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Abstract

Anxiety often is studied as a stand-alone construct in laboratory models. But in the context of
coping with real-life anxiety, its negative impacts extend beyond aversive feelings and involve
disruptions in ongoing goal-directed behaviors and cognitive functioning. Critical examples of
cognitive constructs affected by anxiety are cognitive flexibility and decision making. In

particular, anxiety impedes the ability to shift flexibly between strategies in response to changes in
task demands, as well as the ability to maintain a strategy in the presence of distractors. The brain
region most critically involved in behavioral flexibility is the prefrontal cortex (PFC), but little is
known about how anxiety impacts PFC encoding of internal and external events that are critical for
flexible behavior. Here we review animal and human neurophysiological and neuroimaging studies
implicating PFC neural processing in anxiety-induced deficits in cognitive flexibility. We then
suggest experimental and analytical approaches for future studies to gain a better mechanistic
understanding of impaired cognitive inflexibility in anxiety and related disorders.
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Introduction

Anxiety can be an adaptive reaction to stressful and unpredictable life events. But depending
on its duration and intensity, anxiety produces cognitive impairments including deficits in
cognitive flexibility and decision making. Clinical studies have long established that
individuals with anxiety disorders are impaired at shifting from a previously effective
strategy to a currently valid strategy, and increased distractibility by task-irrelevant stimuli
(Shin et al., 2001, Eysenck et al., 2007, Ansari et al., 2008, Bishop, 2009, Lyche et al.,
2010). Similarly, animal behavioral studies have reported that increased anxiety, at least
when causes by acute or chronic stress, impairs performance in tasks that assess behavioral
flexibility such as extra-dimensional set-shifting (Bondi et al., 2008, Bultts et al., 2013,
George et al., 2015).
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The brain region most critically involved in behavioral flexibility is the prefrontal cortex
(PFC). Specifically, a comprehensive literature has demonstrated that the functional integrity
of PFC is essential for cognitive flexibility in rodents (Ragozzino et al., 2003, Stefani et al.,
2003, Rich and Shapiro, 2009, Stefani and Moghaddam, 2010), primates (Dias et al., 1996,
White and Wise, 1999, Wallis et al., 2001, Nakahara et al., 2002) and humans (Konishi et al.,
1998, Nakahara et al., 2002, Nagano-Saito et al., 2008).

Here we posit that deficits in cognitive flexibility caused by anxiety may be attributed to
neuronal processing anomalies in the PFC. We begin by reviewing recent neurophysiology
and neuroimaging studies describing the PFC representation of cognitive flexibility. Then
we discuss the neural substrates of anxiety-related disruptions in PFC and suggest future
approaches for a better mechanistic understanding of how anxiety impacts cognitive
flexibility.

I. PFC involvement in cognitive flexibility

i. Behavioral and lesion studies

Behavioral paradigms for cognitive flexibility test the ability to guide goal-directed actions
based on two or more discriminative rules, and to shift from one rule to another on the basis
of the feedback (i.e. response outcome). Among many versions of these tasks, the Wisconsin
Card Sorting Task (WCST; Fig. 1A) has been used most commonly for rule-based flexible
control of behavior in humans (Nyhus and Barcelo, 2009). In the WCST, participants are
required to match the test cards with a sample card according to one of multiple possible
rules (Fig. 1A, e.g. color rule, shape rule), with changes in the matching rule occurring
without subjects’ knowledge, thus requiring flexible adjustment of the sorting strategy based
on the feedback. Studies have shown that, when performing the WCST, individuals with
ventromedial PFC lesion fail to shift to a response strategy that is more advantageous in the
long run (Bechara et al., 1996, Bechara et al., 2000). This is consistent with earlier work
demonstrating that human subjects with frontal lobe injury show marked deficits in shifting
from one mode of solution to another on a sorting task (Milner, 1963).

Animal studies have successfully used different version of the WCST (Fig. 1B-C) to
investigate neural substrates of flexible rule-based decision making in rodents and primates.
In these tasks, behavior is guided by the currently valid rule among two or more other rules
on distinct perceptual dimensions. Rule shifting can occur between different perceptual
dimensions (extra-dimensional shifting) or within a dimension (intra-dimensional shifting or
reversal). Lesion or pharmacological manipulations of the rat medial PFC (mPFC) result in
markedly impaired performance in these and other set-shifting tasks that assess behavioral
flexibility (Birrell and Brown, 2000, Ragozzino et al., 2003, Stefani et al., 2003, Bissonette
et al., 2008, Darrah et al., 2008, Floresco et al., 2008, Stefani and Moghaddam, 2010) (Fig.
2). This is similar to performance deficits observed after dorsolateral PFC lesion in non-
human primates (Dias et al., 1996, 1997) and in humans with PFC damage (Anderson et al.,
1999).
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ii. Human neuroimaging studies

