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Receptor and circuit mechanisms underlying differential
procognitive actions of psychostimulants

Robert C. Spencer' and Craig W. Berridge'

Psychostimulants, including methylphenidate (MPH), improve cognitive processes dependent on the prefrontal cortex (PFC) and
extended frontostriatal circuitry. In both humans and animals, systemic MPH improves certain cognitive processes, such as working
memory, in a narrow inverted-U-shaped manner. In contrast, other processes, including attention-related, are improved over a
broader/right-shifted dose range. The current studies sought to elucidate the potential circuit and receptor mechanisms underlying
the divergent dose-dependent procognitive effects of psychostimulants. We first observed that, as with working memory, although
sustained attention testing was highly dependent on multiple frontostriatal regions, only MPH infusion into the dorsomedial PFC
improved task performance. Importantly, the dose-response curve for this action was right-shifted relative to working memory, as
seen with systemic administration. Additional studies examined the receptor mechanisms within the PFC associated with the
procognitive actions of MPH across working memory and sustained attention tasks. We observed that PFC a2 and D1 receptors
contributed to the beneficial effects of MPH across both cognitive tasks. However, a1 receptors only contributed to MPH-induced
improvement in sustained attention. Moreover, activation of PFC a1 receptors was sufficient to improve sustained attention. This
latter action contrasts with the impairing actions of PFC al receptors reported previously for working memory. These results
provide further evidence for a prominent role of the PFC in the procognitive actions of MPH and demonstrate the divergent dose

sensitivity across cognitive processes aligns with the differential involvement of PFC a1 receptors.

Neuropsychopharmacology (2019) 44:1820-1827; https://doi.org/10.1038/s41386-019-0314-y

INTRODUCTION
At low and clinically relevant doses, psychostimulants, including
methylphenidate (MPH, Ritalin), enhance cognition dependent
on the prefrontal cortex (PFC) and extended frontostriatal circuitry
[1-3]. These actions are observed in individuals with attention
deficit hyperactivity disorder (ADHD) as well as healthy human
and animal subjects [4-7]. Converging observations indicate that
drug action within the PFC contributes to the procognitive effects
of psychostimulants (for review see [1]). This includes the fact that
direct infusion of MPH and other ADHD-approved treatments into
the PFC of rats and monkeys improves PFC-dependent cognition
as measured in tests of working memory [8-10].
Psychostimulants have been typically viewed to uniformly affect
a diversity of PFC-dependent cognitive processes [11, 12].
However, increasing evidence in humans and animals demon-
strates that subsets of PFC-dependent cognitive processes vary in
their sensitivity to these drugs. Specifically, working memory and
response inhibition display relatively narrow inverted-U dose-
dependent facilitation, while overt behavior and different forms of
attention are improved across a broader and right-shifted range of
doses [6, 13, 14]. To date, the neural mechanisms responsible for
the differential sensitivity of PFC-dependent cognitive processes
to psychostimulants are unclear, representing a critical weakness
in our understanding of this clinically important class of drugs.
The PFC extends topographically-organized projections to the
striatum, forming functional frontostriatal circuits [15, 16]. In
rodents, the dorsomedial PFC (dmPFC), encompassing the dorsal

anterior cingulate and dorsal prelimbic PFC, and dorsomedial
striatum (dmSTR) are strongly implicated in higher cognitive
function [17, 18]. Consistent with this, prior studies demonstrate
that, in rats, working memory performance is highly dependent on
the dmPFC and the dmSTR as well as the ventromedial striatum
(vmSTR; [1, 8, 19]). Relative to low and clinically relevant doses,
higher doses of psychostimulants elicit larger and more uniform
elevations in norepinephrine (NE) and dopamine (DA) throughout
the brain [5, 19, 20]. Thus, differences in sensitivity to psychos-
timulants across cognitive processes may reflect broader actions
of higher doses across frontostriatal circuitry. To test this, the
current studies first examined the degree to which MPH acts
within distinct PFC and striatal subfields to improve sustained
attention, a form of focused attention previously demonstrated to
display a right-shifted dose sensitivity to MPH [6]. Similar to that
seen with working memory [8], we observed that while multiple
frontostriatal regions support sustained attention, only MPH
infusion into the dmPFC improved this cognitive process.
Importantly, as with systemic administration, the dose depen-
dency of this action was right-shifted relative to that seen
previously with working memory [8]. Combined, these observa-
tions indicate that the differences in dose sensitivity across PFC-
dependent cognitive processes to MPH arise from mechanisms
intrinsic to the PFC.

