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Abstract

Psychostimulants exert dose-dependent alterations in frontostriatal cognitive function.
Specifically, higher doses, associated with addiction, robustly impair frontostriatal-dependent
cognition. In contrast, at low and clinically-relevant doses, psychostimulants enhance cognitive
and behavioral function dependent on the prefrontal cortex (PFC) and extended frontostriatal
circuitry. The procognitive actions of psychostimulants are observed in individuals with
attention deficit hyperactivity disorder (ADHD) as well as in typical human and animal subjects.
However, despite the widespread use of these drugs, the cognitive and neurophysiological
underpinnings of their cognition-enhancing and therapeutic effects are poorly understood,
limiting our ability to develop better treatments for frontostriatal cognitive dysfunction.

The goal of this thesis is to examine the neurocircuitry, receptor mechanisms and
electrophysiological actions underlying the cognition-enhancing and cognition-impairing effects
of low dose psychostimulants. Specifically, these studies addressed three major questions: 1)
Does methylphenidate (MPH; Ritalin®) act directly within distinct frontostriatal subfields to
improve or impair PFC-dependent cognitive function? 2) What are the receptor mechanisms
underlying the procognitive actions of MPH? 3) What are the electrophysiological actions
underlying the cognition improving vs cognition impairing actions of MPH within frontostriatal
circuitry in animals tested in a spatial working memory task.

These studies demonstrate that: 1) Although MPH acts directly within the PFC to
enhance performance in both working memory and sustained attention tasks, sustained attention
displayed a right-shifted dose sensitivity; 2) This differential sensitivity to MPH between
working memory and sustained attention involves the differential activation of PFC alpha-1
receptors; 3) MPH exerts complex, dose-dependent actions on frontostriatal neuronal signaling
during a working memory task, with high doses suppressing task related neuronal representations
and altering oscillations in local field potentials whereas low doses have minimal effects on
frontostriatal signaling. Collectively, these studies provide new insight into the neurobiology of
higher cognitive function and provides important information for the development of novel

treatments for ADHD and other conditions associated with frontostriatal dysfunction.



Specific Aims

To better develop alternative ADHD treatments with comparable efficacy to psychostimulants it
is important that we understand the neural mechanisms responsible for the cognition-
enhancing/therapeutic actions of these drugs. Extensive evidence in human and animals
demonstrates that low dose psychostimulants facilitate higher cognitive functions dependent on
frontostriatal circuitry, whereas higher doses impair these same processes. The proposed studies
examine the frontostriatal neurocircuitry, receptor mechanisms and electrophysiological actions
involved in the dose dependent cognition-enhancing and cognition-impairing actions of MPH. This
information will increase our understanding of the neurobiology underlying: 1) the cognition-
enhancing actions of this widely used class of drugs; 2) higher cognitive function. Collectively, this
knowledge is important in developing novel treatments for ADHD and other conditions associated

with PFC dysfunction.

AIM 1. TO IDENTIFY 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. (CHAPTER 2)

AIM 2. TO IDENTIFY THE POTENTIAL CIRCUIT AND RECEPTOR MECHANISMS UNDERLYING
THE DIVERGENT DOSE-DEPENDENT COGNITIVE EFFECTS OF MPH ACROSS PFC-DEPENDENT

COGNITIVE TASKS. (CHAPTER 3)

AIM 3. TO IDENTIFY THE ELECTROPHYSIOLOGICAL ACTIONS OF COGNITION IMPROVING VS
COGNITION IMPAIRING DOSES OF MPH WITHIN FRONTOSTRIATAL CIRCUITRY DURING A

SPATIAL WORKING MEMORY TASK. (CHAPTER 4)



Chapter 1
Introduction

Attention deficit hyperactivity disorder (ADHD), first described in 1902 (Still, 1902), is a
cognitive/behavioral syndrome associated with attentional deficits, hyperactivity and impulsivity.
Initially viewed as a childhood disorder, ADHD is now known to occur in adults, with a sizeable
proportion of adult ADHD reflecting a continuance of the disorder from childhood (Barkley,
2002; Biederman et al., 1993; Mannuzza et al., 1991; Spencer et al., 1994; Weiss et al., 1985).
Conservative estimates indicate ADHD affects 3-8% of the population (Visser et al., 2007).
Importantly, this disorder is associated with increased risk in a number of domains including
academic, social and health-related (Barkley et al., 2002; Hechtman et al., 2004; Mannuzza et al.,
1997, 1993). As such, it is important that ADHD patients be identified and treated to mitigate

these risks.

Although our understanding of the neurobiology of ADHD is still emerging, available
evidence implicates a key role of the prefrontal cortex (PFC) in this disorder. The PFC plays a
critical role in a variety of cognitive and behavioral processes affected in ADHD, including
working memory, planning, attention, and response inhibition (Arnsten & Robbins, 2002; Miller
& Cohen, 2001; Posner & Petersen, 1990). Collectively, these and other processes comprise a
proposed ‘executive function’ of the PFC involved in the temporal organization of goal-directed
behavior. Importantly, lesions of the PFC produce a variety of behavioral effects similar to those
seen in ADHD, including hyperactivity, impulsivity and deficits in working memory and
sustained attention (for review, Arnsten & Li, 2005), consistent with functional imaging studies
demonstrating a dysfunction of the PFC and extended frontostriatal circuitry in ADHD (Bush et

al., 2005; Vaidya et al., 1998).



Psychostimulants are a class of drugs most commonly associated with their potent
arousing and behaviorally-activating actions, as well as the significant potential for abuse (Rebec
& Bashore, 1984; Segal, 1975). Nonetheless, these drugs, particularly methylphenidate (MPH,
Ritalin®) and amphetamine (Adderall®), are highly effective in treating a variety of cognitive
and behavioral deficits in PFC-dependent function in children, adolescents and adults with
attention deficit hyperactivity disorder (ADHD; Abikoff et al., 2004; Bradley, 1937; Greenhill,
2001; Hechtman et al., 2004; Scheffler et al., 2009; Wender et al., 1985), including working

memory, attention, and impulsivity; with millions of prescriptions written annually.

Initially, these seemingly contradictory actions of psychostimulants were thought to
reflect unique and ‘paradoxical’ effects in individuals with ADHD. However, subsequent work
unambiguously demonstrated that the cognition-enhancing and behavioral-calming actions of
psychostimulants are not limited to ADHD. Thus, when administered at low and clinically-
relevant doses, psychostimulants improve a variety of behavioral and cognitive processes
dependent on the prefrontal cortex (PFC) in human subjects with and without ADHD (J1 & G,
2001; Mehta et al., 2001; Rapoport et al., 1980). Consistent with this, the cognition-enhancing
actions of low-dose psychostimulants have been recently recognized by the general population,
with rising use of these drugs on and off college campuses to improve academic and work-
related performance by individuals without ADHD (Maher, 2008; McCabe et al., 2005; Setlik et
al., 2009). Moreover, these actions are not unique to humans, having been documented in typical
animal subjects when administered at clinically-relevant doses; i.e. doses that produce clinically-
relevant plasma concentrations in the 8-40 ng/mL range (Arnsten & Dudley, 2005; Berridge et
al., 2006; Devilbiss & Berridge, 2008; Kuczenski & Segal, 2002; Swanson & Volkow, 2001;
Zdrale et al., 2008). Of particular relevance, prior studies in our laboratory demonstrate that

systemic MPH, at doses that produce clinically-relevant plasma concentrations, improves the



accuracy of rats performing a spatial delayed alternation test of working memory (Figure 1;
Berridge et al., 2006), similar to that observed with all FDA approved treatments for ADHD (for
review, Berridge & Devilbiss, 2011). Together, these observations indicate that an animal model
of ADHD is not necessary to examine the neural mechanisms involved in the
cognitive/therapeutic effects of low-dose stimulants. This is not a trivial advantage, given most
animal models of psychopathology suffer from a high degree of uncertainty regarding the extent
to which they model the neurobiology of a disorder, even while mimicking certain behavioral
features of that disorder

Evidence suggests that the cognition-enhancing/therapeutic actions of psychostimulants
may stem from direct action within the PFC (Bush et al., 2005; Dickstein et al., 2006). 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 (Berridge et al., 2006; Devilbiss & Berridge, 2008). Moreover,
structural and functional imaging studies demonstrate psychostimulants reverse ADHD-
associated hypofrontality (Bush et al., 2005; Rubia et al., 1999; Sheridan et al., 2007; Vaidya et
al., 1998). 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.
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Figure 1. Effects of low-dose
methylphenidate (MPH) on spatial
working memory as measured in a
delayed-alternation task. Shown are
mean+SEM percent change in accuracy
from baseline. At a dose of 0.5 mg/kg, IP
MPH significantly improved performance,
whereas 2.0 mg/kg MPH impaired
performance in the same task. *p<.05

compared with vehicle-treated animals.



Frontostriatal Circuits in Cognition

The PFC represents one node in an extended network involved in response selection
under ambiguous/distracting conditions. Response selection involves predicting potential
outcomes associated with multiple response options, evaluating the quality of predicted
outcomes, and outcome evaluation (for review, Johnson et al., 2007). This process likely
involves the coordinated activity of a distributed network that includes the PFC, hippocampus,
and the striatum (Dalley et al., 2004; Johnson et al., 2007; Pratt & Mizumori, 2001; Vertes,

20006).

The PFC displays a functional topographic organization with dorsal subfields associated
with higher cognitive function and ventral regions primarily associated with affect- and
motivation-related processes (Dalley et al., 2004). In the rat, the dorsal portion of the medial
PFC, encompassing the dorsal anterior cingulate and dorsal prelimbic subfields, serves a critical
role in higher cognitive function (Kesner, 2000), while the ventromedial PFC, comprised of the
infralimbic and ventral prelimbic subfields, participates in affective/motivational processes
(Dalley et al., 2004; Vertes, 2006, 2004). This functional heterogeneity within the PFC involves,
in part, topographically-organized projections to downstream striatal subfields, forming distinct
functional frontostriatal circuits (Chudasama & Robbins, 2006; Dalley et al., 2008; Dunnett et
al., 2005). Of particular relevance is the circuitry connecting the PFC with the striatum, which
involves both direct projections from the PFC to the striatum as well as multisynaptic projections
to the PFC from the striatum (Dalley et al., 2004; Pratt & Mizumori, 2001; Vertes, 2006). A
large body of evidence demonstrates that the dorsomedial striatum (dmSTR) receives direct

projections from the dmPFC and is associated with more ‘cognitive-like’ processes, such as task-



switching (Johnson et al., 2007; Ragozzino et al., 2002). Additionally, there is also limited
evidence that the ventromedial striatum (vmSTR) may be involved in the cognition enhancing
actions of psychostimulants (Mair et al., 2002; Seamans & Phillips, 1994). For example,
imaging studies have implicated structural and functional changes in fronto-striatal circuitry of
ADHD patients, including hypoactivity of the striatum that is reversed with MPH (Lou et al.,
1989; Rubia et al., 2009). Combined, these observations suggest that psychostimulants may

additionally act in the striatum in order to enhance cognitive function.
Neurochemical Actions of Psychostimulants

As stated above, the two most commonly used psychostimulants in the treatment of ADHD are
methylphenidate and amphetamine. At behaviorally activating doses, these drugs potently increase
extracellular levels of norepinephrine (NE) and dopamine (DA) throughout the brain, largely by
blocking NE and DA reuptake (Segal, 1975). Some psychostimulants, particularly amphetamine,
actively stimulate DA efflux through the DA transporter (Kuczenski & Segal, 1994). Although
amphetamine can also stimulate NE efflux and block serotonin reuptake, these actions only occur at high
and clinically inappropriate doses (Florin et al., 1994). In contrast, MPH acts only to block NE and DA
reuptake, neither inhibiting serotonin reuptake nor stimulating NE or DA efflux (Kuczenski & Segal,

1997).

Low and clinically-relevant doses of stimulants exert behavioral actions that are qualitatively
different than higher and behaviorally-activating doses. As noted above, cognition-enhancing doses of
psychostimulants appear to preferentially affect the PFC. This includes evidence from microdialysis
studies in home-cage housed animals that demonstrate clinically-relevant doses of MPH produce a
preferential elevation in extracellular NE and DA within the PFC. Specifically, in rats, doses of

methylphenidate that elicit clinically-relevant plasma concentrations and improve PFC-dependent
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behavioral function, produce prominent increases in extracellular levels of NE and DA within the PFC,

while having substantially smaller effects on DA levels in the nucleus accumbens and NE levels in the
medial septal area (Berridge et al., 2006). Moreover, in both the hippocampus and somatosensory
cortex, these same doses of methylphenidate elevate NE levels similar to that seen in the medial septal
area and well below that observed in the PFC (Drouin et al., 2006; Kuczenski & Segal, 2002; Kuczenski

& Segal, 2001).

Overall, these observations indicate an enhanced sensitivity of PFC catecholamines to
cognition-enhancing doses of psychostimulants. This preferential sensitivity of PFC NE and DA
to low-dose stimulants may involve low DA transporter (DAT) levels within the PFC combined
with an ability of the NE transporter (NET) to clear extracellular NE and DA (Carboni et al.,
1990; Sesack et. al., 1998). Thus, due to competition between NE and DA for binding to the
NET, increases in NE will result in less DA binding to the NET, resulting in an increase in
extracellular DA levels in a feed-forward model. Conversely, increases in extracellular DA will

result in greater competition for NE binding to the NET, resulting in an elevation in NE levels.

NE acts at three families of receptors: a1, a2, and B receptors, each comprised of
multiple subtypes. All three families are found throughout the PFC (Nicholas et al., 1993a;
Nicholas et al., 1993b; Pieribone et al., 1994). a2 receptors display a higher affinity for NE
relative to al and [ receptors and are thus preferentially engaged at lower rates of release
(Figure 2; Arnsten, 2000b) . There are three subtypes of o, receptors, a2A, a2B, and a2C, with
post-synaptic a2A receptors playing a critical role in the regulation of PFC-dependent cognition

(MacDonald et al., 1997; Wang et al., 2007).

DA acts at two different families of receptors throughout the brain, including in the PFC:

Dl-like (D1 and D5) and D2-like (D2, D3, and D4) receptors. Importantly, the ‘dopamine (DA)’
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D4 receptor binds both NE and DA and thus should be considered a generalized catecholamine

receptor (Van Tol et al., 1991). While evidence strongly implicates D4 receptor signaling in
cognition (Furth et al., 2013; Yuen et al., 2013; Zhong and Yan, 2014), our understanding of the

cognitive actions of NE signaling at this receptor is limited.

Catecholamine modulation of PFC Function

Working Memory. As noted, the catecholamines, NE and DA are important neuromodulators
affecting PFC-dependent behavior (Arnsten, 2007). These modulatory actions have been most
intensively examined in delayed-response tests of working memory. Spatial working memory is
a form of short-term memory used to guide goal directed behavior based on representational
knowledge of spatial position. Catecholamine modulation of prefrontal function was first noted
by Brozoski (1979), who demonstrated that selective inactivation of either neurotransmitter
profoundly impaired performance on tasks requiring WM function. Subsequent work
demonstrates that NE and DA exert inverted-U shaped dose-dependent facilitation of PFC-
dependent cognition, with both low and high levels of DA/NE resulting in cognitive impairment
(Arnsten & Li, 2005; Arnsten & Robbins, 2002). These modulatory actions of NE and DA
involve multiple receptor subtypes. For DA, D1 receptor stimulation elicits an inverted-U
shaped dose-dependent modulation of working memory performance (Figure 2; Arnsten, 2007).
NE also acts within the PFC to exert an inverted-U shaped modulation of performance in tests of
working memory such that both inadequate and excessive NE signaling is associated with an
impairment in working memory performance while moderate levels of NE signaling is associated
with optimal performance (Figure 2; Robbins and Arnsten, 2009). This inverted-U shaped
function reflects the differential activation of NE receptor subtypes within the PFC. Thus, under
low arousal conditions associated with low rates of NE release or other conditions associated

with reduced NE signaling in the PFC (e.g. NE lesions of the PFC, aging) working memory is
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impaired (Arnsten et al., 1996). These deficits in working memory are reversed by selective

activation of high-affinity a2 receptors (Arnsten et al., 1996). Conversely, under conditions
associated with moderate arousal levels and moderate rates of NE release, a2 receptor blockade
degrades optimal working memory (Arnsten, 2000). In contrast to that seen with PFC a2
receptors, stimulation of a1 receptors in the PFC elicits a stress-like impairment in working
memory (Arnsten and Castellanos, 2002). Moreover, while blockade of PFC a1 receptors has no
effect on working memory under optimal conditions associated with moderate rates of NE
release (Li and Mei, 1994), this reverses working memory impairment associated with high rates
of NE release (e.g. stress; Figure 2; Arnsten and Castellanos, 2002; Birnbaum et al., 1999). For
B-receptors, limited evidence indicates that 1 and 32 receptors in the PFC exert opposing
actions on working memory; blockade of B1 or stimulation of B2 receptors in the PFC improves

working memory (Ramos et al., 2008; Ramos et al., 2005)

Combined, this information suggests the hypothesis that psychostimulants exert working
memory-enhancing effects via activation of o2 and D1 receptors within the dmPFC. Consistent
with this hypothesis, systemic administration of either a D1 antagonist (SCH23390) or an o.2-
antagonist (idazoxan) prevents the beneficial effect of low-dose MPH on working memory when
administered at doses that, on their own, do not affect working memory (Arnsten & Dudley,
2005). Of course, these latter studies do not determine the anatomical location of D1 and ot»-

receptors involved in the cognitive effects of low-dose MPH.

Attentional Processes Psychostimulants have been typically viewed to uniformly atfect PFC-
dependent cognitive processes (Pievsky & McGrath, 2018; Solanto, 2001). However, increasing
evidence in humans and animals demonstrates that subsets of PFC-dependent cognitive
processes display differential dose sensitivity to these drugs. Specifically, working memory and

response inhibition display relatively narrow inverted-U dose-dependent facilitation, while
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behavioral calming and attention-enhancing effects are observed across a broader, right-shifted
range of doses (Berridge et al., 2012; Sprague & Sleator, 1977; Tannock et al., 1989; Tannock, et
al., 1995). In order to investigate the effects of MPH across distinct cognitive processes, an
operant based signal detection test was employed to assess the effects of psychostimulants on
sustained attention.

Different PFC dependent cognitive processes are modulated via different neural and
receptor mechanisms (Arnsten & Li, 2005; Berridge et al., 2012; Dalley et al., 2004; Robbins &
Arnsten, 2009). Indeed, NE exerts receptor-specific modulatory actions across PFC-dependent
cognitive processes. As. noted above, PFC a1 receptors impair working memory, whereas, in
contrast, PFC a1 receptors facilitate both flexible (attentional set shifting) and focused/sustained
attention (Arnsten et al., 1999; Lapiz and Morilak, 2006; Berridge et al., 2012). Consistent with
this, clinically relevant doses of methylphenidate maximally enhance working memory, while
doses 4-fold higher maximally improve sustained attention via activation of a1 receptors
(Berridge et al., 2012). Collectively, these observations suggest that MPH may additionally act

via NE a1 receptors within the dmPFC to promote attentional processes.
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Figure 2. Both inadequate and excessive NE and DA signaling is associated with
impairment in working memory performance whereas moderate levels of catecholamine

signaling is associated with optimal performance.

Frontostriatal Electrophysiology

In vivo, PFC neurons display a diversity of task-related discharge patterns. One of the
most intensely studied is the sustained discharge displayed by a subset of PFC neurons during
the delay-portion of working memory tasks (delay-related discharge; Fuster and Alexander,
1971). Initially posited to represent information storage in working memory, currently there is
much debate over the degree to which this activity reflects a storage function vs. a role in
attention, the interpretation of rules/context, or other functions (Asaad et al., 2000; Lebedev et
al., 2004; Miller & Cohen, 2001; Postle, 2006). Nonetheless, PFC delay-related discharge is
positively correlated with optimal performance in these tasks, regardless of the specific

cognitive/behavioral process it represents (Wang et al., 2007). In addition to delay-related
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activity, PFC neurons are sensitive to other task-related events, including reward/outcome and

decision-related processes (Batuev et al., 1990; Bouret & Sara, 2004; Devilbiss et al., 2016;

Watanabe, 1996).