Cogpnitive flexibility involves multiple dynamic processes that monitor ongoing actions and
action-outcome relationships, and then adjusts future actions based on outcome. This
process can be subdivided into various constructs such as representations of the rule,
performance errors, the conflict among different response tendencies, and the risk/
uncertainty contingent on the action. Human and primate studies using functional magnetic
resonance imaging (fMRI) have shown that different but overlapping subregions of the PFC
are activated in correlation with these constructs using multiple tasks (Carter et al., 1998,
Kerns et al., 2004, O’Doherty, 2004, Clark et al., 2008) (Egner and Hirsch, 2005). For
example, fMRI studies have shown transient activation of PFC during rule shifting, (Konishi
et al., 1998, Nakahara et al., 2002) and retrieval and maintenance of abstract rules for
decision making (Bunge et al., 2003).

iii. Animal electrophysiological studies: individual neuronal coding

While human neuroimaging data have informed us about the general involvement of PFC
subregions in cognitive-flexibility tasks, invasive electrophysiological recordings in
laboratory animals have described the dynamic nature of neuronal encoding during these
tasks. For example, studies in primates have revealed that PFC single neuron firing rates
during different task states (baseline, cue, delay and response periods) vary as a function of
the current task rule (Hoshi et al., 1998, White and Wise, 1999, Asaad et al., 2000, Fuster et
al., 2000).

Electrophysiological studies in rodents have demonstrated that PFC subregions — including
prelimbic PFC (PL), infralimbic PFC (IL), and orbitofrontal cortex (OFC) — are
differentially involved in extra-dimensional set-shifting tasks. In an elegant study, Rich and
Shapiro recorded from single neurons in rats navigating a plus maze with two alternating
response strategies in egocentric path and spatial location (Fig. 1C; e.g. “go left” or “go
west”) dimensions (Rich and Shapiro, 2009). Subpopulations of PL and IL neurons encoded
the strategy shift, even when neuronal activity during the two strategies was compared
between trials with seemingly identical navigation. The PL encoding of a strategy shift
temporally preceded both the behavioral shift and IL encoding, suggesting that dorsal rather
than ventral medial PFC neurons drive the behavioral shift. Neurons in the OFC have been
suggested to play a dissociable role that is more specialized for signaling outcome
expectancy (Schoenbaum et al., 2009). This view is supported by behavioral studies showing
the role of OFC in representation of outcome value and expectancy (Dias et al., 1996, 1997,
McAlonan and Brown, 2003, Rudebeck et al., 2006, Bissonette et al., 2008, Burke et al.,
2009). Neurophysiological studies suggest that OFC neurons signal outcome expectancy as
well as reversal in cue-outcome association (Roesch and Olson, 2004, Morrison and
Salzman, 2009, Bissonette et al., 2015, Simon et al., 2015).

iv. Animal electrophysiological studies: neural population coding

Recent neurophysiological studies have delved into PFC population-level codes that may
underlie rule-based flexible control of behavior. Investigating the coordinated activity of
neural populations is particularly important when examining the neural basis of rule-based
behavior because such tasks require encoding of multiple task features to which individual
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PFC neurons are dynamically tuned. Dynamic neuronal tuning properties have been
illustrated in studies that investigated the population-level activity of PFC and other high-
order cortical structures during flexible decision making (Karlsson et al., 2012, Mante et al.,
2013, Rigotti et al., 2013, Ma et al., 2014, Raposo et al., 2014). The majority of PFC
neurons have mixed selectivity: i.e., their responses are linearly or nonlinearly correlated
with diverse combinations of the task-relevant features (such as the sensory stimuli, task
rules or motor responses) rather than being purely selective for individual features (Fig. 3).
Mixed selectivity is suggested to be the key computational property of PFC neurons that
leverages the dimensionality of population-activity space related to the cognitive task
performance (Rigotti et al., 2013). For example, Fusi and colleagues have recently
demonstrated the advantages of PFC neuronal mixed selectivity by showing that the degree
of dimensionality of the neuronal population activity space was correlated with actual choice
behavior (Rigotti et al., 2010, Rigotti et al., 2013), suggesting that the high dimensionality of
PFC population encoding is causally associated with decision-making capability.