One such mechanism could involve differential actions of PFC
catecholamine receptors across tasks. Within the PFC, catechola-
mines exert non-monotonic modulatory actions on cognition that
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are both receptor subtype- and cognitive process-dependent.
Thus, in the case of working memory, PFC DA D1 receptors elicit
an inverted-U-shaped modulatory action, with both low and high
rates of activation associated with impairment [21, 22]. PFC NE
also exerts an inverted-U modulation of working memory.
However, in this case the beneficial actions are mediated by
high-affinity a2 receptors, while the impairing actions of high rates
of NE release involve activation of lower affinity a1 receptors [23].
Consistent with this, the working memory-enhancing actions of
MPH are prevented by systemically administered a2 and D1
antagonists [3]. In contrast to that seen with working memory,
activation of PFC al receptors improves flexible attention as
measured in an attention set shifting task [24]. Based on these and
other observations, it was initially proposed that high rates of NE
release (e.g. stress) in the PFC promote flexible attention at the
expense of focused attention via al receptor activation [24-26].
However, subsequent observations indicated that both flexible
and focused attention display similar right-shifted dose sensitiv-
ities to MPH [6]. Moreover, MPH-induced improvement in focused
attention is prevented by systemic administration of an ail
antagonist [6].

Collectively, these observations suggest that the procognitive
actions of higher doses of MPH involve PFC a1 receptors. To test
this, and to better understand PFC catecholamine receptor
mechanisms regulating focused attention, additional studies
examined the degree to which intra-PFC MPH-induced improve-
ment in working memory and sustained attention is dependent
on local a1, as well as a2 and D1, receptors. We observed that
PFC a1 receptors are necessary for MPH-induced improvement
in sustained attention, but not working memory. Moreover,
activation of PFC al receptors was sufficient to improve
sustained (focused) attention, identical to that seen previously
for flexible attention [24]. In contrast to the task-selective
involvement of PFC a1l receptors, both a2 and D1 receptors in
the PFC are necessary for the procognitive effects of MPH in
both tasks.

These studies demonstrate a central role of the PFC in the
procognitive actions of psychostimulants beyond those
assessed in tests of working memory. Additionally, these studies
further our understanding of the receptor mechanisms under-
lying the diverse procognitive actions of this widely used class of
drugs as well as the neurobiology of PFC-dependent cognition.

METHODS AND MATERIALS

Animals

Male Sprague-Dawley rats (260-280 g; Charles River, Wilmington,
MA) were pair-housed in polycarbonate cages on a 13-11 h light/
dark cycle (lights on 06:00). Animals were fed ad libitum for 7 days
and subsequently restricted to 15-17 g of food/day available at
16:00. Testing/training was conducted between 09:00 and 16:00 h
at the same time each day, £1 h. Animals were weighed twice
weekly and handled extensively prior to testing. All facilities and
procedures were in accordance with National Institutes of Health
(USA) guidelines and approved by the Institutional Animal Care
and Use Committee.

Surgery

Following training (see below), rats were anesthetized with
isoflurane. Twenty-five ga. stainless steel cannulae were stereo-
taxically (flat skull) implanted bilaterally over the dmPFC (i.e.
dorsal anterior cingulate/dorsal prelimbic PFC; A +3.0; L £0.8;
V —0.2mm below dura), vmPFC (ventral prelimbic/infralimbic
PFC; same coordinates, longer needles), dmSTR (A +0.45; L £2.0;
V —3.2mm), or vimSTR (A +1.6; L £1.5; V —3.6 mm) and secured
with stainless steel screws and acrylic cement (Plastics One,
Roanoke, VA). Stainless steel stylets prevented occlusion of the
cannulae.
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Sustained attention