In the dorsolateral PFC of monkeys, neurons display delay-related discharge with spatial
tuning during an oculomotor delayed response task (Arnsten, 2007). As reviewed above, optimal
performance in PFC dependent tasks requires optimal levels of catecholamines; with dopamine
acting at D1 receptors and NE acting at postsynaptic aa receptors. Supporting this,
electrophysiological evidence indicates that o2 receptor stimulation strengthens delay-related
discharge for neurons tuned to behaviorally relevant spatial locations (increasing signal; Wang et
al., 2007). In contrast, optimal D1 receptor stimulation weakens delay-related discharge to
neurons tuned to behaviorally irrelevant spatial locations (increasing noise; Vijayraghavan et al.,
2007). Combined, these actions improve the signal to noise ratio of tuning properties of PFC
neurons. In contrast, high levels of arousal (i.e. stress) leads to NE acting at lower affinity ou-
receptors. and excessive DA acting at D1 receptors to reduce working memory through the

overall suppression of PFC neuronal activity and collapse of spatial tuning (Arnsten, 2000a).

Previous work in our lab analyzed the effects of acute white noise-stress on task-related
activity of PFC neurons in rats performing a delayed alternation test (Devilbiss et al., 2012).
These studies demonstrate that in vivo PFC neurons display recurrent activation during and
outside the delay interval (i.e. represent spiking history-related discharge; Figure 3A), and that
this activity significantly contributes to ongoing, sustained discharge. Moreover, acute stress
was observed to weaken the relative contributions of spiking history to PFC neuronal discharge
during the delay period of a working memory test (Figure 3B). In a follow-up study, stress was
further shown to suppress delay activity in PFC neurons strongly tuned to the delay phase (i.e.

those that showed elevated activity during the delay period), while increasing delay activity in
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PFC neurons not tuned to delay (Devilbiss et al., 2016). Combined, these actions decrease the

signal to noise ratio, impairing signal processing within the PFC. Given stress impairs PFC-
dependent cognition as measured in this test, high doses of MPH may mimic this effect, whereas
an action opposite to that may be see with cognition-enhancing doses of MPH, strengthening of
PFC delay sensitive neurons, while simultaneously reducing activation to neurons not tuned to
the delay. Finally, cognition-impairing doses of MPH may affect task-related discharge outside
the delay period in a similar manner as seen with stress, i.e. generally suppressing outcome

related activity, whereas cognition-enhancing doses may a have an opposite effect.
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Figure 3. Stress-related changes in pIPFC neuron spike-history effects. (A) Spiking gain
measures of the contribution of spike history at different points back in time decay
exponentially under baseline and stress conditions. (B) Delay-specific effects of spike history.

Stress suppressed the effects of spike history specifically during delay period.

A variety of imaging, electrophysiological, and lesion studies demonstrate that the PFC is
aided in supporting working memory through interactions with subcortical structures, including
the striatum (Floresco et al., 1997; Frank et al., 2001; Levy et al., 1997a; Lewis et al., 2004;
Spencer et al., 2012). This includes elevated striatal activity during the delay period of working
memory tasks (Chiba et al., 2015; Histed et al., 2009; Postle & D’Esposito, 1999; Soltysik et al.,
1975). In the rat, dorsomedial striatal neurons display tuning to both delay and reward related

components of delayed response tasks (Akhlaghpour et al., 2016; Levy et al., 1997b).
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Interestingly, this striatal activity may not be sustained throughout the delay as found in the PFC,

but tiled across the delay period through the sequential activation of neighboring neurons
(Akhlaghpour et al., 2016). Thus, in addition to alterations in PFC neuronal activity, this
suggests that the cognition modulating actions may have additional actions on neuronal activity
within the dmSTR. This includes the hypothesis that high doses may suppress whereas

cognition-enhancing doses may elevate activity in neurons strongly tuned to the delay.

While spiking data looks at the activity of individual neurons, local field potentials
(LFPs) reflect the slower, aggregate activity of many neurons within a small volume of brain
tissue (Kajikawa & Schroeder, 2011). Oscillations in LFPs are thought to play an important role
in allowing neural ensembles to talk to each other both within and between brain regions
(Buzsaki & Draguhn, 2004). LFP oscillations are typically broken up into discrete frequency
bands that are purported to correlate with distinct behavioral and cognitive functions, although
the exact role of these oscillations is still debated (Hsieh & Ranganath, 2014; Klimesch, 1999;
Lisman, 2010; Roberts; Roux & Uhlhaas, 2014). For example, theta activity in the frontal cortex
is positively correlated with behavioral performance in working memory tasks (Gevins, 1997,
Hsieh & Ranganath, 2014; Itthipuripat et al., 2013; Mitchell, et al., 2008), although see
(Klimesch, 1999). This includes evidence that frontal cortical theta increases following
successful completion of working memory tasks in humans and monkeys (Hsieh & Ranganath,
2014; Itthipuripat et al., 2013), and that rodent mPFC neurons are entrained to theta during
successful but not unsuccessful working memory trials (Hyman et al., 2010) In the case of
frontal alpha oscillations, evidence suggests that they may be most closely aligned with the
ability to inhibit task irrelevant information (Roux & Uhlhaas, 2014). In particular, the power of
alpha oscillations prior to distractors in a working memory task is positively correlated with
performance (Bonnefond & Jensen, 2012). Lastly, frontal gamma oscillations are positively
correlated with working memory load (Howard et al., 2003)

Prefrontal cortical dysfunction is associated with a variety of changes in frontal cortical

oscillatory power. In particular, ADHD, which is associated with impaired working memory,



16

shows increases in frontal theta power (Barry et al., 2003; Clarke et al., 2007; Koehler et al.,
2009), with psychostimulant treatment normalizing this increase (Clarke et al., 2007; Loo et al.,
2004). This would appear in contrast to the evidence above where frontal theta is positively
correlated with successful working memory performance. However, these seemingly
contradictory observations may be related to the fact that increased theta power is also correlated
with working memory load (Jensen & Tesche, 2002). Thus, increased theta in both ADHD and
successful behavioral performance may reflect increases in effort, rather than a signature of
working memory accuracy per se. ADHD, is also associated with aberrant changes in alpha
oscillations (Koehler et al., 2009; Woltering et al., 2012) and psychostimulant treatment
normalizing this activity (Loo et al., 2004). Lastly, there is limited evidence that frontal gamma
oscillations are decreased in ADHD, with psychostimulant treatment reversing this hypoactivity
(Wilson et al., 2013).

To date, there has been little work done on the role of neural oscillations in the dmSTR
during working memory tasks. However there is evidence that theta activity is prominent in the
striatum of rats performing spatial navigation tasks (DeCoteau et al., 2007), with increased theta
power observed during decision making components of the task and increased gamma
oscillations in response to reward (Tort et al., 2008). Thus, there exists a large gap in our
understanding of how striatal oscillations contribute to working memory performance.

In order to better understand the neural mechanisms underlying the cognitive/therapeutic
actions of these drugs, it is important to characterize their electrophysiological actions in animals
engaged in a test of PFC-dependent function. The above reviewed information suggests the
hypothesis that the divergent cognitive actions of low vs. higher doses of psychostimulants may
be associated with opposing modulatory actions on task-related and oscillatory activity within
dorsomedial frontostriatal circuitry. For these studies, we examined the effects of vehicle or
MPH treatment on frontostriatal activity of three frequency bands: theta (4-7 Hz), alpha (7-12

Hz), and gamma (40-80 Hz) during the delay phase of a delayed spatial working memory test.
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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 ng/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.
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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.
Millions of prescriptions are written annually for psychostimulants, particularly

methylphenidate (MPH; Ritalin) and amphetamine, to treat the cognitive and behavioral
symptoms of attention deficit hyperactivity disorder (ADHD; Greenhill, 2001). 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 (Bush et al., 2005;
Castellanos & Tannock, 2002; Mehta et al., 2004; Shaw et al., 2009). 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 (Berridge et
al., 2006; Gamo et al., 2010; Kuczenski & Segal, 2002; Mehta et al., 2001). Indeed, this is
evident through the increasing use of these drugs in the general population as cognitive
enhancers (Wilens et al., 2008). 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 (Bush et al., 2005; Dickstein et al.,
2006). 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 (Berridge et al., 2006; Devilbiss & Berridge,
2008). Moreover, structural and functional imaging studies demonstrate psychostimulants

reverse ADHD-associated hypofrontality (Bush et al., 2005; Rubia et al., 1999; Sheridan et al.,
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2007; Vaidya et al., 1998). 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
(Seidman et al., 2005). 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’ (Balleine et al., 2007;
Balleine & O’Doherty, 2010). Additionally, studies in both humans and animals demonstrate
that clinically-relevant doses of psychostimulants impact dopamine (DA) signaling within striatal
regions (Clatworthy et al., 2009; Volkow et al., 2002), albeit to a lesser degree than seen in the
PFC (Berridge et al., 2006).

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 (Kesner, 2000). Importantly, the pharmacology of
performance in this test closely aligns with the pharmacology of ADHD (Berridge & Devilbiss,
2011; Berridge et al., 2006; Gamo et al., 2010), in contrast with other tests of PFC-dependent
cognition (Berridge et al., 2012). 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.
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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 (Dalley et al., 2004; Kesner, 2000).
In contrast, the ventromedial PFC (vmPFC) comprised of the infralimbic and ventral prelimbic
subregions, is strongly associated with autonomic, visceromotor, and affective processes (Dalley
et al., 2004; Mehta et al., 2004; Vertes, 2004). 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.

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 (Ragozzino, 2007; Voorn et al., 2004).
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.
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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 (Dalley et al., 2004; Kesner,
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2000), cannulae were only lowered 200 pm below dura to avoid cannula-related damage to this

region.

Behavioral Training and Testing: Training and testing were similar to that described
previously (Berridge et al., 2006). 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 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 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.
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Drug Infusion: Methylphenidate HCI (Sigma, St. Louis, MO; (0.035, 0.125, 0.5, 2.0, and 8.0
ng/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 MgCI2, 2.5 mmol/L
KCI; pH=7.4). 0.5 pl 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 pm-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 Fluorogold (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
(Espana et al., 2005). For these infusions, single-barrel glass micropipettes (15-25 um 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 pA, 15-minutes, 5-second pulses, 50% duty cycle) with the pipette remaining in place for an
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additional 10-minutes. Animals were sacrificed 7 days following FG infusions. FG was
visualized using immunohistochemical procedures as described previously (Espana et al., 2005).
Briefly, animals were perfused with 4% paraformaldehyde, 40 um 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, 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 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 pg MPH vs. AECF, independent T-tests were used for analysis.
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RESULTS

Cognitive Effects of Intra-PFC MPH Infusion

Given the likely involvement of rat dAcg in working memory performance (Kesner,
2000), we avoided placement of guide cannulae directly into this dorsal-most region of the rat
mPFC and utilized small (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 pg/hemisphere dose
(p=0.04; n=14). Both a four-fold lower dose (0.031 pg/hemisphere, n=7) and a four-fold higher
dose (0.5 pg/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
pg/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 pg/hemisphere) and
16-fold higher (2.0 pg/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
pg/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).
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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 pg (n=7) = 4.4 £ 3.6%,

p=0.46; 2.0 ug (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 observations
(Mehta et al., 2004), placement of this tracer into the dmSTR resulted in robust labeling of
neurons in the dmPFC but not the vimPFC. In contrast, retrograde tracer placement within the
dorsolateral striatum resulted in minimal retrograde labeling within the dmPFC and more robust
labeling within the vimPFC (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
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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 ug MPH
(n=6) and 2.0 ug 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).
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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
(Arnsten & Dudley, 2005; Berridge et al., 2006; Devilbiss & Berridge, 2008). 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 (Kesner, 2000). 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
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information (Mehta et al., 2004; Vertes, 2004, 2006). 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
sequencing of behavior (Kesner, 2000). 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 (Bush et al., 1999;
Castellanos & Tannock, 2002; Seidman et al., 2006). Limited evidence suggests the rat dmPFC
is functionally homologous to both of these regions in the human/primate (Seamans et al., 2008),
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 (Arnsten, 2006). 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
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response outcome evaluation (Arnsten & Dudley, 2005; Berridge et al., 2006; Devilbiss &

Berridge, 2008). 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 (Berridge et al., 2006; Kuczenski & Segal, 2002). 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 (Berridge et al., 2012). 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 (Arnsten & Dudley, 2005; Berridge
et al., 2006; Devilbiss & Berridge, 2008). However, while systemically administered MPH
impairs working memory performance when administered at a dose 4-fold higher than an
optimally-improving dose (Devilbiss & Berridge, 2008), intra-PFC infusion of MPH at doses 16-
fold (2 pg/hemisphere) and 64-fold (8 pg/hemisphere; data not shown) greater than the
maximally-facilitating dose (0.125 pg/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 (Vertes, 2006),

including working memory (Floresco et al., 1999a; Wang & Cai, 2006). Thus, these regions
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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 (Arnsten & Li, 2005; Robbins & Arnsten, 2009). In the case of
DA, this involves inverted-U shaped modulatory actions of DA D1 receptors (Vijayraghavan et
al., 2007) For norepinephrine (NE), activation of postsynaptic a-receptors promotes, while
activation of a-receptors impairs, working memory performance (Arnsten et al., 1999, 1996).
op-receptors possess a higher affinity for NE than a-receptors (Arnsten, 2000b). Thus, it has
been proposed that under conditions of moderate rates of NE release PFC ow-receptor activation
predominates, facilitating PFC-dependent function, whereas at higher rates of NE release (e.g.
stress) oi-receptors are engaged, impairing PFC-dependent function (Arnsten, 2000b)

Consistent with these behavioral observations, electrophysiological evidence suggests
optimal catecholamine modulation is needed for proper PFC neuronal signal processing. For
example, in monkeys, PFC az-and D1 receptors act in concert to produce optimal spatial tuning
of delay-related neurons (Arnsten, 2007; Vijayraghavan et al., 2007). In contrast, stimulation of
PFC a1 receptors reduces neuronal responsiveness and decreases spatial tuning (Birnbaum et al.,
2004). 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 (Berridge et al.,

2006). When combined with the current results, this information indicates that cognition-
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enhancing actions of low-dose psychostimulants likely involve o2 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 a2 or D1 receptor antagonist (Arnsten & Dudley, 2005).

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 (Voorn et al., 2004). Additionally, lesion and pharmacological studies suggest the
dmSTR acts in concert with the dmPFC to support flexible, goal-directed behavior (Balleine &
O’Doherty, 2010; Ragozzino, 2007). 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 (vimSTR), particularly the nucleus accumbens, has been
implicated in ADHD as well as the regulation of impulsivity (Cardinal et al., 2001; Scheres et al.,
2007; Volkow et al., 2011; Volkow et al., 2009). Functional imaging studies indicate that MPH-
induced improvement in certain cognitive/behavioral tasks is associated with alterations in
vmSTR activity (Dodds et al., 2008; Vaidya et al., 1998). Additionally, limited observations also

indicate the vimSTR is involved in the performance of delayed response tasks (Mair et al., 2002;
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Seamans & Phillips, 1994). Indeed, MPH-induced changes in DA receptor occupancy in the

ventral striatum predict the magnitude of improvement in a spatial working memory task
(Clatworthy et al., 2009). 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 (Berridge et al., 2006).
Collectively, these observations indicate that vimSTR 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 vimSTR.

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 o 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. MPH acts in the dmPFC to improve working memory performance in an
inverted-U manner. (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 pg/hemisphere producing a maximal improvement. (C) Schematic diagram
indicating all 0.125 pg infusion sites into the dmPFC. dAcg, dorsal anterior cingulate; PL,
prelimbic; IL, infralimbic. Numbers represent AP level (Swanson, 1992). *P < 0.05 relative to

vehicle treatment.
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Figure 2. MPH does not act in the vmPFC to improve working memory performance. (A)
Representative photomicrograph indicating site of MPH infusion into the infralimbic subregion
of the mPFC. (B) Schematic of 0.125ug 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 (Swanson, 1992).
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Figure 3. The dmSTR receives projections from the dmPFC and is necessary for working
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memory. (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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Abstract

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 a1l receptors was sufficient to improve
sustained attention. This latter action contrasts with the impairing actions of PFC a1 receptors
reported previously for working memory. These results provide further evidence for a prominent
role of the PFC in the pro-cognitive actions of MPH and demonstrate the divergent dose
sensitivity across cognitive processes aligns with the differential involvement of PFC al

receptors.
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At low and clinically-relevant doses, psychostimulants, including methylphenidate
(MPH, Ritalin), enhance cognition dependent on the prefrontal cortex (PFC) and extended
frontostriatal circuitry (Arnsten & Dudley, 2005; Mehta et al., 2000; Spencer et al., 2015). These
actions are observed in individuals with attention deficit hyperactivity disorder (ADHD) as well
as healthy human and animal subjects (Berridge et al., 2006, 2012; Mehta et al., 2001, 2004).
Converging observations indicate that drug action within the PFC contributes to the pro-
cognitive effects of psychostimulants (for review, Spencer et al., 2015). 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 (Spencer
et al., 2012; Tanila, Rama, & Carlson, 1996; Wang et al., 2007).

Psychostimulants have been typically viewed to uniformly affect a diversity of PFC-
dependent cognitive processes (Pievsky & McGrath, 2018; Solanto, 2001). However, increasing
evidence in humans and animals demonstrates 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
(Berridge et al., 2012; Sprague & Sleator, 1977; Tannock et al., 1989). 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 (Sesack et al., 1989; Voorn et al., 2004). 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
(Ragozzino, 2007). 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; Seamans & Phillips, 1994; Spencer et al. 2012, 2015). Relative to low and
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clinically-relevant doses, higher doses of psychostimulants elicit larger and more uniform
elevations in norepinephrine (NE) and dopamine (DA) throughout the brain (Berridge et al.,
2006; Kodama et al., 2017; Kuczenski & Segal, 1997). Thus, differences in sensitivity to
psychostimulants 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 (Berridge et
al., 2012). Similar to that seen with working memory (Spencer et al., 2012), 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
dependency of this action was right-shifted relative to that seen previously with working memory
(Spencer et al., 2012). Combined, these observations indicate 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, catecholamines exert non-monotonic modulatory actions on
cognition that are both receptor subtype- and cognitive process-dependent. Thus, in the case of
working memory, PFC DA DI receptors elicit an inverted-U shaped modulatory action, with
both low and high rates of activation associated with impairment (Vijayraghavan et al., 2007;
Zahrt et al., 1997). 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,
(Arnsten & Pliszka, 2011). Consistent with this, the working memory enhancing actions of
MPH are prevented by systemically administered a2 and D1 antagonists (Arnsten & Dudley,
2005). In contrast to that seen with working memory, activation of PFC a1 receptors improves
flexible attention as measured in an attention set shifting task (Lapiz & Morilak, 2006). 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 a1 receptor
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activation (Aston-Jones, Rajkowski, & Cohen, 1999; Aston-Jones et al., 2000; Lapiz & Morilak,

2006). However, subsequent observations indicated that both flexible and focused attention
display similar right-shifted dose sensitivities to MPH (Berridge et al., 2012). Moreover, MPH-
induced improvement in focused attention is prevented by systemic administration of an a1
antagonist (Berridge et al., 2012).

Collectively, these observations suggest that the procognitive actions of higher doses of
MPH involve PFC al 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 improvement in working memory and sustained attention is
dependent on local a1, as well as a2 and D1, receptors. We observed that PFC o1 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 (Lapiz & Morilak, 2006). 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 underlying the diverse procognitive
actions of this widely used class of drugs as well as the neurobiology of PFC-dependent

cognition.
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Methods and Materials

Animals: Male Sprague-Dawley rats (260-280 grams; Charles River, Wilmington, MA) were
pair-housed in polycarbonate cages on a 13-11-hour light/dark cycle (lights on 06:00). Animals
were fed ad libitum for 7 days and subsequently restricted to 15-17 grams of food/day available
at 16:00. Testing/training was conducted between 09:00-16:00 hours at the same time each day,
+1-hour. 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 stereotaxically (flat skull) implanted bilaterally over the dmPFC
(i.e. dorsal anterior cingulate/dorsal prelimbic PFC; A+3.0; L+0.8; V-0.2 mm below dura),
vmPFC (ventral prelimbic/infralimbic PFC; same coordinates, longer needles), dmSTR (A+0.45;
L£2.0; V-3.2 mm), 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.