Recent studies provide convincing evidence that some unique properties of PFC neuronal
encoding may be exposed only when the ensemble-level activity is examined in a high-
dimensional space. Seamans and colleagues experimentally addressed this by comparing the
individual- and population-level neuronal discriminability of simultaneously recorded
neurons in the anterior cingulate region of the PFC (ACC), and in the dorsal striatum (DS)
(Ma et al., 2014). The individual neuronal discriminability of differential action sequences
did not differ between the two regions, whereas the ACC outperformed the DS as an
ensemble in all ensemble-based discriminability measures. This suggests that coordinated
activity of PFC neurons leads to more information-rich ensembles as compared to the
striatum.

Other studies have used trial-by-trial population trajectories to investigate the dynamic
properties of PFC-neuronal representations of flexible decision making. Stokes et al. (2013),
for example, analyzed PFC neural populations in monkeys performing a cue-target matching
task with three possible cue-target pairs, requiring the choice of a target stimulus given the
cue in the presence of distractors. By tracing population states in the high-dimensional space
constructed by all neurons in the network, the authors found that the PFC population was
dynamically tuned to represent momentary task demands — i.e., cue discrimination during
the cue period and behavioral choice during the choice period — in a task-context dependent
manner. This suggests that complex rule-based choices can be mapped onto high-
dimensional PFC neural states that are tuned to reflect the current task requirement (Stokes
et al., 2013). On a larger timescale, the PFC rule-learning process has been depicted as a
rapid shift in the neuronal ensemble state, suggesting that the task-rule shift is represented
by a sustained alteration in PFC population activity that occurs abruptly — an “a-ha” moment
(Durstewitz et al., 2010).

v. Animal electrophysiological studies: local field potentials

Synchronization via coherent gamma oscillations (y; 30~120 Hz) may subserve the
formation and communication of functional ensembles in the PFC and other cortical brain
regions (Fries, 2005, Sirota et al., 2008, Cardin et al., 2009, Sohal et al., 2009, Uhlhaas and

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam Page 5

Singer, 2010, Buschman et al., 2012, Fries, 2015). During task-related processes, neuronal
ensembles tend to engage in rhythmic synchronization that can temporally coordinate
neuronal activity by creating a sequence of excitatory and inhibitory cycles (Fig. 4). Phase-
locking of relevant ensembles into coherent excitation-inhibition sequences can facilitate
communication between them while blocking ‘noise’ from incoherent ensembles. This may
provide a mechanism for selecting ensembles that encode the currently relevant features of
the task while deselecting the irrelevant ensembles.

Consistent with this model, distinctly synchronous PFC ensembles have been shown to be
associated with different task rules suggesting that a rule-dependent emergence of
synchronous ensembles may be a neural substrate of the cognitive flexibility (Buschman et
al., 2012). An additional causal relationship has been suggested between task-relevant
gamma oscillations and cognitive flexibility by Sohal and colleagues (Cho et al., 2015). The
authors found that disruption of baseline and task-evoked gamma oscillations in a mouse
model of deficient development of fast-spiking interneurons (FSINS) led to cognitive
inflexibility. By optogenetically enhancing the activity of FSINs in these mice, the task-
related gamma oscillations, as well as the rule-shifting behavior, could be rescued,
suggesting a role of FSIN-mediated PFC gamma oscillations in cognitive flexibility.
Collectively, these studies suggest that cognitive inflexibility may be associated with
disruptions in baseline and/or task-evoked oscillations in the PFC.

Il. Impact of anxiety on cognitive flexibility

i. Human studies

Human behavioral and neuroimaging studies have investigated the effects of anxiety on
decision-making in healthy individuals and in patients with clinical anxiety (for a review, see
Hartley and Phelps, 2012). For example, Bishop et al. have shown that PFC recruitment
during the attentional control over the conflict elicited by distractors is reduced in
individuals with high trait anxiety in correlation with impaired cognitive task performance
(Bishop et al., 2004, Bishop, 2009). In addition, a series of human neuroimaging studies has
used fear conditioning and extinction paradigms to model the perseverative conditioned fear
response, revealing PFC involvement (Shin et al., 2001, Phelps et al., 2004, Pitman et al.,
2012). In these studies, a neutral conditioned stimulus (CS) is paired with an aversive
outcome during the conditioning session. This is then followed by an extinction session
during which the CS is repeatedly presented without the aversive outcome. fMRI results
show that successful extinction is correlated with increased activation of the ventromedial
PFC (vmPFC) but reduced activation of the amygdala (for a review, see Pitman et al., 2012).
This bidirectional modulation of the vmPFC-amygdala circuitry is impaired in PTSD
patients with perseverative conditioned fear responses even after extinction (Phelps et al.,
2004, Rauch et al., 2006, Pitman et al., 2012). Related neuroimaging studies have reported
prefrontal dysregulation of subcortical neural activity in the population genetically
vulnerable to developing anxiety disorders (Hariri et al., 2002, Hariri et al., 2003, Bertolino
et al., 2005, Hariri et al., 2005, Pezawas et al., 2005, Meyer-Lindenberg et al., 2006).