Animals were trained and tested in an operant-based signal
detection test of sustained attention, as previously described [5, 6].
Briefly, on half of 100 discrete trials (selected at random, p = 0.5)
an LED was illuminated and two levers were projected into the
chamber (“signal trials”). The signal length was variable, randomly
selected from the following list: 0.125, 0.25, 0.375, 0.5, 0.625, 0.75,
0.875, 1.0 s, with replacement. On the other half of trials, no signal
occurred, after which both levers were inserted (“no-signal trials”).
Levers remained in the chamber until a response was made, at
which time they were retracted. On signal trials, a right lever press
was scored as a “hit” and reinforced with sucrose (45 mg; Bio-Serv,
Frenchtown, New Jersey) and a left lever press was scored as a
“miss.” On a no-signal trial, a right lever press was scored as a
“false alarm” and a left lever press was reinforced (“correct
rejection”). For correct response trials, houselights were illumi-
nated for 5 s. For incorrect trials, levers were retracted followed by
a 5-s time-out (houselights off). Failure to respond within 5s of
lever insertion triggered lever retraction and a 5-s time-out. There
was a variable intertrial interval of 13 s on average (minimum 55s).
Trials with no response occurred infrequently and were excluded
from analyses. Animals were trained until performance reached
70-85%. Dependent measures included the proportion of trials
with a correct response (proportion of hits + proportion of correct
rejection), probability of a hit (correct responses/number of signal
trials), probability of a false alarm (correct responses/number of
no-signal trials), and d’, a relative measure of stimulus detection
ability. d’ = Z(N)—Z(S). Z(N) = Z score of the noise distribution =7
score of (1—probability of false alarms). Z(S)=Z score of the
signal = Z score of (1—probability of a hit) [27].

Sustained attention testing involved the use of several separate
cohorts with treatments spread among the different cohorts. Due
to variations in performance between cohorts, all treatment
effects were measured against vehicle treatment. In most cohorts
treatments were replicated within animals.

Working memory

Prior to surgery, animals were trained in a T-maze (opaque black
Plexiglas) with 10 trials/session, as described previously [28, 29].
Animals were rewarded (~58 mg chocolate chip or 45 mg sucrose
pellet) when they entered the maze arm not chosen on the
previous trial. Between trials the animal was placed in a start box
at the base of the maze with removable Plexiglas gate, with a
zero-delay. Spatial cues were minimized with black plastic
sheeting. Animal waste was removed by a dry tissue between
trials and cleaned with 50% ethanol between animals. Treatments
were counter-balanced within and across animals.

Following surgery, rats were retrained with 20 trials/session at
zero delay until pre-surgery levels. Delay intervals were then
introduced that resulted in 65-80% accuracy (5-120 s; mean = 42
+365s). Stable pre-treatment performance (baseline) was defined
as two consecutive days in which performance did not differ
greater than 10%. In order to ensure stable performance, rats were
run at the same delay for 2 days following treatment. Data were
included in the analyses only when baseline and post-treatment
performance did not differ by more than 10%.

Drug infusion

MPH HCI (0.03 pg, 0.125 pg, 0.5 pg, 2.0 pg/500 nl), atimpamezole
(1.25ug or 0.625ug/500nl), SCH23390 (0.5 ug/500nl), benox-
athian (0.4 ug/500 nl), or muscimol (75 ng/500 nl) were obtained
from Sigma-Aldrich (St. Louis, MO), and dissolved in buffered
artificial extracellular fluid (147 mmol NaCl, 1.3 mmol CaCl,, 0.9
mmol MgCly, 2.5 mmol KCl; pH = 7.4). Bilateral 500 nl infusions of
drug/vehicle were made at a rate of 250 nl/min using 33 ga.
needles that projected below the guide cannulae (1.6-2.0 mm,
dmPFC;, 4 mm, vmPFC; 2.5 mm, dmSTR; 4 mm vmSTR). Needles
remained in tissue for 2 min following infusions, after which stylets
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were replaced. Prior to the first treatment, rats received two mock
infusions, consisting of an initial needle insertion and 48 hs later a
vehicle infusion. Rats were placed in their home cage for 15 min
following infusions. All treatments were separated by at least
2 days. To maintain tissue integrity and minimize infection, the
number of treatments was limited to 10 per animal.

