in Figure 3C, the magnitude of this impairment was
comparable to that seen with mPFC inactivation (dmSTR, vehicle (n=13) = −1.9 ± 2.9%
change from baseline; muscimol (n=8) = −48.7 ± 9.1%, t(19)=5.87, p<0.001: PFC, vehicle
(n=17) = −1.66% ± 2.21%; muscimol (n=6) = −48.2% ± 10.1%, t(21)=6.78, p< 0.001).

Finally, additional studies examined whether MPH acts within the dmSTR to improve
working memory performance (Figure 3D). For these studies, vehicle (n=13), 0.125 μg
MPH (n=6) and 2.0 μg MPH (n=4) were infused into the dmSTR prior to testing. In contrast
to that seen in the dmPFC, neither dose of MPH infused into the dmSTR infusion affected
working memory performance (vehicle; −1.94% ± 2.92% change from baseline; 0.125 =
3.83% ± 3.46%, p=0.20; 2.0 = 2.47% ± 2.98%, p=0.35).

DISCUSSION
Despite the widespread use of psychostimulants as cognitive enhancers, surprisingly little is
known about the neural circuitry involved in their cognitive/therapeutic actions. Although
systemic administration of low-dose psychostimulants improves frontostriatal function,
whether this reflects direct or indirect actions in the PFC or striatum is unclear. The current
studies provide unambiguous evidence that psychostimulant action within the PFC is
sufficient to promote higher cognitive function as assessed in a delayed-response test of
working memory. Moreover, the magnitude of the cognition-enhancing effect of intra-PFC
MPH was virtually identical to that seen with systemic administration of clinically-relevant
doses of this drug (8; 12; 29). In contrast, while our results demonstrate the dmSTR is
necessary for performance in this test of working memory, MPH infusion into the dmSTR
failed to affect performance. These observations indicate a prominent role of select PFC/
frontal cortex subfields in the cognition-enhancing and therapeutic actions of
psychostimulants and other drugs used in the treatment of ADHD. Additionally, these
results are consistent with previous research indicating a prominent role of the PFC/frontal
cortex in the pathophysiology of ADHD.

Site of Action within the mPFC
The rat PFC is heterogeneous, with differing subfields associated with distinct cognitive,
behavioral, affective, and physiological functions (21). It has been posited that there exists a
dorsal/ventral divide within the rat mPFC, with the dorsal aspects consisting of the dAcg and
prelimbic subfields linked to ‘cognitive’ functions, while the ventrally-situated IL subregion
is anatomically and functionally associated with processing of visceral, autonomic and
affective information (3; 25; 30). The current results are consistent with this proposed
functional subdivision of the mPFC: MPH improved working memory performance when
infused into the dorsal, but not ventral, mPFC. Additionally, the ability of MPH to improve
working memory performance when infused into the dmPFC is consistent with prior lesion
studies that implicate this region in egocentric-based motor memory and the temporal
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sequencing of behavior (21). The current studies utilized an infusion volume that provides
for consistent behavioral effects and is typical of studies that examine the cognitive/
behavioral effects of catecholamine-related drugs in rats. However, this volume likely
precludes making strong conclusions regarding the degree to which an infusion selectively
influences the dAcg vs. dorsal prelimbic subfields of the mPFC. Future mapping studies
using smaller infusion volume are needed to address this issue.

These observations are also consistent with functional imaging studies that indicate a
dysregulation of the dorsolateral PFC and anterior cingulate in ADHD (4; 31; 32). Limited
evidence suggests the rat dmPFC is functionally homologous to both of these regions in the
human/primate (33), Thus, the current results cannot necessarily be extrapolated to identify
the degree to which the cognition-enhancing/therapeutic actions of psychostimulants in
humans involve actions within the dorsolateral PFC vs. anterior cingulate. Further studies in
non-human primates will need to determine the relative role of the anterior cingulate and
PFC in the cognition-enhancing actions of psychostimulants.