Collectively, human studies suggest that anxiety biases information processing during
flexible behavior. This can be manifested in at least two ways. First, anxiety biases attention
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to threat-related stimuli. This is measured as faster response time detecting threat-related
stimuli and as increased distractibility by these stimuli at the expense of attention to task-
relevant stimuli (Mogg and Bradley, 1998, Bar-Haim et al., 2007, Cisler and Koster, 2010).
Likewise, anxiety also results in heightened distractibility by non-threatening stimuli, as
suggested by poor concentration and reduced multi-tasking capability in anxious individuals
(Mineka et al., 1998, Eysenck et al., 2007). Second, anxious individuals favor negative
interpretations of neutral or ambiguous stimuli. When presented with emotionally
ambiguous stimuli, such as facial expressions or face-voice pairings, anxious individuals
disproportionately interpret these stimuli as possessing negative valence (Richards et al.,
2002, Koizumi et al., 2011). Anxiety also is associated with increased expectation of
negative outcomes in decision making involving risk or ambiguity in the action-outcome
relationship. On a variety of choice tasks, anxious individuals show heightened risk aversion
and favor safe alternatives (Raghunathan and Pham, 1999, Anderson et al., 2012, Hartley
and Phelps, 2012, Maner et al., 2012).

These anxiety-related behavioral biases most likely involve PFC-mediated cognitive
processing. It is interesting that there is an association between disrupted PFC neural activity
and anxiety-related behavioral phenotypes such as impulsivity and risk-averting in healthy
individuals, although the association needs to be further examined in patients with clinical
anxiety (Knoch et al., 2006, Li et al., 2009, Perugi et al., 2011, Giorgetta et al., 2012). In
addition, studies of blood oxygenation level dependent (BOLD) signals during risk-based
decision-making tasks, which may be associated with increased anxiety, show reduced
activity in PFC subregions in contrast to increased activity in subcortical regions such as the
amygdala and the ventral striatum (Knoch et al., 2006, Fecteau et al., 2007, Clark et al.,
2008, Christopoulos et al., 2009). Along the same lines, economic decision-making studies
also show that BOLD activity in the dorsolateral PFC is enhanced when the subject chooses
the larger but more delayed reward during intertemporal choice, whereas an impulsive
choice was associated with decreased BOLD signal (McClure et al., 2004, Kim and Lee,
2011).

An important area for future research is to elucidate how emotional and motivational factors
interact with cognitive domains in anxiety. For example, is perseveration in fear extinction
related to cognitive inflexibility and deficits in task strategy shifting caused by anxiety?
More broadly, how are different anxiety-related cognitive and affective phenotypes related to
each other? Do they share common prefrontal neural mechanisms? One way to answer these
questions is to examine large populations with a spectrum of anxiety-related symptoms in
the same behavioral framework, ideally with a neural activity measure. A recent study
implemented this approach by sorting out the relationship between psychiatric symptoms
and flexible control of goal-directed behavior. Gillan et al. (2016) had nearly 2,000
participants complete an online task of goal-directed behavior with questionnaires measuring
symptoms of various mental health conditions. The authors found clustering of symptoms,
and uncovered a specific association of the compulsivity cluster with difficulty in flexible
control of goal-directed behavior. Using a similar approach, future studies may further
unravel clustering of anxiety phenotypes in correlation with characteristic cognitive
behavioral symptoms and patterns of PFC neural activity changes.
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ii. Animal studies: current state of the field

Numerous studies have focused on PFC individual neuronal representations of fear and
anxiety (Morgan and LeDoux, 1995, Baeg et al., 2001, Milad and Quirk, 2002, Davis, 2006,
Quirk and Beer, 2006, Burgos-Robles et al., 2009). Findings from these studies have been
corroborated by recent research that has further dissected the functional neuroanatomy of
fear using state-of-the-art techniques of circuit manipulation, such as optogenetics (for a
review, see Calhoon and Tye, 2015). These studies have confirmed that highly interlinked
neural structures comprising the amygdala, the bed nucleus of the stria terminalis, the
ventral hippocampus and the mPFC represent information about threats, defensive behavior,
and constructs relevant to anxiety (Herry et al., 2008, Adhikari et al., 2010, Lesting et al.,
2011, Felix-Ortiz et al., 2013, Kim et al., 2013, Duvarci and Pare, 2014, Likhtik et al., 2014,
Namburi et al., 2015). In PFC, subpopulations of neurons respond preferentially to a
conditioned stimulus associated with an aversive event, tracking alterations in the CS-US
association — e.g. extinction (Baeg et al., 2001, Milad and Quirk, 2002, Burgos-Robles et al.,
2009, Courtin et al., 2014). Moreover, the PFC interacts with other regions such as the
amygdala and the ventral and dorsal hippocampus via pair-wise neuronal correlations and
synchrony — particularly theta oscillations — to regulate conditioned fear responses and
explorative behavior in anxiogenic environments such as the open field test and the elevated
plus maze test (Adhikari et al., 2010, Lesting et al., 2011, Livneh and Paz, 2012, Kumar et
al., 2014, Likhtik et al., 2014, Karalis et al., 2016).