Histological analyses and data selection

Following testing, rats were deeply anesthetized and transcardially
perfused with 3.7% w/v formaldehyde. Brains were stored in
formaldehyde for at least 24 h. Injector placement was verified in
40-um-thick Neutral Red-stained coronal sections. Data from a
given experiment were included only when histological analyses
verified accurate placement of injectors and a minimum of tissue
damage.

Statistical analyses

Given limits on the number of infusions, as well as limits on
working memory delay length, it was not possible for all animals
to receive all doses. Therefore, results were analyzed using mixed
linear models in JMP Pro 12 with treatment as a fixed effect and
subjects as a random effect. Sustained attention testing was run
with several separate cohorts. Because there are modest variations
in performance within and between cohorts, all sustained
attention treatment effects were calculated relative to vehicle in
a within-subjects design. In the vast majority of cases, treatments
were replicated in the same animal. Muscimol effects were
modeled with region (dmPFC, dmSTR, vmSTR), treatment (vehicle,
muscimol), and treatment x region as fixed effects and planned
comparisons were corrected for multiple comparisons with
Holm-Bonferroni correction. To assess the regional and dose-
dependent actions of MPH on sustained attention, we used
separate models for each region. Two additional models were
used for the sustained attention and working memory antagonist
studies. For all models, subjects were treated as a random variable.
Outside of muscimol testing, all planned comparisons to vehicle
treatment were conducted using Dunnett’s t-tests.

RESULTS

Frontostriatal circuitry associated with MPH-induced improvement
in sustained attention

Dependency of sustained attention on frontostriatal circuitry. In
contrast to working memory, the frontostriatal neurocircuitry
supporting sustained attention is poorly understood. Thus, we first
examined the degree to which sustained attention is dependent
on different frontostriatal regions using reversible inactivation via
microinfusion of the GABA agonist, muscimol. Muscimol had a
significant effect on performance (F;,39=286.0, p<0.0001).
Inactivation of the dmPFC (n=10; vehicle n=10) and dmSTR
(n=7; vehicle n=7) reduced performance to chance levels, as
assessed by a change in d’ from vehicle, as well as other measures
(Fig. 1; Table 1; dmPFC, t,o— 5.46; p<0.0001; d’, dmSTR, tyo =
—3.19; p = 0.04). Inactivation of the vmSTR (n = 8; vehicle n=8)

produced a larger impairment in sustained attention (tyo = 7.74;
p <0.0001; Figure 1; Table I). However, in contrast to that seen
with dmPFC or dmSTR inactivation, this reflected the fact that
animals stopped responding in the presence of errors, potentially
reflecting diminished motivation to engage in the task, rather than
cognitive impairment per se.

Intra-PFC MPH infusions. MPH acts in the dmPFC, but not the
vmPFC, to improve working memory in an inverted-U manner [28,
29]. To test whether MPH acts directly in the dmPFC or vmPFC to
modulate sustained attention, animals received infusions of
vehicle or varying doses of MPH into the either region. As shown
in Fig. 2 and Table S2, infusion of MPH (500 nl; 0.03ug n = 6; 0.125
Mg n=8; 0.5ug, n=6; 20ug, n=13; vehicle, n=21, due to
multiple cohorts) into the dmPFC elicited an inverted-U-shaped
improvement in sustained attention as measured by d’ (F4665 =
4.15, p < 0.01), with maximal improvement observed at the 0.5 pug/
hemisphere dose (p =0.02) relative to vehicle. As observed with
systemic administration (see Supplemental Figure S1), this
inverted-U dose-response curve is right-shifted relative to that
seen previously with intra-PFC MPH-induced improvements in
working memory [8]. MPH infusion into the vmPFC had no
significant effects on d' (F4.4=1.81, p=0.16; see Fig. 3; Supple-
mental Table S3; 0.03ug, n=7, p=1.0; 0.125ug, n=7, p =0.98;
0.5ug, n=7,p=1.0;2.0ug, n =7, p=0.10; vehicle, n = 7). The one
exception to this was a trend for improvement with the highest
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Fig. 1 Frontostriatal circuit mechanisms supporting sustained
attention. Shown are the effects of muscimol (75 ng/hemisphere)
inactivation of the dmPFC (dorsal anterior cingulate/dorsal pre-
limbic PFC), dmSTR, or vmSTR on performance in a sustained
attention task. Bars represent mean change in d' from vehicle
treatment + SEM. Performance was impaired, as measured by a
change in d’ sensitivity compared to vehicle, with inactivation of all
three regions. For the dmPFC and dmSTR, this resulted in nearly
chance levels of performance (see Table I). In contrast, vmSTR
inactivation produced a more profound impairment that largely
reflects the fact that animals ceased performing the task following a
series of errors. *p < 0.05, **p < 0.01 compared to vehicle treatment