Sustained Attention: Animals were trained and tested in an operant-based signal detection test of
sustained attention, as previously described (Berridge et al., 2006, 2012). 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-seconds, 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
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trial, a right lever press was scored as a “false alarm” and a left lever press was reinforced
(“correct rejection”). For correct response trials, house lights were illuminated for 5-seconds.
For incorrect trials, levers were retracted followed by a 5-second time-out (houselights off).
Failure to respond within 5-seconds of lever insertion triggered lever retraction and a 5-second
time-out. There was a variable inter-trial interval of 13-seconds on average (minimum 5-
second). Trials with no response occurred infrequently and were excluded from analyses.
Animals were trained until performance reached 70% to 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 = Z score of (1-probability of
false alarms). Z(S) = Z score of the Signal = Z score of (1-probability of a hit) (Gescheider,
2013).

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 (Devilbiss et al., 2012, 2016). 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.
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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
seconds; mean = 42 + 36-seconds). Stable pre-treatment performance (baseline) was defined as
2 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 two 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 (0.03pg , 0.125png, 0.5png, 2.0png /500nl), atimpamezole (1.25 pg or
0.625 png/500nl), SCH23390 (0.51g/500nl), benoxathian (0.4pg/500 nl), or muscimol
(75ng/500nl) were obtained from Sigma-Aldrich (St. Louis, MO), and dissolved in buffered
artificial extracellular fluid (147 mMol NacCl, 1.3 mMol CaCl2, 0.9 mMol MgCI2, 2.5 mMol
KCl; pH=7.4). Bilateral 500nl infusions of drug/vehicle were made at a rate of 250nl/minute
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 vinSTR). Needles remained in tissue for 2-minutes following
infusions, after which stylets were replaced. Prior to the first treatment, rats received two mock
infusions, consisting of an initial needle insertion and 48-hours later a vehicle infusion. Rats
were placed in their home cage for 15-minutes following infusions. All treatments were
separated by at least two days. To maintain tissue integrity and minimize infection, the number

of treatments was limited to 10/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-hours. Injector placement was verified in 40-pm 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.
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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, vimSTR), 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.
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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 (Fi259=86.0, 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 (Figure 1, Table 1; dmPFC, tz9-5.46; p<0.0001; d’, dmSTR, t20=-3.19; p=0.04).
Inactivation of the vimSTR (n=8; vehicle n=8) produced a larger impairment in sustained
attention (t20=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 (Devilbiss et al., 2012, 2016). 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 Figure 2 and Table S2,
infusion of MPH (500nl; 0.03ug n=6; 0.125ug n=8 ; 0.5pg, n=6; 2.0ug, 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’ (Fa665=4.15, p<0.01), with maximal improvement observed at the
0.5 pg/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 (Spencer et al.,
2012). MPH infusion into the vimPFC had no significant effects on d’ (F424=1.81, p=0.16; see

Figure 3, Supplemental Table S3; 0.03ug, n=7, p=1.0; 0.125ug, n=7, p=0.98; 0.5ng, n=7, p=1.0;
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2.0ug, n=7, p=0.10; vehicle, n=7). The one exception to this was a trend for improvement with
the highest 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 vimSTR. As shown in Figure 3, similar to that observed
previously for working memory (Spencer et al., 2012), neither MPH infusion into the dmSTR or
vmSTR had a significant effect on sustained attention as measured by a change in d’ from
vehicle treatment (see also Supplemental Table S3; dmSTR: F4653=1.32, p=0.27; 0.03pg, n=7,
p=1.0; 0.125 pg, n=12, p=0.71; 0.5 pg, n=11, p=0.87; 2.0 pg, n=12, p=0.35; vehicle, n=29, due
to multiple cohorts; vimSTR: F3203=0.13, p=0.94; 0.125 pg, n=8, p=0.93; 0.5 pg, n=8, p=0.99;
2.0 pg, n=8, p=0.90; vehicle n=8).

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 a1 antagonist, benoxathian, a2 antagonist, atipamezole, or the
D1 antagonist, SCH23390, either alone or 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 Figure 2, Berridge et al., 2012). Doses of the antagonists were based on prior
published work (Bondi et al., 2010; Granon et al., 2000; Tanila et al., 1996) 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), 0.125ng MPH

(n=11), MPH + al antagonist, (0.4 ug, n=11), MPH + a2 antagonist (1.25 pg, n=10), or MPH +

D1 antagonist, (0.5 pg, n=9). As shown in Figure 4, there was an overall effect of treatment
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(Fgs=2.3, p=0.03) with MPH infusion into the dmPFC significantly improving performance
relative to vehicle (t35=2.99, p=0.02). When infused into the dmPFC alone, neither the a1
antagonist (n=9, tg5=0.97, p=0.89), a2 antagonist (n=10, tgs=0.75, p=0.97), nor the D1 antagonist
(n=12, t35=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 (Lapiz &
Morilak, 2006), the a1 antagonist had no effect on MPH-induced improvement in working
memory (tgs=2.75, p=0.04). In contrast, the a2 antagonist (tss = 0.73, p=0.97) and the D1
antagonist (tss=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), 0.5ug

MPH (n=21), MPH + al antagonist (0.5pg, n=16), MPH + a2 antagonist (0.625 ug, n=16), or
MPH + D1 antagonist (0.5 pg, n=15). As shown in Figure 4 and Supplemental Table S3, there
was an overall effect of treatment (F2523=3.87, p=0.0002), with infusion of 0.5ug MPH into the
dmPFC significantly improving performance relative to vehicle (t2s23=2.9, p=0.03). When
infused into the dmPFC alone, no significant effects on performance were observed for any of
the antagonists (a1, n=20, t2823=-0.22, p=1.0; a2, n=14, 12823=0.93, p=0.96; D1, n=20, tr82.3=-
0.86, p=0.98). In contrast to that seen with working memory, a1 receptor blockade prevented
the sustained attention improving action of MPH (t282.3=1.42, p=0.72). Similar to that seen with
working memory, MPH-induced improvement in sustained attention was prevented by dmPFC
a2 (t2823=0.02, p=1.0) and D1 antagonists (t282.3=0.35, p=1.0).

o-1 receptor stimulation in the dmPFC improves sustained attention. These latter

observations suggest that a1l receptors in the PFC facilitate sustained attention. To directly test
this, we examined the effects of intra-PFC infusion of the a1-agonist, phenylephrine, on
sustained attention at a dose previously shown to impair working memory (Arnsten et al., 1999).
As shown in Figure 4 and Supplemental Table S4, activation of dmPFC a1 receptors (n=13)
improved sustained attention relative to vehicle treatment as measured by d’ (t2s2.3=3.68,

p=0.002), indistinguishable from that of MPH (t2823=-0.91, p=0.36).
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Discussion

Psychostimulants are the most effective and widely used treatment for ADHD, reversing
core frontostriatal cognitive deficits associated with this disorder (Mehta et al., 2001; Rubia et
al., 2011; Vaidya et al., 1998). Prior observations 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) (Berridge et al., 2012; Sprague & Sleator, 1977; Tannock et al.,
1989; Tannock et al., 1995). 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 understanding 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. 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 (Spencer
et al., 2012). Nonetheless, as with working memory (Spencer et al., 2012), 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 (Spencer et al., 2012). This difference in dose
sensitivity across tasks is identical to that seen with systemic administration (Berridge et al.,
2012). Thus, regardless of route of administration, sustained attention is maximally improved at
a dose 4-fold higher than the maximally working memory-improving dose. Additionally,
regardless of route of administration, at this higher dose, working memory is no longer improved
(Figure 2; Supplemental Figure 1; Berridge et al., 2012; Spencer et al., 2012). These
observations demonstrate the differential dose-sensitivity of these cognitive processes to MPH

involves, at least in part, mechanisms contained within the PFC.
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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 a1 receptors only
contribute to MPH-induced improvement in sustained attention. Consistent with this, activation
of PFC al receptors was sufficient to improve sustained attention. This contrasts with the
working memory impairing actions of PFC a1 receptors (Arnsten et al., 1999; Mao et al., 1999).
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 (Spencer et al., 2012). This is consistent with
the fact that ADHD is associated with frontostriatal dysfunction (Casey et al., 2007; Cubillo et
al., 2012; Liston et al., 2011) and that clinically relevant doses of MPH increase catecholamine
signaling broadly within this circuit (Berridge et al., 2006; Kodama et al., 2017). Nonetheless,
only MPH action in the dmPFC, and not the vmPFC, dmSTR or vimSTR, is sufficient to improve
both sustained attention and working memory (Spencer et al., 2012). The preferential sensitivity
of the dmPFC vs. the vimPFC 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 (Vertes, 2004, 2006).

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 (Gamo et al., 2010; Mao et al., 1999; Tanila et al., 1996; Wang et al.,

2007). Combined, these observations demonstrate a prominent role of the PFC in the
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procognitive actions of all approved treatments for ADHD. Nonetheless, this does not rule out a
role of the striatum in the therapeutic effects of psychostimulants. Given clinically-relevant
doses of psychostimulants elevate striatal DA neurotransmission (Berridge et al., 2006; Kodama
et al., 2017) it is possible that, when combined with drug action in the PFC, drug action in the
striatum may contribute to greater efficacy of psychostimulants in ADHD relative to

noradrenergic-selective treatments (Kolar et al., 2008).

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 (Arnsten & Li, 2005; Robbins & Arnsten, 2009). 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; Arnsten et al., 1999, 1996; Tanila et al., 1996). For DA, moderate D1
receptor activation promotes, while higher rates of activation impair working memory
performance (Vijayraghavan et al., 2007). Consistent with these observations, the current studies
demonstrate that within the PFC, a2 and D1, but not a1, 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 a1 receptors promote a flexible form of
attention as measured in an attention set shifting task (Lapiz & Morilak, 2006). Based on earlier
observations, it was posited that PFC a1 receptors promote ‘flexible’ attention at the expense of
focused attention (Aston-Jones et al., 2000). However, in our studies, activation of PFC a1
receptors improved sustained/focused attention, identical to flexible attention (Lapiz & Morilak,
2006). Collectively, these observations indicate that although a1l receptors differentially regulate
distinct PFC-dependent cognitive processes, this cannot be ascribed to a selective enhancement

of attentional/cognitive ‘flexibility’. One important difference between tests of working memory
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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 (Arnsten, 2007). Thus,
stimulation of PFC a2/D1 receptors help maintain internally generated representations. Future
studies will need to determine if the pro-attentional actions of a1 receptors results from an
increased sensitivity to external stimuli, as seen with more posterior cortical and subcortical

areas (Arnsten, 2000b) or more generally to increased attention to the environment.

Clinical Implications

The neurocircuitry underlying the therapeutic actions of psychostimulants 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 (Arnsten &
Pliszka, 2011; Spencer et al., 2012). This provides important information for future drug
discovery targeted at the development of novel treatments for ADHD (for example, Hupalo &
Berridge, 2016).

Sprague and Sleator (Sprague & Sleator, 1977) first described a differential dose
sensitivity across varying cognitive/behavioral processes to MPH in children with ADHD, an
observation later confirmed by Tannock and colleagues (Tannock et al., 1989). Our observations
suggest an involvement of PFC a1 receptors in the procognitive actions of moderately higher
doses of psychostimulants. It remains to be determined whether the facilitation of these a1
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 (Diamond, 2005). Lastly, our results demonstrate a role of PFC a1 receptors in
the regulation of focused attention, similar to that reported for flexible attention (Lapiz &
Morilak, 2006). This may have relevance for the development of novel attention-enhancing

compounds.
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Tables

Table 1. Muscimol (75ng/hemisphere) Inactivation Within Frontostriatal Nodes.

Region

Vehicle d' Prop Correct Pr(hit) Pr(FA) No responses
dmPFC 1.72 £0.17 0.77 £ 0.03 0.73+0.05 | 0.16 £0.04 3.90 +2.58
dmSTR 1.42 +£0.22 0.71 £ 0.04 0.55+0.07 | 0.12+0.05 0.71 + 3.64
vmSTR 2.12+0.21 0.83 £0.04 0.76 £0.06 | 0.10+0.05 0.06 + 3.40

Muscimol

dmPFC | 0.65+0.17** | 0.59 £ 0.03** | 0.49+0.05 | 0.28 +£0.04 2.83 +£2.58
dmSTR 0.54 +0.22* 0.57 £0.04 0.37+0.07 | 0.23+0.06 1.86 + 3.64
vmSTR | 0.13 £0.21%* | 0.28 £ 0.04** | 0.46+0.06 | 0.41 £0.05 | 44.25 £ 3.41**

The GABA-A agonist, Muscimol (75 ng/hemisphere), was used to inactivate three nodes in the

frontostriatal network prior to testing in 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. *p<0.05, **p<0.01 compared to vehicle treatment.
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Figure 1. Frontostriatal circuit mechanisms supporting sustained attention. Shown are the
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effects of muscimol (75 ng/hemisphere) inactivation of the dmPFC, dmSTR or vimSTR on
performance in a sustained attention task. Bars represent mean change in d’ from vehicle
treatment =+ SEM . Performance was impaired, as measured by the absolute 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<0.01 compared to vehicle treatment.
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Figure 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) improves sustained attention in an inverted-U shaped manner, with 0.5 pg producing
maximal improvement in d’ sensitivity compared to vehicle (mean + SEM). Top Right:
Schematic of all infusion sites for the 0.5 pg dose. Numbers represent A/P placement. Bottom
Right: Representative photomicrograph 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 regarding the dose-response curve for MPH-induced improvement in
working memory (Spencer et al., 2012). When compared with data presented in Panel A, it is
clear that sustained attention displays right-shifted dose sensitivity relative to working memory.

*P<0.05, **p<0.01 compared to vehicle treatment; Acg, dorsal anterior cingulate; PL, prelimbic.
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with VEH treatment (mean+tSEM). A trend for improvement was seen with the highest dose (2.0
png) of MPH infused into the vimPFC, which likely reflects diffusion into the dmPFC (dorsal

anterior cingulate/ dorsal prelimbic) at a lower concentration. Schematics depict all MPH

infusion sites for each region. Numbers represent A/P placement. Photomicrographs depict

representative infusion sites for each region. Arrows indicate ventral-most extent of infusion

needles. *p<0.05; PL, prelimbic; IL, infralimbic; CP, caudate putamen; CC, corpus callosum;

Acb, nucleus accumbens; LV, lateral ventricle
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Figure 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 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 ol antagonist
benoxathian (0.4 pug) at doses that do not alter performance when given alone 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
ng) or the D1 antagonist SCH23390 (0.5 png). However, in contrast to working memory, the al
antagonist, benoxathian (0.4 ng), also blocked intra-dmPFC MPH-induced improvements in
sustained attention. Consistent with this latter observation, intra-dmPFC infusion of a dose of
the al agonist, phenylephrine (0.1 pg), previously shown to impair working memory (Arnsten et
al., 1999; Mao et al., 1999) significantly improved sustained attention, as measured by change in
d’ from VEH (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 A/P placement *p<0.05, **p<0.01 compared to vehicle or baseline. Acg,

anterior cingulate; PL, prelimbic.



Supplemental Figure S1. Divergent dose response curves to systemic MPH in working

memory and sustained attention.
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improvement at doses that impair working memory. * P<0.05, ** p<.01; Data from (Berridge et

al., 2012)



Supplemental Table S2. Dose Response of MPH infused into the dmPFC.
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Prop
Drug d' Correct Pr(hit) Pr(FA) No responses
0.031pg MPH 0.138 +£0.143 | -0.022+0.019 -0.029+0.035 | 0.002+0.027 -0.341 +£0.357
0.125 pg MPH 0.334 £0.127* | 0.030+0.016 0.043 £0.040 | -0.029 +0.024 | -0.344+0.316
0.5 ng MPH 0.406 £ 0.145* | 0.026+0.017 0.036 £ 0.035 -0.045+0.027 | -0.057+0.358
2.0 pg MPH 0.034+0.124 0.003 +0.016 0.013 +£0.030 0.012 +0.023 -0.342 £0.324

The effect of various doses of MPH infused bilaterally into the dorsomedial PFC on change in

performance from vehicle in a sustained attention task. Sustained attention performance was

significantly elevated at a dose (0.125 pg MPH) that maximally enhanced working memory (R.

C. Spencer et al., 2012). However, maximal improvement as measured by the sensitivity index

d’, was seen at a 4 fold higher dose (0.5 ng MPH), a dose that no longer improves working

memory (R. C. Spencer et al., 2012). * p<0.5 compared to vehicle treatment.
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Supplemental Table S3. Dose Response of MPH infused into the vmPFC, dmSTR, or

vmSTR.

vmPFC d' Prop Correct Pr(hit) Pr(FA) No responses

0.031 pg MPH 0.023 +£0.186 -0.005 +£0.029 0.001 +£0.058 -0.004 +£0.037 0.143 +£0.458

0.125ugMPH | 0.079£0.186 | 0.016=0.029 0.054 +0.058 0.020 + 0.037 0.429 + 0.458
0.5 ng MPH 0.028 £0.186 -0.004 £ 0.029 -0.041 £0.058 -0.022 +£0.037 0.429 +0.458
2.0 ng MPH 0.431+£0.186 | 0.048+0.029 0.111+0.058 | -0.017+0.037 0.429 + 0.458
dmSTR

0.031 ugMPH | -0.028+0.180 | -0.004 + 0.027 0.021 + 0.044 0.015 +0.032 0.000 + 1.051

0.125ugMPH | 0.126+0.128 | 0.012+0.019 0.029 +0.031 0.002 £ 0.023 -0.785+0.767
0.5 ng MPH -0.099 +0.134 -0.021 £0.020 0.028 £0.033 0.050+0.024 -0.238 +£0.795
2.0 ng MPH 20.206+0.131 | -0.023+0.019 0.013£0.032 | 0.025+0.024 -0.705 + 0.705
vimSTR

0.125ugMPH | 0.091+£0.221 | -0.014+0.048 -0.029£0.054 | -0.033 +0.046 0.188 + 5.627
0.5 ng MPH 0.041£0.230 | -0.016+0.049 -0.025£0.056 | -0.016+0.047 -0.051 + 5.848
2.0 ng MPH 0.108+£0.221 | 0.000 = 0.048 -0.019+£0.054 | -0.033 +0.046 0.188 + 5.627

Various doses of MPH were infused into the vmPFC, dmSTR, or vimSTR prior to performing a
sustained attention task. Infusion into any of these regions was not sufficient to alter sustained
attention performance as assessed by a change from vehicle in a variety of signal detection

measurcs.
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Supplemental Table S4. Receptor mechanisms of intra-PFC MPH enhancement of

Sustained Attention.