While these studies have provided key information about how the PFC represents fear or
anxiety per se, little is known about how anxiety affects ongoing PFC processing of
cognitively relevant behavior. This includes a near-total lack of neurophysiological studies
that have investigated the impact of anxiety on PFC neural correlates of cognitive flexibility.
To this end, an important prerequisite for these studies is an appropriate experimental model
of anxiety that mimics the physiological and behavioral phenotypes of anxiety while
allowing animals to perform cognitive tasks. Fear conditioning paradigms are limited in two
ways for this purpose: first, animals’ fearful responses (freezing and/or avoidance) disrupt
task performance. Second, a fearful state elicited by an imminent and concrete threat might
be dissimilar to an anxious state, which is a temporally diffuse state often not associated
with a specific event, and which may even be internally generated (Sylvers et al., 2011).
Behavioral tests of anxiety based on explorative behavior — e.g. the open-field test and the
elevated plus maze test — also are limited due to the lack of cognitive behavioral constructs
in these assays.

iii. Animal studies: challenges for future research

In order to investigate the impact of anxiety on cognitive processing, experimental models
that produce a sustained state of anxiety while allowing for cognitive task performance need
to be designed and implemented. Only by using such models can we unravel anxiety-
induced changes in cognitive flexibility at individual neuronal and neural population levels
in the PFC on multiple timescales. Anxiety is a temporally diffuse emotional/motivational
state and, therefore, it may be especially critical to assess the longer timescale, as measured
by sustained changes in background firing rates and/or LFP oscillations. These types of
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measures also have translational value because they are relevant to human imaging (fMRI,
MEG and PET) data.

To this end, genetic mouse lines with anxiety-like behavioral phenotypes can be used to
study anxiety-related alterations in PFC neuronal encoding of cognitive constructs (Shen et
al., 2010, Soumier and Sibille, 2014, Lin and Sibille, 2015). Furthermore, the recent
development of pharmacogenetic techniques such as DREADD provides conditional and
cell-type specific loss of function related to anxiety (Soumier and Sibille, 2014). This may
allow future studies to test for specific associations between anxiety-related cognitive
deficits and neuronal activity changes. Another practical approach is to use anxiogenic
compounds to produce a sustained state of anxiety during task performance. An example is
the drug FG-7142, an inverse agonist of allosteric benzodiazepine binding sites in GABAp
receptors, which produces anxiety in humans (Dorow, 1987) and laboratory animals (Pellow
and File, 1986, Cole et al., 1995, Evans and Lowry, 2007), with cognitive deficits reported in
rats and monkeys (Murphy et al., 1996a, Murphy et al., 1996b). In addition to behavioral
indices of anxiety, it produces biochemical and neurochemical responses such as
glucocorticoid release (Pellow and File, 1985) and increased release of dopamine
(Moghaddam et al., 1990, Bradberry et al., 1991, Murphy et al., 1996a) and other
catecholamines (Dazzi et al., 2002, Evans et al., 2006) specifically in the PFC. We have
recently used this model to study the impact of anxiety on the PFC neuronal correlates of
cognitive flexibility (Park et al., 2016). Systemic injection of FG-7142 produced anxiety-
related alterations in set-shifting task performance in association with deficits in the
prefrontal neuronal representation of the task rule.

Electrophysiological recordings using the anxiogenic FG-7142 model of anxiety showed
suppressed spontaneously active PFC neurons (Park et al., 2016). This sustained response is
consistent with stress changing firing rates of subpopulations of PFC neurons for 30-120
minutes after the stress exposure (Jackson and Moghaddam, 2006). In addition, this
sustained change in PFC neural activity may be correlated with anxiety-related
neurochemical changes, as exposure to the anxiogenic and/or stress protocols induces
sustained increase of dopamine and norepinephrine in the PFC (Bradberry et al., 1991,
Finlay et al., 1995, Butts et al., 2011, Arnsten, 2015). The relevance of PFC dopamine
activation in anxiety was recently confirmed in studies using cell-type and projection-
specific methods (Lammel et al., 2012, Gunaydin et al., 2014). Taken together, these
findings so far suggest that anxiety engenders an aberrant state of spontaneous PFC neuronal
activity on an extended timescale. A key question for future studies is how these changes in
background PFC neuronal activity caused by anxiety influences PFC encoding of task-
relevant events that may contribute to inflexible cognitive control of behavior.