Table 1. Muscimol (75 ng/hemisphere) inactivation within frontostriatal nodes

Region d Prop correct Pr(hit) Pr(FA) No responses
dmPFC 1.07 + 0.20** 0.18 + 0.04** —0.24 + 0.06** 0.12 + 0.05* —1.07+3.39
dmSTR 0.88 +0.28* —0.12+0.05 —0.18 + 0.08** 0.11 £0.07 1.14+4.96
vmSTR 1.99 + 0.26** 0.55 + 0.05%* —0.30 £ 0.07** 0.32 + 0.06** 44.19 + 4.64%*

*p < 0.05, **p <0.01 compared to vehicle treatment

The GABA-A agonist, Muscimol (75 ng/hemisphere), was used to inactivate three nodes in the frontostriatal network prior to testing in the sustained attention
task. Infusion into the dmPFC and dmSTR reduced sustained attention performance to near chance. In contrast, vmSTR inactivation produced a more
profound impairment, driven by animals no longer performing the task following a series of errors. Data presented are expressed as a change from vehicle
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Fig.2 MPH acts in the dmPFC to improve both sustained attention
and working memory. a Left: Infusion of MPH into the dmPFC
(dorsal anterior cingulate/dorsal prelimbic PFC) improves sustained
attention in an inverted-U-shaped manner, with 0.5 pg producing
maximal improvement as measured by a change in d sensitivity
from vehicle (mean + SEM). Top Right: Schematic of all infusion sites
for the 0.5 pg dose. Numbers represent anterior/posterior coordi-
nates of coronal sections. Bottom Right: Representative photomi-
crograph of MPH infusion site in the dmPFC showing the main body
of the needle track. Arrows indicate the ventral most location of the
track within the dmPFC. Cannulae are only lowered into the dmPFC
~200 pm, minimizing damage. b Previously published data regard-
ing the dose-response curve for MPH-induced improvement in
working memory [8]. When compared with data presented in panel
a, it is clear that sustained attention displays right-shifted dose
sensitivity relative to working memory. Acg dorsal anterior
cingulate, PL prelimbic PFC. *p <0.05, **p<0.01 compared to
vehicle treatment

dose of MPH, likely reflecting diffusion of the drug into the dmPFC
at a lower concentration.

Intra-striatal MPH infusions. Additional studies examined the
sustained attention effects of MPH within the dmSTR and vmSTR.
As shown in Fig. 3, similar to that observed previously for working
memory [8], neither MPH infusion into the dmSTR nor vmSTR had
a significant effect on sustained attention as measured by a
change in d from vehicle treatment (see also Supplemental
Table S3; dmSTR: F453 =132, p=0.27; 0.03ug, n=7, p=1.0;
0.125pug, n=12, p=0.71; 0.5pug, n=11, p=0.87; 20 ug, n =12,
p = 0.35; vehicle, n = 29, due to multiple cohorts; vmSTR: F3 503 =
0.13, p=0.94; 0.125ug, =8, p=0.93; 0.5ug, n=38, p=0.99;
2.0 ug, n =28, p =0.90; vehicle n=28).

Receptor mechanisms underlying beneficial actions of MPH on
working memory vs. sustained attention

Additional studies examined if the difference in dose sensitivity
across tasks reflects differences in PFC catecholamine receptor
mechanisms. Animals received either intra-dmPFC infusions of
vehicle, MPH, the al antagonist, benoxathian, a2 antagonist,
atipamezole, or the D1 antagonist, SCH23390, either alone or
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with MPH. Animals were then tested in our working memory or
sustained attention tasks. The dose of MPH used was the
maximally-improving dose for each task (see Fig. 2, [6]). Doses of
the antagonists were based on prior published work [10, 30, 31]
as well as extensive pilot studies that identified doses
subthreshold for altering performance (data not shown).