Drug d' Prop Correct | Pr(hit) Pr(FA) No responses
ATI 0.089 +0.096 0.006 £ 0.013 0.010 +0.022 0.007 £ 0.018 0.357 +£0.592
ATI+MPH 0.002 +0.096 -0.006 £ 0.013 0.008 +0.022 0.013+0.018 1.000 +0.592
BEN -0.019 £0.090 -0.00+0.013 -0.012 £0.021 -0.005 £0.017 0.260 + 0.558
BEN+MPH 0.131 +0.092 0.006 + 0.013 -0.019+£0.021 -0.030£0.017 -0.396 +£0.572
MPH 0.270 £0.093 * | 0.028 £0.013 0.033 £ 0.021 -0.023+0.017 -0.634 +0.577
PHEN 0.397 £0.108 ** | 0.036 £ 0.015 -0.012 £0.025 -0.082 £ 0.020 ** | -0.174 +0.671
SCH -0.078 £0.091 -0.007 £0.013 0.011+0.021 0.018 +£0.017 1.245 +0.564
SCH+MPH 0.033 £ 0.092 0.007 £ 0.013 -0.019+£0.021 -0.012+0.017 -0.367 +£0.572

The sustained attention-enhancing actions of intra-dmPFC MPH (0.5 pg) were blocked with co-

infusion of the a2 antagonist atipamezole (ATI; 0.625 pg) or the D1 antagonist SCH23390

(SCH; 0.5 ng). However, in contrast to working memory, the al antagonist, benoxathian (BEN;

0.4 ng), 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 (PHEN; 0.1 pg), previously shown to impair working memory (A. F. Arnsten et

al., 1999) significantly improved sustained attention, as measured by d’. The magnitude of

improvement is comparable to that seen with intra dmPFC MPH (0.5 pg). All values are

expressed as a change from vehicle. * P<.05, **p<0.01
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Abstract:

The dorsomedial prefrontal cortex (PFC) and extended frontostriatal circuitry play a critical role
in higher cognitive function. Dysregulation of frontostriatal-dependent cognition is implicated in
a variety of behavioral pathologies, including addiction and ADHD. Psychostimulants are well
known to exert dose-dependent alterations in frontostriatal cognitive function. Specifically,
higher doses, associated with addiction, robustly impair frontostriatal-dependent cognition. In
contrast, low-doses used in the treatment of ADHD, improve PFC-dependent cognitive function.
To date, the neurocircuitry and neural coding bases for these diverse cognitive actions of
psychostimulants are unclear. The current studies examined the effects of cognition-enhancing
and cognition-impairing effects of MPH on the neuronal spiking activity and local field potential
(LFP) oscillatory activity within dorsomedial PFC and dorsomedial striatal (dmSTR) circuitry of
rats engaged in a test of working memory. Cognition-impairing doses of MPH (8.0 mg/kg S.C.)
robustly suppressed the neuronal representation of task-related events within frontostriatal
circuitry in a region-specific manner. Within the dmPFC, high dose MPH robustly suppressed
the spiking activity of neurons strongly tuned to delay (and to a lesser extend neurons tuned to
reward), while activating neurons not tuned to positive response outcome feedback. In the
dmSTR, cognition-impairing doses of MPH increased the activity of neurons strongly tuned to
delay and decision point, while broadly activating neurons not tuned to task-related events. In
contrast, cognition-enhancing doses (0.5 mg/kg S.C.) had minimal impact on task-related firing
of either PFC or striatal neurons. In terms of delay-related LFP oscillatory activity, MPH
elicited a dose-dependent decrease in theta (3-7 Hz) power in the PFC, but not the dmSTR. The
highest, and cognition-impairing dose robustly increased alpha (8-12 Hz) and gamma (40-80 Hz)
activity in both the dmPFC and dmSTR. These observations suggest the cognition-enhancing vs.
cognition-impairing effects of psychostimulants do not simply reflect opposing alterations in

frontostriatal neural coding.
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Psychostimulants, including methylphenidate (MPH; Ritalin) are a class of drugs that
elicit potent motor activating and arousal enhancing actions and possess significant potential for
abuse (Rebec & Bashore, 1984; Segal, 1975). At doses associated with these actions,
psychostimulants impair higher cognitive functions dependent on the prefrontal cortex (PFC) and
the extended frontostriatal network, including, working memory, attention, and behavioral
inhibition (Arnsten & Pliszka, 2011; Berridge et al., 2012; Devilbiss & Berridge, 2008; Spencer
et al., 2015). Nonetheless, these drugs have been used since the 1930s to calm behavior and treat
PFC-dependent cognitive deficits in Attention Deficit Hyperactivity Disorder (ADHD).
Originally this was viewed as an action unique to ADHD. However, subsequent research
unambiguously demonstrated that low and clinically-relevant doses of psychostimulants improve
frontostriatal cognitive function broadly while being devoid of motor activating actions in
healthy human and animal subjects, identical to that seen in ADHD (Berridge et al., 2006;
Kuczenski & Segal, 2005; Mehta et al., 2001; Rapoport & Inoff-Germain, 2002; Tannock et al.,
1989). Currently, the neural mechanisms underlying the divergent cognitive actions of
psychostimulants are not well understood.

Psychostimulants elicit dose-dependent elevations in catecholamine (norepinephrine
(NE) and dopamine, (DA)) signaling throughout the brain (Kuczenski & Segal, 1997). The
cognitive functions of PFC catecholamines have been most intensively studied in tests of
working memory (Arnsten & Li, 2005; Arnsten & Pliszka, 2011; Goldman-Rakic, 2000). Under
these conditions, catecholamines exert potent and non-monotonic modulatory actions on PFC-
dependent cognitive function, whereby too little or too much impairs performance in working
memory tasks (Arnsten, 2000a). In contrast, at moderate levels of release, catecholamines act in
the PFC to improve working memory via higher affinity noradrenergic a2 receptors as well as
moderate activation of dopaminergic D1 receptors (Arnsten, 2000a). Electrophysiological
studies demonstrate that PFC a2 receptors strengthen the activity of neurons tuned to the delay
interval of working memory tasks, while moderate activation of dopaminergic D1 receptors

decreases neuronal responses to task irrelevant stimuli (Arnsten, 2007). In contrast, at higher
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rates of release, catecholamines impair working memory via activation of lower affinity
noradrenergic al receptors as well as higher rates of D1 receptor activation (Arnsten, 2000a).
These latter actions are associated with a robust suppression of delay related neuronal signaling
in the PFC (Arnsten, 2007).

The PFC extends topographically organized projections to the striatum, forming
functional frontostriatal circuits. In rats, the dorsomedial PFC (dmPFC) plays a prominent role
in higher cognitive function and extends a prominent projection to the dorsomedial striatum
(dmSTR; Gabbott et al., 2005; Spencer et al., 2012; Vertes, 2006, 2004). Evidence indicates that
both regions are necessary for higher cognitive function (Spencer et al., 2012). Limited data also
indicates that striatal neurons display task-related activity similar to that seen in the PFC
(Akhlaghpour et al., 2016; Levy et al., 1997b; Stalnaker et al., 2010)

Currently, the frontostriatal neural coding mechanisms associated with the dose-
dependent cognitive actions of psychostimulants are unknown. One simple hypothesis is that the
opposing cognitive actions of low vs. higher doses of psychostimulants are associated with
opposing modulatory actions on task-related spiking activity within dorsomedial frontostriatal
circuitry. To test this, the current studies examined the effects of cognition-impairing vs.
enhancing actions of MPH on task-related spiking activity of dmPFC (dorsal anterior cingulate
and dorsal prelimbic PFC) and dmSTR neurons in rats tested in a working memory task. We
observed that cognition-impairing doses of MPH robustly suppressed the activity of dmPFC
neurons strongly tuned to delay (with a trend for suppressed reward), while activating neurons
not tuned to a tone signaling successful outcome. In contrast, cognition impairing doses of MPH
robustly increased dmSTR neurons strongly tuned to delay as well as those tuned to the decision
point of the maze, while broadly increasing the activity of dmSTR neurons not tuned to task
events. In contrast, cognition-improving doses had no significant impact on task-related firing of
either PFC or striatal neurons.

Beyond spiking activity, oscillatory activity within discrete frequency bands contained in

local field potentials (LFPs) is thought to help regulate the flow of information among neural
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ensembles both within and between brain regions (Buzsdki & Chrobak, 1995; Salinas &
Sejnowski, 2001). Theta (4-8 Hz), alpha (8-12 Hz), and gamma (30-100+ Hz) frequencies have
been posited to play a role in PFC-dependent cognition and are dysregulated in ADHD (Clarke et
al., 2007; Loo et al., 2004; Roux & Uhlhaas, 2014) Given these observations, as part of the
current studies we also analyzed the dose-dependent actions of MPH on delay-related LFP
oscillatory activity in the dmPFC and dmSTR. We observed that, MPH elicited a dose-
dependent decrease in delay-related theta (3-7 Hz) power in the PFC, but not the dmSTR.
Additionally, the cognition-impairing, but not improving, dose of MPH increased delay-related
alpha (7-12 Hz) and gamma (40-80 Hz) oscillations in both the PFC and dmSTR.

Collectively, these observations indicate cognition impairing doses of MPH disrupt
frontostriatal signaling of task related information in a region- and event-specific manner. In
contrast, while MPH acts within the PFC to improve cognitive function (Spencer et al., 2012),
this action is largely not associated with alterations in frontostriatal signaling. Therefore, the
cognition-improving actions of psychostimulants do not merely reflect opposing

electrophysiological actions within frontostriatal circuits seen with cognition-impairing doses.
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Materials and Methods:

Subjects:

Male Sprague-Dawley rats (n=27; Charles River, Wilmington DE; 260-280g) were
individually housed with environmental enrichment (Nylabone® chews) on a 13/11 hour
light/dark cycle (lights on 0600h) with ad libitum water access. During training and testing,
access to food was restricted to maintain motivation (15-20 g of standard chow). All facilities
and procedures were in accordance with animal use and care guidelines of the National Institutes
of Health of the United States and approved by the Institutional Animal Care and Use Committee

of the University of Wisconsin-Madison.

Working Memory Training:

Prior to surgery, animals were trained and tested in a T-maze constructed from opaque black
Plexiglas, as described previously (Devilbiss et al., 2016). Animals were rewarded with a 45 mg
sucrose pellet when they entered the arm of the maze not chosen on the previous trial (10
trials/session/day). After entering an arm, animals were given feedback in the form of a tone
(Incorrect, 5 kHz; Correct, 10 kHz) by breaking an IR beam 2/3 of the way down the response
arm (see Figure 1). Between trials, animals were placed in the start box of the maze and
prevented from exiting by a Plexiglas gate for a brief, 0-second delay interval (i.e. the minimum
time it takes to put down and remove the gate). Following training, animals were surgically
implanted with recording electrodes and allowed to recover for 7-10 days with ad /ib feeding.
Following recovery, food-restriction was reinstated and training continued until 65-90% correct
performance was obtained with delays ranging between 5-40 seconds. Sessions were separated
by 2 hours. During training sessions, animals were tethered to a dummy wire harness similar to
that used for electrophysiological recordings. Given performance improves over multiple testing

sessions, delay duration was increased to maintain performance within the target accuracy range.
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Surgery:
50 uM stainless steel, Teflon-coated electrodes (NB Labs, Dennison, TX) were implanted

into the dmPFC and dmSTR of rats. For the dmPFC, an 8-wire linear array (250 uM separation)
was used to target layer V along the rostro-caudal axis (A+3.0; L+£0.8; V -2.5 to 2.7 mm). For
the dmSTR, a 2x3x3 matrix (250 pm between wires and 250 um between rows) was used
(A+0.45; L+3.5; V -3.3 at 11° away from midline). Stainless steel screws (MX-0080-16B-C,
Small Parts, Inc.) and dental acrylic (Plastics One, Roanoke, Virginia) were used to mount the
electrode connectors to the skull. Animals were treated with buprenorphine (0.01 mg/kg
subcutaneously; S.C.) and ampicillin (30 mg/kg S.C.) and allowed to recover for 7-10 days. 1

mL of saline was administered S.C. every hour during surgery.

Drugs:

MPH (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% saline (VEH; pH=7.4).

Testing procedures:

Animals were transported in their home cage to the recording room 2 hours prior to the first
testing session and attached to a counterweighted tether/ 32-channel slip-ring commutator.
Animals were able to freely move while single units were discriminated. The first, 30-trial
baseline testing/recording session was conducted identically to the first session of training days
Between recording sessions, animals were returned to their home cage and placed above the T-
maze for 2 hours while remaining attached to the recording tether. Animals received VEH or 0.5
mg/kg or 8.0 mg/kg MPH S.C. 45 minutes prior to the second 31-trial testing session. In some
cases, MPH treatment did not alter performance, thus sessions with less than £14% change in

performance were excluded.

Electrophysiology:
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Single Unit Recordings. Animals were connected to an OmniPlex® Neural Data Acquisition
System with counterbalanced cables attached to a freely rotating commutator. During the 2-hour
habituation period, putative single ‘units’ of the dmPFC and dmSTR were discriminated in real
time using online template matching algorithms to preliminarily discriminate action potentials
exhibiting at least a 3:1 signal-to-noise ratio. Following unit sorting, animals remained tethered
to the recording hardware and the quality of the discrimination was monitored throughout the
remainder of the day. Precision timestamps of all task events and relevant animal behavior were
captured with a combination of an infrared (IR) beam grid and high-resolution video capture and
tracking (80 frames/sec) synchronized to the OmniPlex® electrophysiological hardware
(Cineplex, Plexon, Dallas, Texas). Consumption of reward was time-stamped from the
combined video capture and tracking of the experimenter hand delivering the reward, identifying

the moment the animal bit down on the reward.

Neuron Identification: We identified wide spiking, putative excitatory output neurons by
quantifying the peak-to-peak latency of the extracellular action-potential waveform (WS-type >
200ups), as previously described (Mitchell et al., 2007). Across multiple cortical regions most
pyramidal neurons have broad action potentials, comprising 70 to 80% of all cortical neurons
(e.g. Povysheva et al., 2006). Neurons with narrow action potentials and fast firing rates are
typically interneurons (basket cells and chandelier cells). However, a small percentage of
interneurons (10% to 15% of interneurons) also generate broad action potentials (Cauli et al.,
1997). Thus, it is possible that a small percentage of wide spiking neurons were misclassified as
pyramidal neurons in our study. However, given the proportion of WS-type relative to narrow
spiking neurons in this dataset, this type of misclassification would likely comprise only a small
number of neurons and therefore are unlikely to influence the overall results of this study.
Within the dmSTR, medium spiny neurons (MSNs) and fast-spiking (FS) interneurons
were identified using the peak-to-valley duration (MSN > 250 ps; FS <200 ps) and firing rate

(MSN < 8 Hz) of extracellular action potential waveforms (Berke, 2009; Kim et al., 2007;
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Stalnaker, et al., 2012). Again, although misclassification of neuron subtypes using these
characteristics is possible, this would affect a small number of neurons and is unlikely to bias our
overall results. Few FS neurons were identified and thus were not analyzed.

Distinct subpopulations of neurons selectively responded to each identified phase of the task
(Delay, Branch, Correct Tone, and Reward receipt; see Figure 1). Due to the infrequency of
error trials, this epoch was not analyzed. The selective response or “event-tuning” of a neuron
was determined during baseline recording sessions by the Z-score of a neuron’s spiking activity
during a task interval versus the overall spiking activity of that neuron throughout the entire
recording session. Z-scores thresholds were selected to identify groups of neurons with
responses qualitatively similar to exemplar responses described by other laboratories (Fuster &
Alexander, 1971; Hyman et al., 2010; Jung et al., 1998).

Consistent with prior studies in our laboratory, we observed no significant differences in
baseline firing rates for left/right or correct/incorrect trials among all neurons or those strongly

tuned to task events in the dmPFC or dmSTR (Devilbiss et al., 2016; Hyman et al., 2010).

Local Field Potential Analyses: Spectral Density. Local field potentials (LFPs) were recorded
from all wires in each region, however, only one channel from each brain region per recording
was analyzed. The channel was selected through visual inspection, ensuring a clear and stable
signal with a minimum of noise. Signals were amplified, filtered (0.7-170 Hz), and digitized at a
sample rate of 1 kHz. LFP signals were down-sampled to 125 Hz, pre-processed with a z-
transform across all trials, and further transformed by taking the first derivative with respect to
time (dV/dt). This normalization procedure suppresses motion artifact and tilts the spectrum up
6 dB/octave to enhance higher frequencies in the spectral decomposition. To reveal oscillatory
activity, the LFP was analyzed using time-frequency continuous wavelet transform (cwt) using
the Wavelet Toolbox in Matlab (MathWorks, Natick, MA). The signal was convolved with a
series of Morlet wavelets with center frequencies ranging from 1-100 Hz and a length of two

cycles. The result of these convolutions is the wavelet transform of the LFP, representing the
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amplitude and phase of oscillations. Thus, LFP power was estimated by computing the square of
the absolute value of the wavelet coefficient at each target frequency. These values were

collapsed across time and averaged over trials.

Statistical Analyses

Single unit analyses. The mean spike rate during each task interval was determined on a trial-
by-trial basis using Peri-Event Time Histogram (PETH) analysis. For each neuron, the % change
in mean spike rate from baseline condition was calculated ((drug-baseline)/drug*100). For
vehicle treatment, single sample T-Tests were used to determine if the percent change in firing
from baseline was significantly different from 0. In order to assess the effect of drug on changes
in firing rate across events, one-way ANOVAs were conducted in JMP Pro 12 for each treatment
by tuning interaction. In order to further assess the effects of drug on changes in firing rate,
additional one-way ANOVAs were conducted comparing treatment within each neuron type.
Dunnett’s tests were conducted to assess significant differences from VEH. Reported P values
are adjusted for multiple comparisons.

LFP analyses. The effects of MPH on LFP power within distinct frequency bands were
analyzed using planned T-tests comparing the percent change in spectral density from baseline
seen in VEH to the same measure in MPH treatment groups. Reported p values are adjusted for

multiple comparisons.

Histology:

Animals were deeply anesthetized with isoflurane while cathodal current (151A) was passed
through each electrode (referenced to the ground wire) for 10 seconds. Animals were then
perfused with 3.7% formaldehyde after which brains were removed, and immersed in
formaldehyde for at least 24 hr. Afterwards, brains were frozen and coronal sections (40 um)
were collected, mounted on slides and counterstained with neutral red. Animals were excluded if

electrode placement was outside the targeted region.
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Results:

Systemic MPH Elicits an Inverted-U Shaped Modulation of Working Memory Performance

Prior results from this lab demonstrated that MPH improves working memory performance in
rats when administered in low and clinically relevant doses (0.5 mg/kg S.C.). In contrast, doses
that are 4-16 fold higher than an enhancing dose (2.0 — 8.0 mg/kg MPH S.C.) impair working
memory (Berridge et al., 2006; Devilbiss & Berridge, 2008). In the current studies we observed
a similar pattern, with VEH treatment eliciting no significant change in working memory
performance (3.4 + 5.7%), 0.5 mg/kg MPH significantly improving performance by 26 + 10%
(t1s=-6.2, p<0.001) and 8.0 mg/kg MPH significantly impairing performance (-43.9 + 22.6%,
t18=-6.6, p<0.001; Figure 1).

Neuron Response Properties Under Baseline Conditions

The majority of dmPFC neurons were classified as wide spiking (WS), output neurons (0.5
MPH, n = 111 of 114 neurons, 97%; 8.0 MPH, n= 140 of 142 neurons, 99%; VEH, 119 of 121
neurons, 98%). Due to the low number of NS dmPFC neurons isolated, this class of neurons was
not further analyzed. Key task events in the T-maze were tracked during recording, including
delay, branch (the decision point), reward, and correct or error tones that preceded reward or
pickup (for error trials) and signaled correct or error response outcomes (Figure 1D). WS
neurons were classified as displaying strong tuning to a given task event using a z-score
comparing activity during the event to activity outside (see Methods). Neurons that were not
classified as strongly tuned were considered not tuned to that event. As shown in Table S1, 14%
of all dmPFC WS putative pyramidal neurons were strongly tuned to the delay interval, 13% to
the branch point, 7% to the correct tone, and 9% to reward under baseline conditions (Table S1).

The majority of dmSTR neurons were classified as MSN-type i.e. Medium Spiny
Neurons (0.5 MPH, n = 88 of 107 neurons, 82%; 8.0 MPH, n = 94 of 119 neurons, 79%; VEH,
94 of 102 neurons, 92%). Given the relatively small number of FS neurons, only MSNs were

included in further analyses. As with the dmPFC, dmSTR neurons were strongly tuned to delay-
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(20%) decision (20%), correct tone (10%), and reward (8%) events in the T-maze (Figure 1D,
Table S1). Again, neurons not considered strongly tuned were classified as not tuned to the
event. Interestingly, previous studies have not always shown sustained striatal activity during
the delay period of working memory tasks (Tort et al., 2008). Here we saw many robust

examples of striatal neurons displaying sustained activation during the delay period (Figure 1D).