A variety of cognitive processes affected in ADHD are dependent on the PFC, including
working memory, sustained attention, impulsivity, and planning (34). The current studies
utilized a well-characterized task of PFC-dependent function that requires a variety of
cognitive and motivational processes, including working memory, attention, motivation and
response outcome evaluation (8; 12; 29). Given the pharmacology of performance in this
task is closely aligned with the pharmacology of ADHD, our current results likely extend to
the therapeutic actions of psychostimulants (7; 8). This close alignment between the
pharmacology of working memory performance and ADHD contrasts with that seen in other
tests used to assess PFC-dependent function in animals, including sustained attention and
attentional set-shifting (23). Nonetheless, it will be of interest for future studies to examine
the actions of intra-PFC infusions of MPH in additional tests of cognitive processes known
to be affected in ADHD.

Both the magnitude and general inverted-U shaped dose-dependent actions of intra-PFC
MPH-induced improvement in working memory performance are comparable to that seen
with systemic administration of clinically-relevant doses of MPH (8; 12; 29). However,
while systemically administered MPH impairs working memory performance when
administered at a dose 4-fold higher than an optimally-improving dose (12), intra-PFC
infusion of MPH at doses 16-fold (2 μg/hemisphere) and 64-fold (8 μg/hemisphere) greater
than the maximally-facilitating dose (0.125 μg/hemisphere) failed to hinder performance.
These observations indicate that although psychostimulants act within the dmPFC to
facilitate PFC-dependent cognition, the impairment of PFC-dependent function associated
with higher doses of these drugs likely involves either actions outside the dmPFC or vmPFC
or requires concurrent activity in these medial PFC subfields and regions outside the PFC.
The hippocampus, medial-dorsal thalamus, and striatum are all implicated in higher
cognitive processing (30), including working memory (35; 37). Thus, these regions would
be of particular interest in future studies exploring the neurocircuitry underlying the
cognition-impairing actions of higher doses of psychostimulants.

Potential Receptor Mechanisms
Catecholamines act within the PFC to facilitate performance in tests of working memory in
an inverted-U shaped manner (36; 38). In the case of DA, this involves inverted-U shaped
modulatory actions of DA D1 receptors (39) For norepinephrine (NE), activation of
postsynaptic α2-receptors promotes, while activation of α1-receptors impairs, working
memory performance (40; 41). α2-receptors possess a higher affinity for NE than α1-
receptors (42). Thus, it has been proposed that under conditions of moderate rates of NE
release PFC α2-receptor activation predominates, facilitating PFC-dependent function,
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whereas at higher rates of NE release (e.g. stress) α1-receptors are engaged, impairing PFC-
dependent function (42)

Consistent with these behavioral observations, electrophysiological evidence suggests
optimal catecholamine modulation is needed for proper PFC neuronal signal processing. For
example, in monkeys, PFC α2-and D1 receptors act in concert to produce optimal spatial
tuning of delay-related neurons (39; 43). In contrast, stimulation of PFC α1 receptors
reduces neuronal responsiveness and decreases spatial tuning (44). Combined, these
observations suggest that there is an ideal level of both NE and DA signaling within the PFC
that supports optimal signal processing abilities of PFC neurons and PFC-dependent
behavior.

Microdialysis studies demonstrate that low and clinically relevant doses of psychostimulants
preferentially elevate extracellular NE and DA within the PFC (8). When combined with the
current results, this information indicates that cognition-enhancing actions of low-dose
psychostimulants likely involve α2 and/or D1 receptor activation within the PFC. Consistent
with this, the cognition-enhancing effects of systemic MPH are prevented by pretreatment
with either an α2 or D1 receptor antagonist (29).

Striatal Involvement in ‘PFC-Dependent’ Function
As reviewed above, evidence suggests that the striatum may be critically involved in both
the pathophysiology of ADHD and the therapeutic/cognition-enhancing actions of
psychostimulants. Of particular relevance to this discussion, frontostriatal projections are
topographically organized, with the dmSTR of the rat receiving direct projections from the
dmPFC (27). Additionally, lesion and pharmacological studies suggest the dmSTR acts in
concert with the dmPFC to support flexible, goal-directed behavior (18; 26). Thus, the
current studies examined the degree to which the dmSTR is involved in working memory
performance. We observed that inactivation of the dmSTR profoundly impaired
performance of spatial delayed alternation, providing the first demonstration that the dmSTR
is critically involved in performance of this task. Nonetheless, infusion of MPH into the
dmSTR had no noticeable effect on performance in this task, indicating that this region does
not play a prominent role in the cognition-enhancing or impairing actions of
psychostimulants.