Working memory. Animals received intra-PFC infusions of vehicle
(n=13),0.125 uyg MPH (n = 11), MPH + a1 antagonist (0.4 ug, n =
11), MPH + a2 antagonist (1.25 pg, n=10), or MPH + D1 antago-
nist (0.5 pg, n =9). As shown in Fig. 4, there was an overall effect
of treatment (Fgs=2.3, p=0.03) with MPH infusion into
the dmPFC significantly improving performance relative to vehicle
(tgs = 2.99, p = 0.02). When infused into the dmPFC alone, neither
the al antagonist (n =9, tgs =0.97, p =0.89), a2 antagonist (n =
10, tgs = 0.75, p = 0.97) nor the D1 antagonist (n =12, tgs = 0.33,
p = 0.97) significantly affected performance. When co-infused with
MPH, at a dose previously shown to block NE-dependent
improvement in attention set shifting [24], the al antagonist
had no effect on MPH-induced improvement in working memory
(tgs = 2.75, p = 0.04). In contrast, the a2 antagonist (tgs = 0.73, p =
0.97) and the D1 antagonist (tgs =0.73, p=0.97) completely
blocked the cognition-enhancing actions of intra-PFC MPH.

Sustained attention. Animals received intra-PFC infusions of
vehicle (n=45), 0.5 ug MPH (n=21), MPH + a1 antagonist (0.5
Mg, n = 16), MPH + a2 antagonist (0.625 ug, n = 16), or MPH + D1
antagonist (0.5 pg, n = 15). As shown in Fig. 4 and Supplemental
Table S3, there was an overall effect of treatment (F,g,3 = 3.87,
p=0.0002), with infusion of 05pg MPH into the dmPFC
significantly improving performance relative to vehicle (tyg3 =
2.9, p=10.03). When infused into the dmPFC alone, no significant
effects on performance were observed for any of the antagonists
(a1, n=20, thgr3 = —0.22, p= 1.0; a2, n=14, tyg,3=0.93, p=
0.96; D1, n =20, tyg;3 = —0.86, p =0.98). In contrast to that seen
with working memory, al receptor blockade prevented the
sustained attention improving action of MPH (t,g,3=1.42, p=
0.72). Similar to that seen with working memory, MPH-induced
improvement in sustained attention was prevented by dmPFC a2
(t2823=10.02, p=1.0) and D1 antagonists (tg3 = 0.35, p=1.0).

a—1 receptor stimulation in the dmPFC improves sustained
attention. These latter observations suggest that al receptors
in the PFC facilitate sustained attention. To directly test this, we
examined the effects of intra-PFC infusion of the al agonist,
phenylephrine, on sustained attention at a dose previously shown
to impair working memory [32]. As shown in Fig. 4 and
Supplemental Table S4, activation of dmPFC a1 receptors (n =
13) improved sustained attention relative to vehicle treatment as
measured by d’ (tys3 =3.68, p=0.002), indistinguishable from
that of MPH (t282.3 =-0.91, p= 0.36).

DISCUSSION

Psychostimulants are the most effective and widely used
treatment for ADHD, reversing core frontostriatal cognitive
deficits associated with this disorder [7, 33, 34]. Prior observa-
tions demonstrate a subset of PFC-dependent processes display
a narrow inverted-U dose sensitivity to MPH (e.g. working
memory, response inhibition), while others display a right-
shifted dose sensitivity (flexible attention, focused attention,
behavioral calming) [6, 13, 14, 35]. Prior to the current studies,
the mechanisms responsible for this differential sensitivity of
PFC-dependent cognitive processes to psychostimulants had
been unexplored, representing in a critical gap in our under-
standing of this widely used class of drugs. To initially address
this, the current studies examined whether differences in dose
sensitivity to MPH across tests of working memory vs.
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Fig.3 MPH actions outside the dmPFC. Infusion of MPH into the vmPFC (a), dmSTR (b), or vmSTR (c) had no effect on sustained attention as
measured by change in d’ compared with vehicle treatment (mean + SEM). A trend for improvement was seen with the highest dose (2.0 pg)
of MPH infused into the vmPFC (ventral prelimbic/infralimbic PFC), which likely reflects diffusion into the dmPFC at a lower concentration.
Schematics depict all MPH infusion sites for each region. Numbers represent anterior/posterior coordinates of coronal sections.
Photomicrographs depict representative infusion sites for each region. Arrows indicate ventral most extent of infusion needles. PL prelimbic
PFC, IL infralimbic PFC, CP caudate putamen, CC corpus callosum, Acb nucleus accumbens, LV lateral ventricle

sustained attention arise from varying circuit and/or receptor
mechanisms.