MPH Effects on Neuronal Firing

PFC: As shown in Figure 2, relative to baseline, VEH treatment had minimal effects on the
activity of PFC WS neurons strongly tuned to task events (F356=0.57, p=0.64; Delay, -4.1£7.5%,
t20=-0.48, p=0.64; Branch, 0.84+12.5%, t11=0.07, p=0.94; Reward, -6.6£10.8%, t11=-0.6,
p=0.77). The only exception to this was a modest decrease in the firing rate of neurons strongly
tuned to correct tone (Tone, -16.7£10.2%, t14=-2.24, p<0.05;). VEH treatment had no effect on
neurons not tuned to task events (F3365=2.58, p=0.05; Delay, 5.0+4.0%, to3=1.5, p=0.14; Branch,
-3.94+4.5%, t9g=-0.99, p=0.32; Tone; -10.9+7.2%, t70=-1.96, p=0.05; Reward, 3.9+£5.1%,
tos=0.77, p=0.44).

A high and cognition-impairing dose of MPH (8.0 mg/kg) had no overall effect on the
activity of neurons strongly tuned to task events (F354=2.1, p=0.11; see Figure 2). Nonetheless,
this dose elicited a robust suppression of task-related activity in PFC WS Delay tuned neurons (-
35.75+8.3%; t49=-2.82, p=.01 vs VEH). In contrast, high dose MPH did not significantly affect
neurons strongly tuned to Branch (-14.94£9.2%; t44=-1.01, p=0.49 vs. VEH), Tone (1.8+14.9%;
t24=1.03, p=0.52), or Reward (-33.3+£10.8%; t30=-1.75, p=0.16). High dose MPH had a
significant overall effect on PFC WS neurons not tuned to task events (F3 435=4.23, p=0.006).
Planned comparisons revealed 8.0 mg/kg MPH increased the responsivity of strongly tuned
neurons during correct tone presentation, but not to other events (Delay, -6.4+3.6%, t301=-2.14,
p=0.06; Branch, 7.7+4.3%, t29s=1.88, p=0.11; Tone, 20.8+6.3, t276=3.31, p=0.002; Reward,
3.2+4.6%, t208=-0.10, p=0.99; vs VEH).
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As shown in Figure 2, at a dose that improved working memory (0.5 mg/kg), MPH had
no significant effects on task-related activity for PFC WS neurons strongly tuned to T-maze task
events (F337=0.68, p=0.57; Delay, 3.9+9.2%, t49=0.67, p=0.73; Branch, 4.6+12.0%, t44=0.26,
p=0.96; Tone, 7.3£17.6%, t4o=1.2, p=0.42; Reward, -16.8+£12.5%, t30=-0.62, p=0.77; vs VEH ).
For WS neurons not tuned to task events, there were no significant changes outside an increased
response to presentation of correct tone (F3370=2.37, p=0.07; Delay, 1.1£3.9%, t301=-0.70,
p=0.70; Branch, -4.9+4.7%, t20s=-0.24, p=0.99; Tone, 9.7+6.6%, t276=2.12, p=0.06; Reward,
11.14£5.2%, t208=0.99, p=0.51; vs VEH).

dmSTR: VEH treatment had no significant overall effect on strongly tuned dmSTR MSNs
(F339=1.36, p=0.27; See Figure 2) Nonetheless, planned comparisons revealed a modest
decrease in activity among dmSTR MSNs strongly tuned to delay (Delay, -14.8+12.1%, ti7=-
2.67, p<0.05), while having no effect on dmSTR neurons tuned to other events in the task
(Branch, -1.7£12.6%, t1>=-0.15, p=0.88; Tone, 19.7£33.3%, ts=0.31, p=0.76; Reward, -
2.4+13.6%, ts=-0.2, p=0.85). Furthermore, VEH treatment had no effect on activity in dmSTR
MSNs not tuned to task events (F3204=0.36, p=0.78; Delay, -3.2+6.6%, tss=-1.3, p=0.21; Branch,
1.1£8.5%, t70=0.24, p=0.81; Tone, 2.8£15.6%, ts0=0.31, p=0.76; Reward, 3.74+4.3%, t96s=0.9,
p=0.39, see Figure 2).

Unlike the suppressive effects observed for delay-tuned neurons in the PFC, a cognition-
impairing dose of MPH generally and broadly excited dmSTR neurons. For neurons tuned to
task events, this dose had no significant overall effect on firing rate (F343=1.59, p=0.21).
Nonetheless, planned comparisons revealed significantly increased firing in dmSTR MSNs
strongly tuned to delay (35.9+12.4%, ts0=2.92, p=0.01), with a trend for increased activity in
Branch tuned neurons (36.2+11.3%, ts>=2.23, p=0.05 vs. VEH). In contrast, no effect was seen
on MSNs tuned to the presentation of Correct Tone (91.5+33.3%, t23=1.52, p=0.23), and neurons
tuned to Reward (-5.3%11.8, t20=-0.16, p=0.98 vs. VEH). For dmSTR MSNs not displaying task-

related tuning, the high dose of MPH robustly and uniformly increased the activity of these
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neurons compared to VEH (F3250=7.12, p<0.0001; Delay, 43.3+6.6%, t200=4.97, p<0.0001;

Branch, 52.1+8.6%, t190=4.23, p<0.0001; Tone, 139.7+15.7%, ti66=6.2, p<0.0001; Reward,
94.2+11.1%, t219=6.3, p<0.0001; see Figure 2).

A cognition-enhancing dose of MPH had no significant effects on the firing rate of
dmSTR MSNs strongly tuned to task events relative to VEH (F3,63=0.05, p=0.98; Delay, -
4.7+=12.1%, t50=0.59, p=0.78; Branch, -6.9+£8.9%, t5=-0.34, p=0.91; Tone, -7.8+14.3%, t23=-
0.69, p=0.70; Reward, -9.8£11.1%, t20=-0.42, p=0.88; see Figure 2), nor among neurons not
tuned to these events (F3233=0.94, p=0.42; Delay, 4.3+6.4%, t200=0.82, p=0.63; Branch, -
6.619.6%, t192=-0.60, p=0.78; Tone, 10.0+17.5%, t166=0.31, p=0.93; Reward, 1.9+11.4%, t219=-
0.15, p=0.98).

MPH Effects on Delay-Related LFP Spectral Density

Technical considerations: In the rat, neuronal oscillations between 4-12 Hz are generally

considered in the theta band (Kramis et al., 1975; Li et al., 2014; O’Neill et al., 2013; Vertes,
2005). This differs from the human literature which generally classifies 4-8 Hz oscillations as
theta and 8-12 Hz as alpha (Bonnefond & Jensen, 2012; Klimesch, 1999; Roux & Uhlhaas,
2014). Kramis et al (Kramis et al., 1975), 1975, first suggested two distinct frequency bands
within rodent theta, each associated with unique behavioral and pharmacological properties.
Type I, or atropine resistant theta (8-12 Hz) is associated with voluntary movement and REM
sleep, while Type II, or atropine sensitive, theta (4-7 Hz) is seen during immobility.
Nonetheless, in rodents, upper theta oscillations in the 8-15 Hz range have also been termed
alpha (Anderson & Strowbridge, 2014; Tort et al., 2010), and correlate with the encoding of
sensorimotor information (Nicolelis et al., 1995; Wiest & Nicolelis, 2003) similar to that seen in
humans (Fransen et al., 2016). Importantly, there are both species and study-specific differences
in the way frequency bands are defined (Buzséki et al., 2013). Given this ambiguity in the
literature in regard to naming frequency bands in the rodent, we have decided to identify 4-7 Hz

as theta, 8-12 Hz as alpha, and 40-80 Hz as gamma for the purposes of this study.
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PFC: As seen in Figure 3, within the dmPFC, MPH dose dependently decreased delay-
related theta power compared to VEH (-4.310.93%). Specifically, the cognition-enhancing dose
of MPH reduced theta power by -11+1.04% (t12=-10.6; p<0.001) and the cognition-impairing
dose by -28+3% (ti2=-8.4; p<0.001). Alpha and gamma power were increased following the
cognition-impairing dose of MPH (16.8£3.6%, t2,=-8.4, p<0.001; 6.5£5.3%, t30=-6.2, p<0.001
respectively compared to VEH). In contrast, the cognition-enhancing dose of MPH had no
impact on alpha (-16.2+£0.99%, t»=1.6, p=0.12) or gamma (-2.3+£0.27%, t30=1.9, p=0.32) power
relative to VEH (-14.110.86%, -1.84+0.42% respectively).

dmSTR: As seen in Figure 4, within the dmSTR, neither the cognition-impairing dose (-
5.242.0%, T24=-2.0, p=0.06), nor the cognition-enhancing dose (-12.7£1.2%, t24=1.3, p=0.21) of
MPH significantly affected theta activity relative to VEH (-10.84+0.82%). For alpha oscillations,
the cognition-impairing dose significantly increased alpha power (15.9+1.2%; t22=-20.9,
p<0.001 compared to VEH) while the cognition-enhancing dose of MPH had no significant
effect (-13.62£0.7% vs. -15.610.9% for VEH, t2»=-1.8, p=0.08). A similar pattern of effects was
observed for gamma oscillations; the cognition-impairing dose of MPH increased gamma power
(8.2£1.0%, t30=-7.0, p<0.001), while the cognition-enhancing dose of MPH had no significant
effect on power (-0.02+0.41% vs. 0.08+0.63% for VEH; t30=0.14, p=0.89),



84

Discussion:

Psychostimulants exert dose dependent cognitive actions. In higher and abuse relevant
doses, psychostimulants impair cognitive functions dependent on the PFC. Yet, at lower doses,
they remain the most effective and widely used treatment for ADHD, reversing core
frontostriatal cognitive deficits (Greenhill, 2001; Mehta et al., 2001; Rubia et al., 2011; Vaidya et
al., 1998). The current studies sought to identify the neurophysiological mechanisms within
dorsomedial frontostriatal circuitry that contribute to the dose-dependent cognitive actions of

psychostimulants in animals engaged in a test of working memory.

MPH Effects of Neuronal Firing

Delayed-response tasks of working memory have been used extensively to study the
neurobiological basis of PFC-dependent function. These tasks require information to be retained
over short delay intervals and subsequently used to guide goal directed behavior. Sustained
spiking activity within the PFC during the delay phase of working memory tasks has been
posited to support the maintenance of working memory either directly or indirectly
(Constantinidis et al., 2018; Curtis & D’Esposito, 2003; Fuster & Alexander, 1971; Goldman-
Rakic, 1995). The current studies demonstrate that high, cognition-impairing doses of MPH,
robustly suppress the firing of dmPFC neurons tuned to delay. This reduction in firing is
consistent with prior observations indicating a positive correlation between delay related firing
and working memory performance (Arnsten, 2009, 2015, Devilbiss et al., 2016). Additionally,
by increasing the activity of dmSTR MSN neurons not tuned to delay, high dose MPH appears to
degrade the representation of delay broadly within this frontostriatal circuit. Collectively, these
actions likely contribute to the working memory-impairing actions of high dose MPH. High
dose MPH also increased the activity of dmPFC neurons not tuned to the correct tone and
reward. This latter action may contribute the ability of high dose psychostimulants to enhance
attention to reward-related conditioned cues as seen in drug abuse and addiction (Field, 2006).

Lastly, the large and widespread increase in firing among dmSTR neurons regardless of tuning
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may result in part from the robust increases in dopamine seen in the striatum following higher,
cognition-impairing doses of psychostimulants (Berridge et al., 2006; Kodama et al., 2017;
Surmeier et al., 2007). This is consistent with previous observations that DA and high dose
psychostimulants generally activate dmSTR neurons (Haracz et al., 1993; Rebec et al., 1997).

In contrast to the robust actions seen with a cognition-impairing dose of MPH, a
clinically relevant and cognition-improving dose of MPH had no effect on task-related spiking
activity in either the PFC or dmSTR within or outside the delay. This indicates that the
neurophysiological mechanisms that support the ability of low dose psychostimulants to improve
higher cognitive function are not simply the inverse of mechanisms that contribute to the
cognition-impairing actions of higher doses. This is surprising given that prior studies from our
lab demonstrate that in animals tested in a home-cage condition, cognition-enhancing doses of
psychostimulants preferentially increased the responsivity of PFC neurons to punctate excitatory
input driven by electrical stimulation of the ventral hippocampus, while having minimal effects
on neurons outside the PFC (i.e. somatosensory cortex; Devilbiss & Berridge, 2008). This

suggests that neurophysiological actions of low-dose psychostimulants are context dependent.

MPH Effects on Frontostriatal LFP Oscillatory Activity

As reviewed above, oscillatory activity within discrete frequency bands is believed to
modulate neuronal signaling both within and between regions (Friston, 2011; Roux & Uhlhaas,
2014). For working memory, theta activity in the frontal cortex has been observed to be
positively correlated with performance (Gevins, 1997; Hsieh & Ranganath, 2014; Itthipuripat et
al., 2013; Mitchell et al., 2008). However, ADHD, which is associated with impaired working
memory, is also associated with increased theta power (Barry et al., 2003; Clarke et al., 2007;
Koehler et al., 2009), an effect normalized by psychostimulant treatment (Clarke et al., 2007;
Loo et al., 2004). These seemingly contradictory observations may be related to the fact that
increased theta power is also correlated with working memory load (Jensen & Tesche, 2002).

Thus, increased theta may reflect increased effort, rather than a signature of working memory
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accuracy per se. In the current study, a cognition-enhancing dose of MPH decreased theta power
within the PFC during the delay phase of a working memory task similar to that seen following
psychostimulant treatment in ADHD patients. However, an even greater suppression in delay-
related theta was observed with a cognition-impairing dose. This latter action may be consistent
with prior observations that acute stress (which impairs working memory) decreases frontal theta
(Gértner et al., 2014), potentially reflecting a collapse in the ability of frontal theta to support
working memory.

In addition to theta, both alpha and gamma oscillations are also implicated in working
memory. In particular, alpha power is positively correlated with increased working memory
demands (Bonnefond & Jensen, 2012; Klimesch, 1999) and has been posited to protect working
memory against distractors (Bonnefond & Jensen, 2012), while gamma oscillations correlate
with working memory load (Howard et al., 2003). Nonetheless, ADHD is associated with
increased alpha (Koehler et al., 2009; Snyder & Hall, 2006) and gamma (Herrmann & Demiralp,
2005) power. Again, this may reflect increased effort to maintain goal-directed processes. Here
we show that cognition-impairing, but not improving, doses of MPH significantly elevated alpha
and gamma frequencies in both the PFC and dmSTR. This is consistent with earlier studies in
animals showing an increase in both oscillatory bands in the mPFC following high dose
psychostimulant treatment . In contrast to that observed with the higher dose, the cognition-

enhancing dose of MPH had no significant effects on either alpha or gamma activity.

Conclusions:

MPH exerts complex, dose dependent actions on frontostriatal signaling. At the high and
cognition-impairing dose, MPH selectively suppressed key task-related responding in the
dmPFC, and more generally activated neurons not tuned to task events in both the dmPFC and
dmSTR. The simultaneous suppression of delay-tuned neurons within the PFC and the
activation of neurons not tuned to task events within the dmPFC/dmSTR likely degrades goal-

related signaling within this functional circuit. In contrast, low, cognition-enhancing doses of
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MPH had little effect on rate coding within either PFC or dmSTR neurons. These actions were
combined with decreased theta activity within the dmPFC and increased alpha and gamma
oscillations in both the dmPFC and dmSTR. The degree to which these latter observations
contribute to cognitive impairment or reflect compensatory responses to impaired network
signaling is unclear. The robust effects of a cognition-impairing dose of MPH on frontostriatal
signaling contrasted with the minimal effects observed with a cognition-enhancing dose. These
studies demonstrate the neurophysiological mechanisms that support the cognition-enhancing
actions of psychostimulants do not simply reflect the inverse of those mechanisms contributing
the cognition-impairing effects of these drugs. Future work will need to apply different
approaches, such as frontostriatal effective and functional connectivity or machine learning to

determine how the procognitive doses of psychostimulants modulate frontostriatal activity.
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Figure 1. (A) Animals performed a spatial delayed alternation test of working memory while
neuronal activity was recorded from the PFC and dmSTR along with timing of several
behavioral components. (B) As shown previously (Berridge et al, 2006) performance in this
task is modulated in an inverted-U fashion with low dose MPH (0.5 mg/kg S.C.) improving
performance, and high dose MPH (8.0 mg/kg S.C.) impairing performance. (C) Individual
neurons are identified by their unique waveform through online template matching (top) and
separation in PCA space (bottom). (D) Exemplars of PFC (top) neurons and dmSTR (bottom)
neurons firing to Task Related events in the T maze. Red indicates the interval analyzed for
each event (delay length; Branch +1s; Correct Tone +300ms; Reward +0.5s). *p<0.05,
*#p<0.01
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Figure 2. In the dmPFC (top), cognition-impairing doses of MPH significantly suppress
activity of neurons strongly tuned to delay (trend for reward) and non-selectively activated
neurons not tuned to correct feedback signal (tone). In the dmSTR (bottom) cognition-
impairing doses of MPH robustly increase firing of neurons strongly tuned to delay and
branch as well as neurons not tuned to all key task events. In contrast cognition-enhancing
doses of MPH have no significant effect on neuronal firing rates in either the PFC or striatum.
*p<0.05, **p<0.01 compared to vehicle.
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Figure 3. (A) Changes in PFC spectral density over the course of the delay phase in rats
performing delayed alternation. (B) MPH exerts a dose dependent decrease in theta
oscillations in the PFC. Cognition-impairing doses robustly increase alpha and gamma
oscillations in the PFC, while Cognition-enhancing doses do not significantly differ from
vehicle. **p<0.01 compared to vehicle.
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Figure 4

dmSTR Spectral Density During Delay
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Figure 4. (A) Changes in dmSTR spectral density over the course of the delay phase in rats
performing delayed alternation. (B) Cognition-enhancing and cognition-impairing doses
of MPH have no effect on theta oscillations in the dmSTR. Cognition-impairing doses
robustly increase alpha and gamma LFP oscillations in the dmSTR. **p<0.01 compared to
vehicle.



Supplemental Results

Supplemental Table 1. Population Sizes of Putative Pyramidal Neurons in the dmPFC and
Medium Spiny Neurons in the dmSTR Displaying Strong Tuning to Task Events

Phase % Strongly % Strongly
Tuned WS PFC Tuned MS
cells dmSTR
Delay 14 20
Branch 13 20
Correct Tone 7 10
Reward 9 8
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Chapter 5
Summary
The PFC plays a prominent role in the procognitive actions of psychostimulants

Psychostimulants are highly effective at treating ADHD, a disorder associated with
frontostriatal dysfunction. Clinically relevant doses of MPH increase catecholamine signaling
broadly within this circuit. The clinical literature has emphasized the potential involvement of
the striatum in the therapeutic actions of these drugs in ADHD. In contrast, the current studies
demonstrate that although sustained attention and working memory involve multiple nodes of
frontostriatal circuitry, only MPH action within the dmPFC, and not the vimPFC, dmSTR or
vmSTR, was sufficient to improve these cognitive processes. The preferential sensitivity of the
dmPFC vs. the vimPFC 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 (Heidbreder & Groenewegen, 2003; Vertes,
2004, 2006).

In addition to MPH, a2 agonists and selective NE reuptake inhibitors, two other ADHD-
approved medications, have also been shown to act directly in the dorsal PFC to improve
working memory (Gamo et al., 2010; Mao et al., 1999; Ramos et al., 2006; Tanila et al., 1996;
Wang et al., 2007). Combined, these observations demonstrate a prominent role of the PFC in
the cognition-enhancing actions of all treatments approved for ADHD. However, this does not
rule out a role for the striatum in the therapeutic effects of psychostimulants. The fact that
clinically-relevant doses of psychostimulants elevate DA neurotransmission within the striatum
(Berridge et al., 2006; Kodama et al., 2017) may explain why these drugs are more effective than
the noradrenergic-selective treatments approved for ADHD, given the striatum is largely devoid
of a noradrenergic innervation (Glowinski & Iversen, 1966). Thus, while MPH action in the
striatum is not sufficient to improve higher cognitive function, it may nonetheless contribute to
the therapeutic effects of psychostimulants in conjunction with actions in the PFC.