Future studies addressing the impact of anxiety on PFC encoding of cognitive flexibility
may need to consider the wide-spread mixed selectivity in PFC neurons. Similar to “normal
conditions (Rigotti et al., 2013), we posit that, during anxiety, the unique strengths of PFC
ensembles in cognitive processing can be better understood by considering the neural
population activity in a high-dimensional space on a trial-by-trial basis. This approach is
especially useful for analysis of neural data during cognitive flexibility tasks because these
experiments involve trial-to-trial changes in task variables. For example, these analyses can
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allow statistical comparisons of how the population neural states or trajectories differ
between trials of any task covariate combinations — e.g. correct trials under different rules, or
correct vs. incorrect trials under the same rule.

Recent advances in dimensionality reduction methods (Cunningham and Yu, 2014) provide a
useful tool to find the shared latent structure of neural population activity. Based on the
shared covariance structure, the reduced high-dimensional space can be defined to extract
trial-by-trial neural population trajectories. A growing number of studies on the neural basis
of decision-making have fruitfully used a dimensionality reduction approach for neural
population analysis (Briggman et al., 2005, Durstewitz et al., 2010, Harvey et al., 2012,
Mante et al., 2013, Stokes et al., 2013). Future studies can use these analyses to answer
important questions about the impact of anxiety on cognitive flexibility (Fig. 5). These
include: 1) How does anxiety shift PFC population neuronal activity states? 2) How does
anxiety affect the individual neuronal mixed selectivity and the high dimensionality that is
characteristic of the prefrontal neural population? 3) How are the trial-to-trial population
trajectories during different task events altered by anxiety? And finally 4) How are these
anxiety-related changes in PFC neural population activity associated with behavioral
changes during tasks that involve cognitive flexibility?

Concluding remarks

A debilitating aspect of anxiety is its impact on cognitive flexibility and decision making.
The nature of these disrupted cognitive processes is consistent with aberrant PFC function in
anxiety. Extensive research has so far advanced our understanding of how PFC neurons
represent fear and potential future threats, and how they interact with upstream and
downstream neural structures to generate fear- and anxiety-related responses. But the impact
of anxiety on PFC ensembles, in correlation with cognitive deficits, is largely unknown.
Newer experimental and analytical approaches suggested here may lead to a better
understanding of how anxiety disrupts flexible cognitive control of behavior.

Acknowledgments

This work has been supported by NIH/NIMH and Pittsburgh Greenhouse Foundation.

References

Adhikari A, Topiwala MA, Gordon JA. Synchronized activity between the ventral hippocampus and
the medial prefrontal cortex during anxiety. Neuron. 2010; 65:257-269. [PubMed: 20152131]
Anderson MH, Hardcastle C, Munafo MR, Robinson ES. Evaluation of a novel translational task for
assessing emotional biases in different species. Cogn Affect Behav Neurosci. 2012; 12:373-381.

[PubMed: 22183974]

Anderson SW, Bechara A, Damasio H, Tranel D, Damasio AR. Impairment of social and moral
behavior related to early damage in human prefrontal cortex. Nature neuroscience. 1999; 2:1032-
1037. [PubMed: 10526345]

Ansari TL, Derakshan N, Richards A. Effects of anxiety on task switching: evidence from the mixed
antisaccade task. Cognitive, affective & behavioral neuroscience. 2008; 8:229-238.

Arnsten AF. Stress weakens prefrontal networks: molecular insults to higher cognition. Nature
neuroscience. 2015; 18:1376-1385. [PubMed: 26404712]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 10

Asaad WF, Rainer G, Miller EK. Task-specific neural activity in the primate prefrontal cortex. J
Neurophysiol. 2000; 84:451-459. [PubMed: 10899218]

Baeg EH, Kim YB, Jang J, Kim HT, Mook-Jung I, Jung MW. Fast spiking and regular spiking neural
correlates of fear conditioning in the medial prefrontal cortex of the rat. Cerebral cortex. 2001,
11:441-451. [PubMed: 11313296]

Bar-Haim Y, Lamy D, Pergamin L, Bakermans-Kranenburg MJ, van IMH. Threat-related attentional
bias in anxious and nonanxious individuals: a meta-analytic study. Psychological bulletin. 2007;
133:1-24. [PubMed: 17201568]