These studies provide the first demonstration that sustained
attention is dependent on multiple frontostriatal regions, similar
to that reported previously for working memory [8]. Nonetheless,
as with working memory [8], MPH only improved sustained
attention when infused into the dmPFC, and not the vmPFC,
dmSTR, or vmSTR. Importantly, the dose-response curve for this
action was right-shifted relative to that previously seen with intra-
dmPFC MPH in working memory [8]. This difference in dose
sensitivity across tasks is identical to that seen with systemic
administration [6]. Thus, regardless of route of administration,
sustained attention is maximally improved at a dose four-fold
higher than the maximally working memory-improving dose.

SPRINGERNATURE

Additionally, regardless of route of administration, at this higher
dose, working memory is no longer improved (Fig. 2; Supple-
mental Figure 1; [6, 8]). These observations demonstrate the
differential dose sensitivity of these cognitive processes to MPH
involves, at least in part, mechanisms contained within the PFC.

Additional studies provided the first examination of the PFC
receptor mechanisms underlying the procognitive actions of MPH
across working memory and sustained attention. These studies
demonstrate that a2 and D1 receptors within the PFC contribute
to the procognitive actions of MPH observed in both tasks. In
contrast, PFC al receptors only contribute to MPH-induced
improvement in sustained attention. Consistent with this, activa-
tion of PFC al receptors was sufficient to improve sustained
attention. This contrasts with the working memory impairing
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Fig. 4 PFC receptor mechanisms underlying the divergent dose-response curves of MPH across working memory and sustained attention.
a The working memory-enhancing actions of intra-dmPFC (dorsal anterior cingulate/ dorsal prelimbic) MPH (0.125 pg) are blocked with co-
infusion of the a2 antagonist atipamezole (1.25 pg) or the D1 antagonist SCH23390 (0.5 pg), but not the a1 antagonist benoxathian (0.4 pg) at
doses that alone do not alter performance as measured by the percent change in performance from baseline. Schematic depicts all infusion
sites with MPH (squares). b Similar to working memory, the sustained attention-enhancing actions of intra-dmPFC MPH (0.5 pg) were blocked
with co-infusion of the a2 antagonist atipamezole (0.625 pg) or the D1 antagonist SCH23390 (0.5 pg). However, in contrast to working
memory, the a1 antagonist, benoxathian (0.4 ug), also blocked intra-dmPFC MPH-induced improvements in sustained attention. Consistent
with this latter observation, intra-dmPFC infusion of a dose of the a1 agonist, phenylephrine (0.1 pg), previously shown to impair working
memory [32, 36] significantly improved sustained attention, as measured by change in d’ from vehicle (mean + SEM). The magnitude of
improvement is comparable to that seen with intra-dmPFC MPH (0.5 pg). Schematic depicts all infusion sites with MPH depicted (squares).
Numbers represent anterior/posterior coordinates of coronal sections. Acg dorsal anterior cingulate, PL prelimbic PFC. *p < 0.05, **p < 0.01

compared to vehicle or baseline

actions of PFC al receptors [32, 36]. Given al receptors display a
lower affinity than a2 receptors, this could explain why sustained
attention displays a right-shifted dose sensitivity relative to
working memory. Collectively, these observations provide new
insight into the neurobiology underlying both PFC-dependent
cognition and the procognitive actions of psychostimulants used
in the treatment of ADHD.