Accumulating evidence demonstrates that differing PFC-dependent cognitive processes

display varying dose sensitivity to the procognitive actions of psychostimulants (Berridge et al.,
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2012). The current studies demonstrate that these divergent dose response curves are
recapitulated with intra-PFC infusion of MPH. Thus, whether administered systemically or
directly into the PFC, sustained attention was maximally improved at a 4-fold higher dose
relative to the maximally improving dose for working memory. At this higher dose, MPH no
longer significantly improves working memory (Berridge et al., 2012; Spencer et al., 2012,
Chapter 2). 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 (Arnsten & Dudley, 2005; Berridge et al., 2006; Devilbiss & Berridge, 2008). Collectively
these observations demonstrate the differential dose-sensitivity of these cognitive processes to
MPH involves, at least in part, mechanisms contained within the PFC.

Taken together, the current studies provide unambiguous evidence that psychostimulant
action within the dmPFC is sufficient to promote higher cognitive function as assessed in tests of
working memory and sustained attention. In identifying the PFC as a key site of action in the
procognitive effects of psychostimulants, this research provides important guiding information
for future drug discovery research focused on ADHD. It is hoped further understanding of the
neurobiology of the PFC will lead to the identification of novel, non-catecholamine targets for

ADHD and other disorders of frontostriatal function (for example, Hupalo & Berridge, 2016).

Receptor mechanisms within the PFC differentially contribute to the procognitive actions
of MPH

As detailed above, psychostimulants are typically thought to exert uniform actions across
PFC-dependent cognitive functions. However, the work of Sprague and Sleator (Sprague &
Sleator, 1977; Tannock et al., 1989) and others has demonstrated that MPH exerts dose
dependent actions across cognitive/behavioral processes. For example, working memory and
response inhibition display relatively narrow inverted-U dose-dependent facilitation, while
behavioral calming and attention-enhancing effects are observed across a broader, right-shifted
range of doses (Berridge et al., 2012; Sprague & Sleator, 1977; Tannock et al., 1989; Tannock et

al., 1995). NE and DA act directly within the PFC to exert an inverted-U shaped modulation of
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working memory performance (Arnsten & Li, 2005; Robbins & Arnsten, 2009), with optimal
performance associated with optimal levels of DA acting at D1 receptors and NE acting at high
affinity postsynaptic oa receptors. In contrast, stimulation of lower affinity ol receptors within
the PFC impairs working memory while promoting performance in an attention set shifting task
that has a right shifted dose sensitivity to MPH vs. working memory. Consistent with this, the
current studies demonstrate that within the PFC, a2 and D1, but not a1 receptors are necessary
for MPH-induced improvement in working memory. In contrast, MPH-induced improvement of
sustained attention (with a right shifted dose sensitivity to MPH) additionally requires activation
of a1 receptors in addition to a2 and D1. The current results further demonstrate that PFC a1
receptor stimulation is sufficient to improve sustained attention.

As noted, activation of PFC a1 receptors promote a flexible form of attention, as
measured in the attention set shifting task (Lapiz & Morilak, 2006). Based on these and other
observations, it was posited that high levels of norepinephrine acting at PFC a1 receptors
promote ‘flexible’ attention at the expense of focused attention (Aston-Jones et al., 2000).
However, in our studies, activation of PFC a1 receptors improved sustained/focused attention,
identical to that seen in attention set shifting (Lapiz & Morilak, 2006). Collectively, these
observations indicate that although a1 receptors differentially regulate distinct PFC-dependent
cognitive processes, these differences cannot be ascribed to a selective enhancement of
attentional (or cognitive) ‘flexibility’.

A significant finding of the current studies is that PFC a1 receptors are involved in the
procognitive actions of moderately higher doses of psychostimulants. However, whether the
facilitation of these a1l sensitive processes contribute to the beneficial (behavioral calming and
attention-improving) vs. detrimental (cognitive constriction, over-focusing) actions of
psychostimulants and whether this differs across ADHD subtype (Diamond, 2005) remains to be
determined. These observations also raise clinical and preclinical questions regarding the degree
to which higher doses that maximally control classroom behavior may exert detrimental actions

in other functional domains via activation of a1 or other receptors within or outside the PFC.
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Nonetheless, our studies demonstrate a role of PFC a1 receptors in the regulation of focused
attention, similar to that reported for flexible attention (Lapiz & Morilak, 2006). Therefore,
facilitation of a1 receptor signaling may prove useful in the development of attention-enhancing

compounds.

Psychostimulants exert complex dose dependent actions on frontostriatal coding during a
working memory task

Frontostriatal cognition/behavior is ultimately dependent upon neural coding within
frontostriatal regions. The current studies demonstrated that MPH exerts complex, dose
dependent actions on frontostriatal signaling. In particular, in the PFC we observed that a high
and cognition-impairing dose of MPH potently suppressed activity of neurons strongly tuned to
delay (with a trend for reduced reward signaling) while activating PFC neurons not tuned to
feedback from a tone signaling reward. Within the dmSTR, high doses of MPH robustly
increased activity of neurons not tuned to task events. The simultaneous suppression of delay
tuned neurons within the PFC and strengthening of neurons not tuned to task events within the
dmSTR impairs goal-related signaling within this dorsomedial frontostriatal circuit. In contrast,
a low, cognition-enhancing dose of MPH had little effect on the task-related activity of neurons
within either the PFC or dmSTR.

In terms of LFP activity, MPH dose dependently decreased theta (4-7 Hz) within the
PFC, an action thought to reflect alterations in effort to maintain working memory (Khader et al.,
2010). The fact that both cognition enhancing and cognition impairing doses of MPH decreased
low theta was surprising. One possibility is that the modest reduction in low theta following a
cognition-enhancing dose of MPH may reflect decreased effort needed to maintain memory (as
seen following treatment in ADHD, Clarke et al., 2005), while the robust decrease following a
cognition-impairing dose of MPH may indicate a collapse in effort and ability to maintain
working memory processes (as seen in stress, Girtner et al., 2014). Additionally, a cognition-
impairing dose robustly increased alpha (7-12 Hz) and gamma (40-80 Hz) oscillations in both the

PFC and dmSTR, mimicking elevations seen in ADHD patients. These actions are also
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consistent with prior observations that high doses of psychostimulants increase power in both of
these frequency bands within the mPFC of rats (Lapish et al, 2012, Berke, 2009). A possible
interpretation of this data is that increases in alpha and gamma reflect an increased effort to
maintain goal-directed processes Finally, the increase in alpha (7-12 Hz) oscillations following a
high, and locomotor activating dose of MPH is consistent with evidence that more generally
correlates power in this frequency with motoric movements (Kramis et al., 1975). In contrast,
cognition-enhancing doses of MPH had little effect on LFP oscillatory activity. Collectively,
these observations provide new insight into the modulation of neuronal activity within the

frontostriatal network resulting from various doses of MPH.

Future Directions

Further studies will need to characterize the role of all catecholamine receptors on the
cognition-modulating actions of MPH. As detailed in the introduction, in addition to a1, o2 and
d1 receptors, catecholamines can bind to D2, B1 and 2 receptors. The current studies focused
on o2 al and D1 receptors as their role in working memory function has been most extensively
studied. However, there is limited evidence that the remaining receptors may also play
important, and distinct roles in supporting working memory function. In particular, D2 receptor
activation is associated with improvements in working memory tasks in monkeys (Arnsten et al.,
1995) and humans (Mehta et al., 2001). There is also limited evidence that beta receptors are
involved in higher cognitive functions, with B1 and 2 receptors in the PFC exert opposing
actions on working memory; blockade of B1 or stimulation of B2 receptors in the PFC improves
working memory (Ramos et al., 2005; Ramos et al., 2008). While this was outside the scope of
the current set of experiments, additional studies should determine the role these catecholamine
receptors play in the cognition-enhancing actions of psychostimulants across PFC-dependent
tasks.

The current studies demonstrate that -1 receptor stimulation in the PFC is sufficient to
improve sustained attention to a similar degree as systemic administration of MPH. In order to

compare with previous studies, the dose of phenylephrine used was identical to that previously
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shown to impair working memory when infused into the PFC (Arnsten et al., 1999). However,
in order to better characterize the effects of a-1 receptor stimulation in attentional tasks, a full
dose response curve is warranted. It remains to be seen if further attentional enhancement is
achievable with higher doses, or if there is an inverted U function, whereby lower and higher
doses show diminishing returns, or even impairment.

Future studies should also address the neurocircuitry involved in the cognition impairing
actions of high doses of psychostimulants. As detailed above, MPH action directly in the
dmPFC of rats was sufficient to improve performance in both working memory and sustained
attention tasks. However, unlike that seen with systemic administration, 4-fold and higher doses
of psychostimulants did not impair cognitive function when infused into any of the frontostriatal
regions investigated. This indicates that high doses of systemically administered
psychostimulants impair PFC-dependent cognition 1) via actions outside the frontostriatal
circuitry investigated, or 2) require the concurrent activation of multiple brain regions.

Finally, it is interesting that while cognition-impairing doses of MPH showed robust
changes in frontostriatal coding, the effects of cognition-enhancing doses were relatively minor.
Future work will need to apply different approaches, such as functional and effective
connectivity measures and machine learning to identify how the procognitive actions of MPH

modulate frontostriatal activity.



100
References

Abikoff, H., Hechtman, L., Klein, R. G., Gallagher, R., Fleiss, K., Etcovitch, J., ... Pollack, S.
(2004). Social functioning in children with ADHD treated with long-term
methylphenidate and multimodal psychosocial treatment. J Am.Acad. Child
Adolesc.Psychiatry, 43(7), 820—829.

Akhlaghpour, H., Wiskerke, J., Choi, J. Y., Taliaferro, J. P., Au, J., & Witten, 1. B. (2016).
Dissociated sequential activity and stimulus encoding in the dorsomedial striatum during
spatial working memory. ELife, 5. https://doi.org/10.7554/eLife.19507

Anderson, R. W., & Strowbridge, B. W. (2014). a-Band oscillations in intracellular membrane
potentials of dentate gyrus neurons in awake rodents. Learning & Memory, 21(12), 656—
661. https://doi.org/10.1101/Im.036269.114

Arnsten, A. F. (2000a). Stress impairs prefrontal cortical function in rats and monkeys: role of
dopamine D1 and norepinephrine alpha-1 receptor mechanisms. Prog.Brain Res., 126,
183-192.

Arnsten, A. F. (2000b). Through the looking glass: differential noradenergic modulation of
prefrontal cortical function. Neural Plasticity, 7(1-2), 133—146.

Arnsten, A. F. (2006). Fundamentals of attention-deficit/hyperactivity disorder: circuits and
pathways. Journal of Clinical Psychiatry, 67 Suppl 8, 7-12.

Arnsten, A. F. (2007). Catecholamine and second messenger influences on prefrontal cortical
networks of “representational knowledge”: a rational bridge between genetics and the
symptoms of mental illness. Cereb.Cortex, 17 Suppl 1, 16-15.

Arnsten, A. F., Cai, J. X,, Steere, J. C., & Goldman-Rakic, P. S. (1995). Dopamine D2 receptor
mechanisms contribute to age-related cognitive decline: the effects of quinpirole on

memory and motor performance in monkeys. J.Neurosci., 15(5 Pt 1), 3429-3439.



101
Arnsten, A. F., & Dudley, A. G. (2005). Methylphenidate improves prefrontal cortical cognitive

function through alpha2 adrenoceptor and dopamine D1 receptor actions: Relevance to
therapeutic effects in Attention Deficit Hyperactivity Disorder. Behav.Brain Funct., 1(1),
2.

Arnsten, A. F., & Li, B. M. (2005). Neurobiology of executive functions: catecholamine
influences on prefrontal cortical functions. Biological Psychiatry, 57(11), 1377-1384.

Arnsten, A. F., Mathew, R., Ubriani, R., Taylor, J. R., & Li, B. M. (1999). Alpha-1
noradrenergic receptor stimulation impairs prefrontal cortical cognitive function.

Biol Psychiatry, 45(1), 26-31.

Arnsten, A. F., Steere, J. C., & Hunt, R. D. (1996). The contribution of alpha 2-noradrenergic
mechanisms of prefrontal cortical cognitive function. Potential significance for attention-
deficit hyperactivity disorder. Arch. Gen.Psychiatry, 53(5), 448—455.

Arnsten, A. F. T. (2007). Catecholamine and second messenger influences on prefrontal cortical
networks of “representational knowledge”: a rational bridge between genetics and the
symptoms of mental illness. Cereb.Cortex (New York, N.Y.: 1991), 17 Suppl 1, 16-15.

Arnsten, A. F. T. (2009). Stress signalling pathways that impair prefrontal cortex structure and
function. Nat.Rev.Neurosci, 10(6), 410-422.

Arnsten, A. F. T. (2015). Stress weakens prefrontal networks: molecular insults to higher
cognition. Nat. Neurosci, 18(10), 1376—1385.

Arnsten, A. F. T., & Pliszka, S. R. (2011). Catecholamine influences on prefrontal cortical
function: Relevance to treatment of attention deficit/hyperactivity disorder and related

disorders. Pharmacology Biochemistry and Behavior, 99(2), 211-216.



102
Arnsten A.F.T., & Robbins, T. W. (2002). Neurochemical modulation of prefrontal cortical

function in humans and animals. In Principles of Frontal Lobe Function. New Y ork:
Oxford University Press.

Asaad, W. F., Rainer, G., & Miller, E. K. (2000). Task-specific neural activity in the primate
prefrontal cortex. J. Neurophysiol., 84(1), 451-459.

Aston-Jones, G., Rajkowski, J., & Cohen, J. (1999). Role of locus coeruleus in attention and
behavioral flexibility. Biol. Psychiatry, 46(9), 1309—1320.

Aston-Jones, Gary, Rajkowski, J., & Cohen, J. (2000). Locus coeruleus and regulation of
behavioral flexibility and attention. Prog. Brain research, 126, 165-182.

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The role of the dorsal striatum in
reward and decision-making. J. Neurosci, 27(31), 8161-8165.

Balleine, B. W., & O’Doherty, J. P. (2010). Human and rodent homologies in action control:
corticostriatal determinants of goal-directed and habitual action.
Neuropsychopharmacology, 35(1), 48—69.

Barkley, R. A. (2002). Major life activity and health outcomes associated with attention-
deficit/hyperactivity disorder. J.Clin. Psychiatry, 63 Suppl 12, 10-15.

Barkley, R. A., Fischer, M., Smallish, L., & Fletcher, K. (2002). The persistence of attention-
deficit/hyperactivity disorder into young adulthood as a function of reporting source and
definition of disorder. J Abnorm. Psychol., 111(2), 279-289.

Barry, R. J., Clarke, A. R., & Johnstone, S. J. (2003). A review of electrophysiology in attention-
deficit/hyperactivity disorder: I. Qualitative and quantitative electroencephalography.
Clinical Neurophysiology, 114(2), 171-183.

Batuev, A. S., Kursina, N. P.; & Shutov, A. P. (1990). Unit activity of the medial wall of the

frontal cortex during delayed performance in rats. Behav. Brain Research, 41(2), 95-102.



103
Berke, J. D. (2009). Fast oscillations in cortical-striatal networks switch frequency following

rewarding events and stimulant drugs. Eur. J. Neurosci., 30(5), 848—859.

Berridge, C., & Devilbiss, D. (2011). Psychostimulants as cognitive enhancers: the prefrontal
cortex, catecholamines, and attention-deficit/hyperactivity disorder. Biol. Psychiatry,
69(12), el01-111.

Berridge, C., Shumsky, J., Andrzejewski, M., McGaughy, J., Spencer, R., Devilbiss, D., &
Waterhouse, B. (2012). Differential Sensitivity to Psychostimulants Across Prefrontal
Cognitive Tasks: Differential Involvement of Noradrenergic a(1)- and o(2)-Receptors.
Biol. Psychiatry, 71(5), 467-473.

Berridge, C. W., Devilbiss, D. M., Andrzejewski, M. E., Arnsten, A. F., Kelley, A. E.,
Schmeichel, B., ... Spencer, R. C. (2006). Methylphenidate preferentially increases
catecholamine neurotransmission within the prefrontal cortex at low doses that enhance
cognitive function. Biol. Psychiatry, 60(10), 1111-1120.

Biederman, J., Faraone, S. V., Spencer, T., Wilens, T., Norman, D., Lapey, K. A., ... Doyle, A.
(1993). Patterns of psychiatric comorbidity, cognition, and psychosocial functioning in
adults with attention deficit hyperactivity disorder. Am. J. Psychiatry, 150(12), 1792—
1798.

Birnbaum, S. G., Yuan, P. X., Wang, M., Vijayraghavan, S., Bloom, A. K., Davis, D. J., ...
Arnsten, A. F. (2004). Protein kinase C overactivity impairs prefrontal cortical regulation
of working memory. Science, 306(5697), 882—884.

Bondi, C. O., Jett, J. D., & Morilak, D. A. (2010). Beneficial effects of desipramine on cognitive
function of chronically stressed rats are mediated by alphal-adrenergic receptors in
medial prefrontal cortex. Prog. Neuropsychopharmacol. Biol. Psychiatry, 34(6), 913—

923.



104
Bonnefond, M., & Jensen, O. (2012). Alpha Oscillations Serve to Protect Working Memory

Maintenance against Anticipated Distracters. Current Biology, 22(20), 1969—1974.

Bouret, S., & Sara, S. J. (2004). Reward expectation, orientation of attention and locus
coeruleus-medial frontal cortex interplay during learning. Eur. J. Neuroscience, 20(3),
791-802.

Bradley, C. (1937). The behavior of children receiving benzedrine. Am. J. Psychiatry, 94(3),
577-585.

Bush, G., Frazier, J. A., Rauch, S. L., Seidman, L. J., Whalen, P. J., Jenike, M. A., ...
Biederman, J. (1999). Anterior cingulate cortex dysfunction in attention-
deficit/hyperactivity disorder revealed by fMRI and the Counting Stroop. Biol. Psychiatry,
45(12), 1542-1552.

Bush, G., Valera, E. M., & Seidman, L. J. (2005). Functional neuroimaging of attention-
deficit/hyperactivity disorder: a review and suggested future directions. Biol. Psychiatry,
57(11), 1273-1284.

Bush, George, Valera, E. M., & Seidman, L. J. (2005). Functional Neuroimaging of Attention-
Deficit/Hyperactivity Disorder: A Review and Suggested Future Directions.
Biol . Psychiatry, 57(11), 1273-1284.

Buzsaki, G., & Chrobak, J. J. (1995). Temporal structure in spatially organized neuronal
ensembles: a role for interneuronal networks. Curr. Opinion in Neurobiology, 5(4), 504—
510.

Buzsaki, G., & Draguhn, A. (2004). Neuronal Oscillations in Cortical Networks. Science,
304(5679), 1926—1929.

Buzséki, G., Logothetis, N., & Singer, W. (2013). Scaling Brain Size, Keeping Timing:

Evolutionary Preservation of Brain Rhythms. Neuron, 80(3), 751-764.



105
Carboni, E., Tanda, G. L., Frau, R., & Di, C. G. (1990). Blockade of the noradrenaline carrier

increases extracellular dopamine concentrations in the prefrontal cortex: evidence that
dopamine is taken up in vivo by noradrenergic terminals. J Neurochem., 55(3), 1067—
1070.

Cardinal, R. N., Pennicott, D. R., Sugathapala, C. L., Robbins, T. W., & Everitt, B. J. (2001).
Impulsive choice induced in rats by lesions of the nucleus accumbens core. Science,
292(5526), 2499-2501.

Casey, B. J., Epstein, J. N., Buhle, J., Liston, C., Davidson, M. C., Tonev, S. T., ... Glover, G.
(2007). Frontostriatal connectivity and its role in cognitive control in parent-child dyads
with ADHD. Am. J. Psychiatry, 164(11), 1729-1736.

Castellanos, F. X., & Tannock, R. (2002). Neuroscience of attention-deficit/hyperactivity
disorder: The search for endophenotypes. Nat. Rev. Neuroscience, 3(8), 617—628.