The ventromedial striatum (vmSTR), particularly the nucleus accumbens, has been
implicated in ADHD as well as the regulation of impulsivity (45–48). Functional imaging
studies indicate that MPH-induced improvement in certain cognitive/behavioral tasks is
associated with alterations in vmSTR activity (15; 49). Additionally, limited observations
also indicate the vmSTR is involved in the performance of delayed response tasks (50; 51).
Indeed, MPH-induced changes in DA receptor occupancy in the ventral striatum predict the
magnitude of improvement in a spatial working memory task (19). However, it should be
noted that although it is not possible to image DA receptor/transporter occupancy in the PFC
with current methodology, available evidence indicates there is likely a similar or stronger
association between MPH-induced changes in DA/NE receptor occupancy within the PFC
and changes in cognition (8). Collectively, these observations indicate that vmSTR function
may contribute to the cognitive/therapeutic effects low-dose psychostimulants. However,
whether these effects involve direct or indirect actions of psychostimulants on the vmSTR
remains to be determined. Future studies will address whether the cognition-enhancing
effects of MPH involve actions within the vmSTR.
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Conclusion
These results provide the first direct evidence that psychostimulants act within the PFC, but
not the dmSTR, to improve PFC-dependent higher cognitive function, an action closely
associated with the effective treatment of ADHD. The ability of intra-PFC psychostimulants
to improve cognitive function was regionally selective, with infusions into the dorsal, but
not the ventral, medial PFC improving PFC-dependent cognition. While the receptor
mechanisms that support the cognition-enhancing actions of psychostimulants within the
PFC remain to be definitively determined, previous research indicates a likely role of NE α2
and/or DA D1 receptors. The fact that the PFC is a site of action in the cognition-enhancing
actions of psychostimulants is consistent with the posited role of the PFC in the etiology of
ADHD and suggests that selective targeting of the PFC may be of particular benefit in the
treatment of ADHD and other conditions associated with PFC dysfunction.
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Figure 1.
(A) Representative photomicrograph depicting an infusion site into dorsomedial prefrontal
cortex (dmPFC). Note minimal damage to dorsal areas. (B) Infusion of MPH into the
dmPFC improved working memory performance in an inverted-U dose-dependent manner,
with 0.125 μg/hemisphere producing a maximal improvement. (C) Schematic diagram
indicating all 0.125 μg infusion sites into the dmPFC. dAcg, dorsal anterior cingulate; PL,
prelimbic; IL, infralimbic. Numbers represent AP level (52). *P < 0.05 relative to vehicle
treatment.
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Figure 2.
(A) Representative photomicrograph indicating site of MPH infusion into the infralimbic
subregion of the mPFC. (B) Schematic of 0.125μg MPH infralimbic infusion sites. (C)
Infusion of MPH into the IL PFC had no significant effect on working memory performance
measured as the percent change from baseline (mean ± SEM). mPFC, medial prefrontal
cortex; dAcg, dorsal anterior cingulate; PL, prelimbic; IL, infralimbic. Numbers represent
AP level (52).
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Figure 3.
(A) Fluorogold retrograde tracer infused into dmSTR (top panel) results in strong neuronal
labeling of dorsomedial PFC (Top Panel, 40x; Bottom Panel, 200x; A+2.7). (B)
Representative photomicrograph depicting muscimol/MPH dmSTR infusion sites. (C) Intra-
dmSTR muscimol significant impaired working memory performance as measured by the
percent change from baseline (mean ± SEM). The magnitude of this impairment is
comparable to that seen with PFC inactivation, indicating a critical role of the dmSTR in
working memory performance. (D) Intra-dmSTR infusion of MPH had no significant effect
on working memory performance as measured by the percent change from baseline (mean ±
SEM). dmSTR, dorsomedial striatum; dAcg, dorsal anterior cingulate; PL, prelimbic; IL,
infralimbic. **P < 0.01 relative to vehicle (AECF) treatment.
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