The PFC and procognitive actions of psychostimulants

The current study demonstrates that both sustained attention and
working memory depend on multiple nodes of frontostriatal
circuitry [8]. This is consistent with the fact that ADHD is
associated with frontostriatal dysfunction [37-39] and that
clinically relevant doses of MPH increase catecholamine signaling
broadly within this circuit [5, 20]. Nonetheless, only MPH action in
the dmPFC, and not the vmPFC, dmSTR, or vmSTR, is sufficient to
improve both sustained attention and working memory [8]. The
preferential sensitivity of the dmPFC vs. the vmPFC in the
procognitive actions of MPH is consistent with a well-known
functional topographical organization of the rodent medial PFC,
with dorsal regions more closely associated with “executive”
cognitive processes [40, 41].

The two other ADHD-approved medications, a2 agonists and
selective NE reuptake inhibitors, have been demonstrated to also
act in the dorsal PFC of primates and rodents to improve working
memory [9, 10, 36, 42]. Combined, these observations demon-
strate a prominent role of the PFC in the procognitive actions of all
approved treatments for ADHD. Nonetheless, this does not rule
out a role of the striatum in the therapeutic effects of
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psychostimulants. Given clinically relevant doses of psychostimu-
lants elevate striatal DA neurotransmission [5, 20] it is possible
that, when combined with drug action in the PFC, drug action in
the striatum may contribute to greater efficacy of psychostimu-
lants in ADHD relative to noradrenergic-selective treatments [43].

Receptor mechanisms within the PFC differentially contribute to

the procognitive actions of MPH

NE and DA act directly within the PFC to exert inverted-U-shaped
modulation of working memory [44, 45]. For NE, this reflects
procognitive actions of high-affinity postsynaptic a,-receptors,
engaged at lower rates of release, and working memory impairing
actions of lower affinity a;-receptors, engaged at higher rates of
release (e.g. stress; [10, 32, 46]). For DA, moderate D1 receptor
activation promotes, while higher rates of activation impair working
memory performance [21]. Consistent with these observations, the
current studies demonstrate that within the PFC, a2 and D1, but not
al, are necessary for MPH-induced improvement in working
memory. In contrast, MPH-induced improvement in sustained
attention was dependent on all three receptor subtypes.

Prior studies demonstrate that activation of PFC al receptors
promote a flexible form of attention as measured in an attention
set shifting task [24]. Based on earlier observations, it was posited
that PFC a1 receptors promote “flexible” attention at the expense
of focused attention [25]. However, in our studies, activation of
PFC a1 receptors improved sustained/focused attention, identical
to flexible attention [24]. Collectively, these observations indicate
that although al receptors differentially regulate distinct PFC-
dependent cognitive processes, this cannot be ascribed to a
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selective enhancement of attentional/cognitive “flexibility”. One
important difference between tests of working memory and tests
of attention is the need in working memory tasks to actively
maintain and protect from distractors information needed to
make a subsequent action. Neurophysiologically, a2 and D1
receptors promote sustained activation of PFC neuronal activity
during the delay interval of a working memory task, while a1
receptors degrade delay-related activity [47]. Thus, stimulation of
PFC a2/D1 receptors help maintain internally generated repre-
sentations. Future studies will need to determine if the pro-
attentional actions of al receptors results from an increased
sensitivity to external stimuli, as seen with more posterior cortical
and subcortical areas [48] or more generally to increased attention
to the environment.

Clinical implications

The neurocircuitry underlying the therapeutic actions of psychos-
timulants remains poorly understood. The current observations
add to a growing body of evidence that the procognitive actions
of ADHD-approved drugs involve (to some extent) direct action in
the PFC [8, 23]. This provides important information for future
drug discovery targeted at the development of novel treatments
for ADHD (e.g. [49]).

Sprague and Sleator [13] first described a differential dose
sensitivity across varying cognitive/behavioral processes to MPH
in children with ADHD, an observation later confirmed by Tannock
et al. [14]. Our observations suggest an involvement of PFC al
receptors in the procognitive actions of moderately higher doses
of psychostimulants. It remains to be determined whether the
facilitation of these al-sensitive processes contribute to the
beneficial (behavioral calming and attention improving) vs.
detrimental (cognitive constriction) actions of psychostimulants
and whether this differs across ADHD subtype [50]. Lastly, our
results demonstrate a role of PFC a1 receptors in the regulation of
focused attention, similar to that reported for flexible attention
[24]. This may have relevance for the development of novel
attention-enhancing compounds.
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