Cauli, B., Audinat, E., Lambolez, B., Angulo, M. C., Ropert, N., Tsuzuki, K., ... Rossier, J.
(1997). Molecular and Physiological Diversity of Cortical Nonpyramidal Cells. J
Neuroscience, 17(10), 3894-3906.

Chiba, A., Oshio, K., & Inase, M. (2015). Neuronal representation of duration discrimination in
the monkey striatum. Physiological Reports, 3(2), €12283.

Chudasama, Y., & Robbins, T. W. (2006). Functions of frontostriatal systems in cognition:
comparative neuropsychopharmacological studies in rats, monkeys and humans. Biol.
Psychology, 73(1), 19-38.

Clarke, A. R., Barry, R. J., McCarthy, R., Selikowitz, M., & Johnstone, S. J. (2007). Effects of
stimulant medications on the EEG of girls with Attention-Deficit/Hyperactivity Disorder.

Clin. Neurophysiology, 118(12), 2700-2708.



106
Clarke, A. R., Barry, R. J., McCarthy, R., Selikowitz, M., Johnstone, S. J., Abbott, I, ...

Lawrence, C. A. (2005). Effects of methylphenidate on EEG coherence in Attention-
Deficit/Hyperactivity Disorder. Int. J. Psychophysiol., 58(1), 4-11.

Clatworthy, P. L., Lewis, S. J. G., Brichard, L., Hong, Y. T., Izquierdo, D., Clark, L., ...
Robbins, T. W. (2009). Dopamine release in dissociable striatal subregions predicts the
different effects of oral methylphenidate on reversal learning and spatial working
memory. J. Neuroscie., 29(15), 4690—4696.

Constantinidis, C., Funahashi, S., Lee, D., Murray, J. D., Qi, X.-L., Wang, M., & Arnsten, A. F.
T. (2018). Persistent Spiking Activity Underlies Working Memory. J. Neurosci., 38(32),
7020-7028.

Cubillo, A., Halari, R., Smith, A., Taylor, E., & Rubia, K. (2012). A review of fronto-striatal and
fronto-cortical brain abnormalities in children and adults with Attention Deficit
Hyperactivity Disorder (ADHD) and new evidence for dysfunction in adults with ADHD
during motivation and attention. Cortex, 48(2), 194-215.

Curtis, C. E., & D’Esposito, M. (2003). Persistent activity in the prefrontal cortex during
working memory. Trends Cogn. Sci., 7(9), 415-423.

Dalley, J. W., Cardinal, R. N., & Robbins, T. W. (2004). Prefrontal executive and cognitive
functions in rodents: neural and neurochemical substrates. Neurosci. and Biobehav.
Reviews, 28(7), 771-784.

Dalley, J. W., Mar, A. C., Economidou, D., & Robbins, T. W. (2008). Neurobehavioral
mechanisms of impulsivity: Fronto-striatal systems and functional neurochemistry.

Pharm. Biochem. and Behavior, 90(2), 250-260.



107
DeCoteau, W. E., Thorn, C., Gibson, D. J., Courtemanche, R., Mitra, P., Kubota, Y., & Graybiel,

A. M. (2007). Oscillations of Local Field Potentials in the Rat Dorsal Striatum During
Spontaneous and Instructed Behaviors. J. Neurophys., 97(5), 3800-3805.

Devilbiss, D., Jenison, R., & Berridge, C. (2012). Stress-induced impairment of a working
memory task: role of spiking rate and spiking history predicted discharge. PLoS
Computational Biology, 8(9), €1002681.

Devilbiss, David M., Spencer, R. C., & Berridge, C. W. (2016). Stress Degrades Prefrontal
Cortex Neuronal Coding of Goal-Directed Behavior. Cereb. Cortex, 27(5), 2970-2983.

Devilbiss, D.M., & Berridge, C. W. (2008). Cognition-enhancing doses of methylphenidate
preferentially increase prefrontal cortex neuronal responsiveness. Biol. Psychiatry, 64(7),
626—635.

Diamond, A. (2005). Attention-deficit disorder (attention-deficit/ hyperactivity disorder without
hyperactivity): a neurobiologically and behaviorally distinct disorder from attention-
deficit/hyperactivity disorder (with hyperactivity). Dev. Psychopathology, 17(3), 807—
825.

Dickstein, S. G., Bannon, K., Castellanos, F. X., & Milham, M. P. (2006). The neural correlates
of attention deficit hyperactivity disorder: an ALE meta-analysis. J Child Psychol.
Psychiatry, 47(10), 1051-1062.

Dodds, C. M., Muller, U., Clark, L., van, L. A., Cools, R., & Robbins, T. W. (2008).
Methylphenidate has differential effects on blood oxygenation level-dependent signal
related to cognitive subprocesses of reversal learning. J Neurosci., 28(23), 5976-5982.

Drouin, C., Page, M., & Waterhouse, B. (2006). Methylphenidate enhances noradrenergic
transmission and suppresses mid- and long-latency sensory responses in the primary

somatosensory cortex of awake rats. J Neurophysiol., 96(2), 622—632.



108
Dunnett, S. B., Meldrum, A., & Muir, J. L. (2005). Frontal-striatal disconnection disrupts

cognitive performance of the frontal-type in the rat. Neuroscience, 135(4), 1055—1065.

Espara, R. ., Reis, K. M., Valentino, R. J., & Berridge, C. W. (2005). Organization of
hypocretin/orexin efferents to locus coeruleus and basal forebrain arousal-related
structures. J Comp Neurol., 481(2), 160-178.

Field, M. (2006). Attentional biases in drug abuse and addiction: Cognitive mechanisms, causes,
consequences and implications. In Cognition and addiction (pp. 73-99). New York, NY,
US: Oxford University Press.

Floresco, S. B., Braaksma, D. N., & Phillips, A. G. (1999). Involvement of the ventral pallidum
in working memory tasks with or without a delay. Ann. N.Y. Acad. Sci., 877, 711-716.

Floresco, S. B., Seamans, J. K., & Phillips, A. G. (1997). Selective roles for hippocampal,
prefrontal cortical, and ventral striatal circuits in radial-arm maze tasks with or without a
delay. J Neurosci., 17(5), 1880—-1890.

Florin, S. M., Kuczenski, R., & Segal, D. S. (1994). Regional extracellular norepinephrine
responses to amphetamine and cocaine and effects of clonidine pretreatment. Brain
Research, 654(1), 53-62.

Frank, M. J., Loughry, B., & O’Reilly, R. C. (2001). Interactions between frontal cortex and
basal ganglia in working memory: A computational model. Cogn Affect Behav Neurosci.,
1(2), 137-160.

Fransen, A. M. M., Dimitriadis, G., van Ede, F., & Maris, E. (2016). Distinct a- and -band
rhythms over rat somatosensory cortex with similar properties as in humans. J
Neurophysiol, 115(6), 3030-3044.

Friston, K. J. (2011). Functional and Effective Connectivity: A Review. Brain Connect., 1(1),

13-36.



109
Fuster, J. M., & Alexander, G. E. (1971). Neuron activity related to short-term memory. Science,

173(997), 652—654.

Gabbott, P. L. A., Warner, T. A, Jays, P. R. L., Salway, P., & Busby, S. J. (2005). Prefrontal
cortex in the rat: Projections to subcortical autonomic, motor, and limbic centers. The J
Comp Neurology, 492(2), 145-177.

Gamo, N. J., Wang, M., & Arnsten, A. F. T. (2010). Methylphenidate and atomoxetine enhance
prefrontal function through a2-adrenergic and dopamine D1 receptors. J Am. Acad. Child
and Adol. Psychiatry, 49(10), 1011-1023.

Girtner, M., Rohde-Liebenau, L., Grimm, S., & Bajbouj, M. (2014). Working memory-related
frontal theta activity is decreased under acute stress. Psychoneuroendocrinology, 43,
105-113.

Gescheider, G. A. (2013). Psychophysics : The Fundamentals. Psychology Press.

Gevins, A. (1997). High-resolution EEG mapping of cortical activation related to working
memory: effects of task difficulty, type of processing, and practice. Cereb. Cortex, 7(4),
374-385.

Glowinski, J., & Iversen, L. L. (1966). REGIONAL STUDIES OF CATECHOLAMINES IN
THE RAT BRAIN. J Neurochem., 13(8), 655—669.

Goldman-Rakic, P. S. (1995). Cellular basis of working memory. Neuron, 14(3), 477-485.

Goldman-Rakic, P. S. (2000). The role of dopamine D-1 receptors in cognition. CNS Drug
Reviews, 6, 7-8.

Granon, S., Passetti, F., Thomas, K. L., Dalley, J. W., Everitt, B. J., & Robbins, T. W. (2000).
Enhanced and impaired attentional performance after infusion of D1 dopaminergic

receptor agents into rat prefrontal cortex. J Neurosci., 20(3), 1208—1215.



110
Greenhill, L. L. (2001). Clinical effects of stimulant medication in ADHD. In Stimulant Drugs

and ADHD: Basic and Clinical Neuroscience (pp. 31-71). New York: Oxford University
Press.

Haracz, J. L., Tschanz, J. T., Wang, Z., White, . M., & Rebec, G. V. (1993). Striatal single-unit
responses to amphetamine and neuroleptics in freely moving rats. Neurosci. & Biobehav.
Reviews, 17(1), 1-12.

Hechtman, L., Abikoff, H., Klein, R. G., Weiss, G., Respitz, C., Kouri, J., ... Pollack, S. (2004).
Academic achievement and emotional status of children with ADHD treated with long-
term methylphenidate and multimodal psychosocial treatment. J Am. Acad. Child
Adolesc. Psychiatry, 43(7), 812-819.

Heidbreder, C. A., & Groenewegen, H. J. (2003). The medial prefrontal cortex in the rat:
evidence for a dorso-ventral distinction based upon functional and anatomical
characteristics. Neurosci. & Biobehav. Reviews, 27(6), 555-579.

Herrmann, C. S., & Demiralp, T. (2005). Human EEG gamma oscillations in neuropsychiatric
disorders. Clin. Neurophys., 116(12), 2719-2733.

Histed, M. H., Pasupathy, A., & Miller, E. K. (2009). Learning Substrates in the Primate
Prefrontal Cortex and Striatum: Sustained Activity Related to Successful Actions.
Neuron, 63(2), 244-253.

Howard, M. W., Rizzuto, D. S., Caplan, J. B., Madsen, J. R., Lisman, J., Aschenbrenner-Scheibe,
R., ... Kahana, M. J. (2003). Gamma Oscillations Correlate with Working Memory Load
in Humans. Cereb. Cortex, 13(12), 1369—1374.

Hsieh, L.-T., & Ranganath, C. (2014). Frontal midline theta oscillations during working memory

maintenance and episodic encoding and retrieval. Neurolmage, 85(Part 2), 721-729.



111
Hupalo, S., & Berridge, C. W. (2016). Working Memory Impairing Actions of Corticotropin-

Releasing Factor (CRF) Neurotransmission in the Prefrontal Cortex. Neuropsychopharm.
41(11),2733-2740.

Hyman, J. M., Zilli, E. A., Paley, A. M., & Hasselmo, M. E. (2010). Working Memory
Performance Correlates with Prefrontal-Hippocampal Theta Interactions but not with
Prefrontal Neuron Firing Rates. Front. Integ. Neurosci., 4:2.

Itthipuripat, S., Wessel, J. R., & Aron, A. R. (2013). Frontal theta is a signature of successful
working memory manipulation. Exp. Brain Research, 224(2), 255-262.

Jensen, O., & Tesche, C. D. (2002). Frontal theta activity in humans increases with memory load
in a working memory task. Eur. J Neurosci, 15(8), 1395-1399.

JIL R, & G, I.-G. (2001). Responses to methylphenidate in Attention-Deficit/Hyperactivity
Disorder and normal children: update 2002. J Atten. Disorders, 6 Suppl 1, S57-60.

Johnson, A., van der Meer, M. A., & Redish, A. D. (2007). Integrating hippocampus and
striatum in decision-making. Curr. Opin. Neurobiol., 17(6), 692—697.

Jung, M. W., Qin, Y., McNaughton, B. L., & Barnes, C. A. (1998). Firing characteristics of deep
layer neurons in prefrontal cortex in rats performing spatial working memory tasks.
Cereb. Cortex., 8(5), 437-450.

Kajikawa, Y., & Schroeder, C. E. (2011). How Local Is the Local Field Potential? Neuron, 72(5),
847-858.

Kesner, R. P. (2000). Subregional analysis of mnemonic functions of the prefrontal cortex in the
rat. Psychobiology, 28(2), 219-228.

Khader, P. H., Jost, K., Ranganath, C., & Résler, F. (2010). Theta and alpha oscillations during
working-memory maintenance predict successful long-term memory encoding. Neurosci.

Letters, 468(3), 339-343.



112
Kim, Y. B., Huh, N., Lee, H., Baeg, E. H., Lee, D., & Jung, M. W. (2007). Encoding of Action

History in the Rat Ventral Striatum. J Neurophysiol, 98(6), 3548-3556.

Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory
performance: a review and analysis. Brain Research Rev., 29(2), 169-195.

Kodama, T., Kojima, T., Honda, Y., Hosokawa, T., Tsutsui, K., & Watanabe, M. (2017). Oral
Administration of Methylphenidate (Ritalin) Affects Dopamine Release Differentially
Between the Prefrontal Cortex and Striatum: A Microdialysis Study in the Monkey. J.
Neurosci, 37(9), 2387-2394.

Koehler, S., Lauer, P., Schreppel, T., Jacob, C., Heine, M., Boreatti-Hiimmer, A., ... Herrmann,
M. J. (2009). Increased EEG power density in alpha and theta bands in adult ADHD
patients. J Neural Transmission, 116(1), 97-104.

Kolar, D., Keller, A., Golfinopoulos, M., Cumyn, L., Syer, C., & Hechtman, L. (2008).
Treatment of adults with attention-deficit/hyperactivity disorder. Neuropsychiatric
Disease and Treatment, 4(2), 389—403.

Kramis, R., Vanderwolf, C. H., & Bland, B. H. (1975). Two types of hippocampal rhythmical
slow activity in both the rabbit and the rat: Relations to behavior and effects of atropine,
diethyl ether, urethane, and pentobarbital. Exp. Neurology, 49(1), 58-85.

Kuczenski, R., & Segal, D. S. (1994). Neurochemistry of amphetamine. In Amphetamine and its
analogues: psychopharmacology, toxicology and abuse (pp. 81-113). San Diego:
Academic Press.

Kuczenski, R., & Segal, D. S. (2002). Exposure of adolescent rats to oral methylphenidate:
preferential effects on extracellular norepinephrine and absence of sensitization and

cross-sensitization to methamphetamine. J. Neurosci., 22(16), 7264—7271.



113
Kuczenski, Ronald, & Segal, D. S. (1997). Effects of Methylphenidate on Extracellular

Dopamine, Serotonin, and Norepinephrine: Comparison with Amphetamine. J
Neurochemistry, 68(5), 2032-2037.

Kuczenski, Ronald, & Segal, D. S. (2001). Locomotor Effects of Acute and Repeated Threshold
Doses of Amphetamine and Methylphenidate: Relative Roles of Dopamine and
Norepinephrine. J Pharmacol. and Exp. Therapeutics, 296(3), 876—883.

Kuczenski, Ronald, & Segal, D. S. (2005). Stimulant Actions in Rodents: Implications for
Attention-Deficit/Hyperactivity Disorder Treatment and Potential Substance Abuse. Biol.
Psychiatry, 57(11), 1391-1396.

Lapish, C. C., Chiang, J., Wang, J. Z., & Phillips, A. G. (2012). Oscillatory power and synchrony
in the rat forebrain are altered by a sensitizing regime of d-amphetamine. J Neurosci, 203,
108-121.

Lapiz, M. D., & Morilak, D. A. (2006). Noradrenergic modulation of cognitive function in rat
medial prefrontal cortex as measured by attentional set shifting capability. Neuroscience,
137(3), 1039-1049.

Lebedev, M. A., Messinger, A., Kralik, J. D., & Wise, S. P. (2004). Representation of attended
versus remembered locations in prefrontal cortex. PLoS. Biol., 2(11), e365.

Levy, R., Friedman, H. R., Davachi, L., & Goldman-Rakic, P. S. (1997a). Differential Activation
of the Caudate Nucleus in Primates Performing Spatial and Nonspatial Working Memory
Tasks. J Neurosci., 17(10), 3870-3882.

Levy, R., Friedman, H. R., Davachi, L., & Goldman-Rakic, P. S. (1997b). Differential Activation
of the Caudate Nucleus in Primates Performing Spatial and Nonspatial Working Memory

Tasks. J Neurosci, 17(10), 3870-3882.



114
Lewis, S. J. G., Dove, A., Robbins, T. W., Barker, R. A., & Owen, A. M. (2004). Striatal

contributions to working memory: a functional magnetic resonance imaging study in
humans. Eur. J. of Neurosci., 19(3), 755-760.

Li, S., Ouyang, M., Liu, T., Bai, W., Yi, H., & Tian, X. (2014). Increase of spike—LFP
coordination in rat prefrontal cortex during working memory. Behav. Brain Research,
261(Supplement C), 297-304.

Lisman, J. (2010). Working Memory: The Importance of Theta and Gamma Oscillations. Curr.
Biology, 20(11), R490-R492.

Liston, C., Malter Cohen, M., Teslovich, T., Levenson, D., & Casey, B. J. (2011). Atypical
prefrontal connectivity in attention-deficit/hyperactivity disorder: pathway to disease or
pathological end point? Biol. Psychiatry, 69(12), 1168—1177.

Loo, S. K., Hopfer, C., Teale, P. D., & Reite, M. L. (2004). EEG Correlates of Methylphenidate
Response in ADHD: Association With Cognitive and Behavioral Measures. Journal of
Clin. Neurophysiol., 21(6), 457.

Lou, H. C., Henriksen, L., Bruhn, P., Barner, H., & Nielsen, J. B. (1989). Striatal Dysfunction in
Attention Deficit and Hyperkinetic Disorder. Arch. Neurology, 46(1), 48-52.

MacDonald, E., Kobilka, B. K., & Scheinin, M. (1997). Gene targeting — homing in on a2-
adrenoceptor-subtype function. Trends in Pharm. Sciences, 18(6), 211-219.

Mabher, B. (2008). Poll results: look who’s doping. Nature, 452(7188), 674—675.

Mair, R. G., Koch, J. K., Newman, J. B., Howard, J. R., & Burk, J. A. (2002). A double
dissociation within striatum between serial reaction time and radial maze delayed

nonmatching performance in rats. J Neurosci., 22(15), 6756-6765.



115
Mannuzza, S., Klein, R. G., Bessler, A., Malloy, P., & Hynes, M. E. (1997). Educational and

occupational outcome of hyperactive boys grown up. J Am. Acad. Child Adolesc.
Psychiatry, 36(9), 1222-1227.

Mannuzza, S., Klein, R. G., Bessler, A., Malloy, P., & LaPadula, M. (1993). Adult outcome of
hyperactive boys. Educational achievement, occupational rank, and psychiatric status.
Arch. Gen. Psychiatry, 50(7), 565-576.

Mannuzza, S., Klein, R. G., Bonagura, N., Malloy, P., Giampino, T. L., & Addalli, K. A. (1991).
Hyperactive boys almost grown up. V. Replication of psychiatric status. Arch. Gen.
Psychiatry, 48(1), 77-83.

Mao, Z. M., Arnsten, A. F., & Li, B. M. (1999). Local infusion of an alpha-1 adrenergic agonist
into the prefrontal cortex impairs spatial working memory performance in monkeys. Biol.
Psychiatry, 46(9), 1259-1265.

McCabe, S. E., Knight, J. R., Teter, C. J., & Wechsler, H. (2005). Non-medical use of
prescription stimulants among US college students: prevalence and correlates from a
national survey. Addiction, 100(1), 96—-106.

Mehta, M.A., Goodyer, I. M., & Sahakian, B. J. (2004). Methylphenidate improves working
memory and set-shifting in AD/HD: relationships to baseline memory capacity. J. Child
Psychol. Psychiatry, 45(2), 293-305.