Bechara A, Tranel D, Damasio H. Characterization of the decision-making deficit of patients with
ventromedial prefrontal cortex lesions. Brain. 2000; 123(Pt 11):2189-2202. [PubMed: 11050020]

Bechara A, Tranel D, Damasio H, Damasio AR. Failure to respond autonomically to anticipated future
outcomes following damage to prefrontal cortex. Cerebral cortex. 1996; 6:215-225. [PubMed:
8670652]

Bertolino A, Arciero G, Rubino V, Latorre V, De Candia M, Mazzola V, Blasi G, Caforio G, Hariri A,
Kolachana B, Nardini M, Weinberger DR, Scarabino T. Variation of human amygdala response
during threatening stimuli as a function of 5"HTTLPR genotype and personality style. Biol
Psychiatry. 2005; 57:1517-1525. [PubMed: 15953488]

Birrell JM, Brown VJ. Medial frontal cortex mediates perceptual attentional set shifting in the rat. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2000; 20:4320-4324.
[PubMed: 10818167]

Bishop S, Duncan J, Brett M, Lawrence AD. Prefrontal cortical function and anxiety: controlling
attention to threat-related stimuli. Nature neuroscience. 2004; 7:184-188. [PubMed: 14703573]

Bishop SJ. Trait anxiety and impoverished prefrontal control of attention. Nature neuroscience. 2009;
12:92-98. [PubMed: 19079249]

Bissonette GB, Martins GJ, Franz TM, Harper ES, Schoenbaum G, Powell EM. Double dissociation of
the effects of medial and orbital prefrontal cortical lesions on attentional and affective shifts in
mice. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2008;
28:11124-11130. [PubMed: 18971455]

Bissonette GB, Schoenbaum G, Roesch MR, Powell EM. Interneurons are necessary for coordinated
activity during reversal learning in orbitofrontal cortex. Biol Psychiatry. 2015; 77:454-464.
[PubMed: 25193243]

Bondi CO, Rodriguez G, Gould GG, Frazer A, Morilak DA. Chronic unpredictable stress induces a
cognitive deficit and anxiety-like behavior in rats that is prevented by chronic antidepressant drug
treatment. Neuropsychopharmacology: official publication of the American College of
Neuropsychopharmacology. 2008; 33:320-331. [PubMed: 17406647]

Bradberry CW, Lory JD, Roth RH. The anxiogenic beta-carboline FG 7142 selectively increases
dopamine release in rat prefrontal cortex as measured by microdialysis. Journal of neurochemistry.
1991; 56:748-752. [PubMed: 1993892]

Briggman KL, Abarbanel HD, Kristan WB Jr. Optical imaging of neuronal populations during
decision-making. Science. 2005; 307:896-901. [PubMed: 15705844]

Bunge SA, Kahn I, Wallis JD, Miller EK, Wagner AD. Neural circuits subserving the retrieval and
maintenance of abstract rules. Journal of neurophysiology. 2003; 90:3419-3428. [PubMed:
12867532]

Burgos-Robles A, Vidal-Gonzalez I, Quirk GJ. Sustained conditioned responses in prelimbic prefrontal
neurons are correlated with fear expression and extinction failure. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 2009; 29:8474-8482. [PubMed: 19571138]

Burke KA, Takahashi YK, Correll J, Brown PL, Schoenbaum G. Orbitofrontal inactivation impairs
reversal of Pavlovian learning by interfering with “‘disinhibition’ of responding for previously
unrewarded cues. Eur J Neurosci. 2009; 30:1941-1946. [PubMed: 19912335]

Buschman TJ, Denovellis EL, Diogo C, Bullock D, Miller EK. Synchronous oscillatory neural
ensembles for rules in the prefrontal cortex. Neuron. 2012; 76:838-846. [PubMed: 23177967]

Butts KA, Floresco SB, Phillips AG. Acute stress impairs set-shifting but not reversal learning.
Behavioural brain research. 2013; 252:222-229. [PubMed: 23764458]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 11

Butts KA, Weinberg J, Young AH, Phillips AG. Glucocorticoid receptors in the prefrontal cortex
regulate stress-evoked dopamine efflux and aspects of executive function. Proceedings of the
National Academy of Sciences of the United States of America. 2011; 108:18459-18464.
[PubMed: 22032926]

Calhoon GG, Tye KM. Resolving the neural circuits of anxiety. Nature neuroscience. 2015; 18:1394—
1404. [PubMed: 26404714]