Mehta, M.A., Sahakian, B. J., & Robbins, T. W. (2001). Comparative psycholpharmacology of
methylphenidate and related drugs in human volunteers, patients with ADHD, and
experimental animals. In Stimulant Drugs and ADHD: Basic and Clinical Neuroscience
(pp- 303-331). New York: Oxford University Press.

Mehta, Mitul A., Owen, A. M., Sahakian, B. J., Mavaddat, N., Pickard, J. D., & Robbins, T. W.

(2000). Methylphenidate Enhances Working Memory by Modulating Discrete Frontal



116
and Parietal Lobe Regions in the Human Brain. The Journal of Neuroscience, 20(6),

RC65-RC65.

Mehta, Mitul A., Swainson, R., Ogilvie, A. D., Sahakian, B., & Robbins, T. W. (2001).
Improved short-term spatial memory but impaired reversal learning following the
dopamine D2 agonist bromocriptine in human volunteers. Psychopharm., 159(1), 10-20.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex function. Annu.
Rev. Neurosci., 24, 167-202.

Mitchell, D. J., McNaughton, N., Flanagan, D., & Kirk, I. J. (2008). Frontal-midline theta from
the perspective of hippocampal “theta.” Prog. Neurobiol., 86(3), 156—185.

Mitchell, J. F., Sundberg, K. A., & Reynolds, J. H. (2007). Differential Attention-Dependent
Response Modulation across Cell Classes in Macaque Visual Area V4. Neuron, 55(1),
131-141.

Nicolelis, M. A., Baccala, L. A., Lin, R. C., & Chapin, J. K. (1995). Sensorimotor encoding by
synchronous neural ensemble activity at multiple levels of the somatosensory system.
Science, 268(5215), 1353—1358.

O’Neill, P.-K., Gordon, J. A., & Sigurdsson, T. (2013). Theta Oscillations in the Medial
Prefrontal Cortex Are Modulated by Spatial Working Memory and Synchronize with the
Hippocampus through Its Ventral Subregion. J. Neurosci., 33(35), 14211-14224.

Pievsky, M. A., & McGrath, R. E. (2018). Neurocognitive effects of methylphenidate in adults
with attention-deficit/hyperactivity disorder: A meta-analysis. Neuroscience & Biobehav.
Rev., 90, 447-455.

Posner, M. 1., & Petersen, S. E. (1990). The attention system of the human brain. Annu. Rev.

Neurosci., 13, 25-42.



117
Postle, B.R. (2006). Working memory as an emergent property of the mind and brain.

Neuroscience, 139(1), 23-38.

Postle, Bradley R, & D’Esposito, M. (1999). Dissociation of human caudate nucleus activity in
spatial and nonspatial working memory: an event-related fMRI study. Cog. Brain
Research, 8(2), 107-115.

Povysheva, N. V., Gonzalez-Burgos, G., Zaitsev, A. V., Kroner, S., Barrionuevo, G., Lewis, D.
A., & Krimer, L. S. (2006). Properties of Excitatory Synaptic Responses in Fast-spiking
Interneurons and Pyramidal Cells from Monkey and Rat Prefrontal Cortex. Cereb.
Cortex, 16(4), 541-552.

Pratt, W. E., & Mizumori, S. J. (2001). Neurons in rat medial prefrontal cortex show anticipatory
rate changes to predictable differential rewards in a spatial memory task. Behav. Brain
Res, 123(2), 165-183.

Ragozzino, M. E. (2007). The contribution of the medial prefrontal cortex, orbitofrontal cortex,
and dorsomedial striatum to behavioral flexibility. Ann. NY Acad. Sci., 1121, 355-375.

Ragozzino, M. E., Ragozzino, K. E., Mizumori, S. J. Y., & Kesner, R. P. (2002). Role of the
dorsomedial striatum in behavioral flexibility for response and visual cue discrimination
learning. Behav. Neurosci., 116(1), 105—115.

Ramos, B. P., Colgan, L. A., Nou, E., & Arnsten, A. F. T. (2008). Beta2 adrenergic agonist,
clenbuterol, enhances working memory performance in aging animals. Neurobiology of
Aging, 29(7), 1060—1069.

Ramos, B. P., Colgan, L., Nou, E., Ovadia, S., Wilson, S. R., & Arnsten, A. F. T. (2005). The
beta-1 adrenergic antagonist, betaxolol, improves working memory performance in rats

and monkeys. Biol. Psychiatry, 58(11), 894-900.



118
Ramos, B. P., Stark, D., Verduzco, L., van Dyck, C. H., & Arnsten, A. F. T. (2006). Alpha2A-

adrenoceptor stimulation improves prefrontal cortical regulation of behavior through
inhibition of cAMP signaling in aging animals. Learning & Mem., 13(6), 770-776.

Rapoport, J. L., Buchsbaum, M. S., Weingartner, H., Zahn, T. P., Ludlow, C., & Mikkelsen, E. J.
(1980). Dextroamphetamine - Its Cognitive and Behavioral-Effects in Normal and
Hyperactive Boys and Normal Men. Arch. Gen. Psychiat. 37(8), 933—943.

Rapoport, J. L., & Inoff-Germain, G. (2002). Responses to methylphenidate in Attention-
Deficit/Hyperactivity Disorder and normal children: update 2002. J. Atten. Disord,
6(Suppl 1), S57-S60.

Rebec, G. V., White, I. M., & Puotz, J. K. (1997). Responses of neurons in dorsal striatum
during amphetamine-induced focused stereotypy. Psychopharm., 130(4), 343-351.

Rebec, George V., & Bashore, T. R. (1984). Critical issues in assessing the behavioral effects of
amphetamine. Neurosci. Biobehav. Rev., 8(1), 153—-159.

Rebec, G.V., & Bashore, T. R. (1984). Critical issues in assessing the behavioral effects of
amphetamine. Neurosci. Biobehav. Rev., 8(1), 153—-159.

Robbins, T. W., & Arnsten, A. F. T. (2009). The neuropsychopharmacology of fronto-executive
function: monoaminergic modulation. Ann. Rev. Neurosci., 32, 267-287.

Roberts, B. M., Hsieh, L.-T., & Ranganath, C. (2013). Oscillatory Activity during Maintenance
of Spatial and Temporal Information in Working Memory. Neuropsychologia, 51(2),
349-357.

Roux, F., & Uhlhaas, P. J. (2014). Working memory and neural oscillations: alpha—gamma
versus theta—gamma codes for distinct WM information? Trends Cogn. Sci., 18(1), 16—

25.



119
Rubia, K., Overmeyer, S., Taylor, E., Brammer, M., Williams, S. C. R., Simmons, A., &

Bullmore, E. T. (1999). Hypofrontality in attention deficit hyperactivity disorder during
higher-order motor control: A study with functional MRI. Am. J. Psychiatry, 156(6),
891-896.

Rubia, Katya, Halari, R., Cubillo, A., Mohammad, A.-M., Brammer, M., & Taylor, E. (2009).
Methylphenidate normalises activation and functional connectivity deficits in attention
and motivation networks in medication-naive children with ADHD during a rewarded
continuous performance task. Neuropharmacology, 57(7-8), 640—652.

Rubia, Katya, Halari, R., Cubillo, A., Smith, A. B., Mohammad, A.-M., Brammer, M., & Taylor,
E. (2011). Methylphenidate Normalizes Fronto-Striatal Underactivation During
Interference Inhibition in Medication-Naive Boys with Attention-Deficit Hyperactivity
Disorder. Neuropsychopharm., 36(8), 1575-1586.

Salinas, E., & Sejnowski, T. J. (2001). Correlated neuronal activity and the flow of neural
information. Nat. Rev. Neurosci., 2(8), 539-550.

Scheffler, R. M., Brown, T. T., Fulton, B. D., Hinshaw, S. P., Levine, P., & Stone, S. (2009).
Positive association between attention-deficit/ hyperactivity disorder medication use and
academic achievement during elementary school. Pediatrics, 123(5), 1273-1279.

Scheres, A., Milham, M. P., Knutson, B., & Castellanos, F. X. (2007). Ventral striatal
hyporesponsiveness during reward anticipation in attention-deficit/hyperactivity disorder.
Biol. Psychiatry, 61(5), 720-724.

Seamans, J K, & Phillips, A. G. (1994). Selective memory impairments produced by transient
lidocaine-induced lesions of the nucleus accumbens in rats. Behav. Neurosci., 108(3),

456-468.



120
Seamans, Jeremy K, Lapish, C. C., & Durstewitz, D. (2008). Comparing the prefrontal cortex of

rats and primates: insights from electrophysiology. Neurotox. Res., 14(2-3), 249-262.

Segal, D. S. (1975). Behavioral and neurochemical correlates of repeated d-amphetamine
administration. Adv. Biochem. Psychopharmacol., 13, 247-262.

Seidman, Larry J, Valera, E. M., & Makris, N. (2005). Structural brain imaging of attention-
deficit/hyperactivity disorder. Biol. Psychiatry, 57(11), 1263—1272.

Seidman, L.J., Valera, E. M., Makris, N., Monuteaux, M. C., Boriel, D. L., Kelkar, K., ...
Biederman, J. (2006). Dorsolateral prefrontal and anterior cingulate cortex volumetric
abnormalities in adults with attention-deficit/hyperactivity disorder identified by
magnetic resonance imaging. Biol. Psychiatry, 60(10), 1071-1080.

Sesack, S. R., Hawrylak, V. A., Matus, C., Guido, M. A., & Levey, A. 1. (1998). Dopamine axon
varicosities in the prelimbic division of the rat prefrontal cortex exhibit sparse
immunoreactivity for the dopamine transporter. J. Neurosci., 18(7), 2697-2708.

Sesack, Susan R., Deutch, A. Y., Roth, R. H., & Bunney, B. S. (1989). Topographical
organization of the efferent projections of the medial prefrontal cortex in the rat: An
anterograde tract-tracing study with Phaseolus vulgaris leucoagglutinin. J Comp. Neurol.,
290(2), 213-242.

Setlik, J., Bond, G. R., & Ho, M. (2009). Adolescent prescription ADHD medication abuse is
rising along with prescriptions for these medications. Pediatrics, 124(3), 875-880.

Shaw, P., Lalonde, F., Lepage, C., Rabin, C., Eckstrand, K., Sharp, W., ... Rapoport, J. (2009).
Development of cortical asymmetry in typically developing children and its disruption in

attention-deficit’hyperactivity disorder. Arch. Gen. Psychiatry, 66(8), 888—896.



121
Sheridan, M. A., Hinshaw, S., & D’Esposito, M. (2007). Efficiency of the prefrontal cortex

during working memory in attention-deficit/hyperactivity disorder. J Am. Acad. Child
Adolesc. Psychiatry, 46(10), 1357-1366.

Snyder, S. M., & Hall, J. R. (2006). A meta-analysis of quantitative EEG power associated with
attention-deficit hyperactivity disorder. J Clin. Neurophysiology, 23(5), 440—455.

Solanto, M. V. (2001). Stimulant Drugs and ADHD: Basic and Clinical Neuroscience. Oxford
University Press.

Soltysik, S., Hull, C. D., Buchwald, N. A., & Fekete, T. (1975). Single unit activity in basal
ganglia of monkeys during performance of a delayed response task. Electroencephalogr.
Clin. Neurophysiol, 39(1), 65-78.

Spencer, R. C., Klein, R. M., & Berridge, C. W. (2012). Psychostimulants act within the
prefrontal cortex to improve cognitive function. Biol. Psychiatry, 72(3), 221-227.

Spencer, R., Devilbiss, D., & Berridge, C. (2015). The Cognition-Enhancing Effects of
Psychostimulants Involve Direct Action in the Prefrontal Cortex. Biol. Psychiatry,
77(11), 940-950.

Spencer, T., Biederman, J., Wilens, T., & Faraone, S. V. (1994). Is attention-deficit hyperactivity
disorder in adults a valid disorder? Harv. Rev. Psychiatry, 1(6), 326-335.

Sprague, R. L., & Sleator, E. K. (1977). Methylphenidate in hyperkinetic children: differences in
dose effects on learning and social behavior. Science (New York, N.Y.), 198(4323), 1274—
1276.

Stalnaker, T. A., Calhoon, G. G., Ogawa, M., Roesch, M. R., & Schoenbaum, G. (2010). Neural
correlates of stimulus-response and response-outcome associations in dorsolateral versus

dorsomedial striatum. Front. Integ. Neurosci., 4.



122
Stalnaker, T. A., Calhoon, G. G., Ogawa, M., Roesch, M. R., & Schoenbaum, G. (2012). Reward

Prediction Error Signaling in Posterior Dorsomedial Striatum Is Action Specific. J
Neurosci., 32(30), 10296-10305.

Still, G. F. (1902). Some abnormal psychical conditions in children. Lancet, 1, 1008—-1012.

Surmeier, D. J., Ding, J., Day, M., Wang, Z., & Shen, W. (2007). D1 and D2 dopamine-receptor
modulation of striatal glutamatergic signaling in striatal medium spiny neurons. Trends
Neurosci., 30(5), 228-235.

Swanson, J., & Volkow, N. (2001). Pharmacokinetic and Pharmacodynamic Properties of
Methylphenidate in Humans. New York, New York: Oxford University Press.

Swanson, L. W. (1992). Brain Maps: Structure of the Rat Brain. Amsterdam: Elsevier.

Tanila, H., Rama, P., & Carlson, S. (1996). The effects of prefrontal intracortical microinjections
of an alpha-2 agonist, alpha-2 antagonist and lidocaine on the delayed alternation
performance of aged rats. Brain Res. Bull., 40(2), 117-119.

Tannock, R., Schachar, R. J., Carr, R. P., & Logan, G. D. (1989). Dose-response effects of
methylphenidate on academic performance and overt behavior in hyperactive children.
Pediatrics, 84(4), 648—657.

Tannock, Rosemary, Schachar, R., & Logan, G. (1995). Methylphenidate and cognitive
flexibility: Dissociated dose effects in hyperactive children. J Abnorm. Child Psychology,
23(2), 235-266.

Tort, A. B. L., Fontanini, A., Kramer, M. A., Jones-Lush, L. M., Kopell, N. J., & Katz, D. B.
(2010). Cortical Networks Produce Three Distinct 7-12 Hz Rhythms during Single
Sensory Responses in the Awake Rat. J Neurosci., 30(12), 4315-4324.

Tort, A. B. L., Kramer, M. A., Thorn, C., Gibson, D. J., Kubota, Y., Graybiel, A. M., & Kopell,

N. J. (2008). Dynamic cross-frequency couplings of local field potential oscillations in rat



123
striatum and hippocampus during performance of a T-maze task. Proc. Nat. Acad. Sci.,

105(51),20517-20522.

Vaidya, C. J., Austin, G., Kirkorian, G., Ridlehuber, H. W., Desmond, J. E., Glover, G. H., &
Gabrieli, J. D. (1998). Selective effects of methylphenidate in attention deficit
hyperactivity disorder: a functional magnetic resonance study. Proc. Nat. Acad. Sci.
95(24), 14494-14499.

Van Tol, H. H., Bunzow, J. R., Guan, H. C., Sunahara, R. K., Seeman, P., Niznik, H. B., &
Civelli, O. (1991). Cloning of the gene for a human dopamine D4 receptor with high
affinity for the antipsychotic clozapine. Nature, 350(6319), 610-614.

Vertes, Robert P. (2005). Hippocampal theta rhythm: A tag for short-term memory.
Hippocampus, 15(7), 923-935.

Vertes, Robert P. (2006). Interactions among the medial prefrontal cortex, hippocampus and
midline thalamus in emotional and cognitive processing in the rat. Neuroscience, 142(1),
1-20.

Vertes, R.P. (2004). Differential projections of the infralimbic and prelimbic cortex in the rat.
Synapse, 51(1), 32-58.

Vertes, R.P. (2006). Interactions among the medial prefrontal cortex, hippocampus and midline
thalamus in emotional and cognitive processing in the rat. Neuroscience, 142(1), 1-20.

Vijayraghavan, S., Wang, M., Birnbaum, S. G., Williams, G. V., & Arnsten, A. F. (2007).
Inverted-U dopamine D1 receptor actions on prefrontal neurons engaged in working
memory. Nat. Neurosci., 10(3), 376-384.

Visser, S. N., Lesesne, C. A., & Perou, R. (2007). National estimates and factors associated with
medication treatment for childhood attention-deficit/hyperactivity disorder. Pediatrics,

119 Suppl 1, $99-106.



124
Volkow, N D, Wang, G.-J., Newcorn, J. H., Kollins, S. H., Wigal, T. L., Telang, F., ... Swanson,

J. M. (2011). Motivation deficit in ADHD is associated with dysfunction of the dopamine
reward pathway. Mol.Psychiatry., 16, 1147-1154

Volkow, N.D., Wang, G. J., Fowler, J. S., Logan, J., Franceschi, D., Maynard, L., ... Swanson, J.
M. (2002). Relationship between blockade of dopamine transporters by oral
methylphenidate and the increases in extracellular dopamine: therapeutic implications.
Synapse, 43(3), 181-187.

Volkow, Nora D., Wang, G.-J., Kollins, S. H., Wigal, T. L., Newcorn, J. H., Telang, F., ...
Swanson, J. M. (2009). Evaluating Dopamine Reward Pathway in ADHD. JAMA,
302(10), 1084-1091.

Voorn, P., Vanderschuren, L. J., Groenewegen, H. J., Robbins, T. W., & Pennartz, C. M. (2004).
Putting a spin on the dorsal-ventral divide of the striatum. Trends Neurosci., 27(8), 468—
474.

Wang, G.-W., & Cai, J.-X. (2006). Disconnection of the hippocampal-prefrontal cortical circuits
impairs spatial working memory performance in rats. Behav. Brain Res., 175(2), 329—
336.

Wang, M., Ramos, B. P., Paspalas, C. D., Shu, Y., Simen, A., Duque, A., ... Arnsten, A. F.
(2007). Alpha2A-adrenoceptors strengthen working memory networks by inhibiting
cAMP-HCN channel signaling in prefrontal cortex. Cell, 129(2), 397-410.

Watanabe, M. (1996). Reward expectancy in primate prefrontal neurons. Nature, 382(6592),
629-632.

Weiss, G., Hechtman, L., Milroy, T., & Perlman, T. (1985). Psychiatric status of hyperactives as
adults: a controlled prospective 15-year follow-up of 63 hyperactive children. J Am.

Acad. Child Psychiatry, 24(2), 211-220.



125
Wender, P. H., Reimherr, F. W., & Wood, D. R. (1985). Stimulant therapy of “adult

hyperactivity.” Arch. Gen. Psychiatry, 42(8), 840.

Wiest, M. C., & Nicolelis, M. A. L. (2003). Behavioral detection of tactile stimuli during 7-12
Hz cortical oscillations in awake rats. Nat. Neurosci., 6(9), 913.

Wilens, T. E., Adler, L. A., Adams, J., Sgambati, S., Rotrosen, J., Sawtelle, R., ... Fusillo, S.
(2008). Misuse and diversion of stimulants prescribed for ADHD: a systematic review of
the literature. J Am. Acad. Child Adolesc. Psychiatry, 47(1), 21-31.

Wilson, T. W., Franzen, J. D., Heinrichs-Graham, E., White, M. L., Knott, N. L., & Wetzel, M.
W. (2013). Broadband neurophysiological abnormalities in the medial prefrontal region
of the default-mode network in adults with ADHD. Human Brain Mapping, 34(3), 566—
574.

Woltering, S., Jung, J., Liu, Z., & Tannock, R. (2012). Resting state EEG oscillatory power
differences in ADHD college students and their peers. Behav.l and Brain Functions, 8(1),
60.

Zahrt, J., Taylor, J. R., Mathew, R. G., & Arnsten, A. F. (1997). Supranormal stimulation of D1
dopamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance. J. Neurosci., 17(21), 8528-8535.

Zdrale, A., Meier, T. B., Berridge, C. ., & Populin, L. C. (2008). Effect of methylphenidate on

monkey prefrontal cortex-mediated behavior. Soc. Neurosci. Abst., 388.18.