Cardin JA, Carlen M, Meletis K, Knoblich U, Zhang F, Deisseroth K, Tsai LH, Moore CI. Driving
fastspiking cells induces gamma rhythm and controls sensory responses. Nature. 2009; 459:663—
667. [PubMed: 19396156]

Carter CS, Braver TS, Barch DM, Botvinick MM, Noll D, Cohen JD. Anterior cingulate cortex, error
detection, and the online monitoring of performance. Science. 1998; 280:747-749. [PubMed:
9563953]

Cho KK, Hoch R, Lee AT, Patel T, Rubenstein JL, Sohal VS. Gamma rhythms link prefrontal
interneuron dysfunction with cognitive inflexibility in DIx5/6(+/-) mice. Neuron. 2015; 85:1332-
1343. [PubMed: 25754826]

Christopoulos Gl, Tobler PN, Bossaerts P, Dolan RJ, Schultz W. Neural correlates of value, risk, and
risk aversion contributing to decision making under risk. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2009; 29:12574-12583. [PubMed: 19812332]

Cisler JM, Koster EH. Mechanisms of attentional biases towards threat in anxiety disorders: An
integrative review. Clin Psychol Rev. 2010; 30:203-216. [PubMed: 20005616]

Clark L, Bechara A, Damasio H, Aitken MR, Sahakian BJ, Robbins TW. Differential effects of insular
and ventromedial prefrontal cortex lesions on risky decision-making. Brain. 2008; 131:1311-1322.
[PubMed: 18390562]

Cole BJ, Hillmann M, Seidelmann D, Klewer M, Jones GH. Effects of benzodiazepine receptor partial
inverse agonists in the elevated plus maze test of anxiety in the rat. Psychopharmacology. 1995;
121:118-126. [PubMed: 8539336]

Courtin J, Chaudun F, Rozeske RR, Karalis N, Gonzalez-Campo C, Wurtz H, Abdi A, Baufreton J,
Bienvenu TC, Herry C. Prefrontal parvalbumin interneurons shape neuronal activity to drive fear
expression. Nature. 2014; 505:92-96. [PubMed: 24256726]

Cunningham JP, Yu BM. Dimensionality reduction for large-scale neural recordings. Nature
neuroscience. 2014; 17:1500-1509. [PubMed: 25151264]

Darrah JM, Stefani MR, Moghaddam B. Interaction of N-methyl-D-aspartate and group 5
metabotropic glutamate receptors on behavioral flexibility using a novel operant set-shift
paradigm. Behavioural pharmacology. 2008; 19:225-234. [PubMed: 18469540]

Davis M. Neural systems involved in fear and anxiety measured with fear-potentiated startle. The
American psychologist. 2006; 61:741-756. [PubMed: 17115806]

Dazzi L, Ladu S, Spiga F, Vacca G, Rivano A, Pira L, Biggio G. Chronic treatment with imipramine or
mirtazapine antagonizes stress- and FG7142-induced increase in cortical norepinephrine output in
freely moving rats. Synapse. 2002; 43:70-77. [PubMed: 11746735]

Dias R, Robbins TW, Roberts AC. Dissociation in prefrontal cortex of affective and attentional shifts.
Nature. 1996; 380:69-72. [PubMed: 8598908]

Dias R, Robbins TW, Roberts AC. Dissociable forms of inhibitory control within prefrontal cortex
with an analog of the Wisconsin Card Sort Test: restriction to novel situations and independence
from “on-line” processing. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 1997; 17:9285-9297. [PubMed: 9364074]

Dorow R. FG 7142 and its anxiety-inducing effects in humans. British journal of clinical
pharmacology. 1987; 23:781-782. [PubMed: 3606939]

Durstewitz D, Vittoz NM, Floresco SB, Seamans JK. Abrupt transitions between prefrontal neural
ensemble states accompany behavioral transitions during rule learning. Neuron. 2010; 66:438—-448.
[PubMed: 20471356]

Duvarci S, Pare D. Amygdala microcircuits controlling learned fear. Neuron. 2014; 82:966-980.
[PubMed: 24908482]

Egner T, Hirsch J. Cognitive control mechanisms resolve conflict through cortical amplification of
task-relevant information. Nature neuroscience. 2005; 8:1784-1790. [PubMed: 16286928]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 12

Evans AK, Abrams JK, Bouwknecht JA, Knight DM, Shekhar A, Lowry CA. The anxiogenic drug
FG-7142 increases serotonin metabolism in the rat medial prefrontal cortex. Pharmacol Biochem
Behav. 2006; 84:266-274. [PubMed: 16784772]

Evans AK, Lowry CA. Pharmacology of the beta-carboline FG-7,142, a partial inverse agonist at the
benzodiazepine allosteric site of the GABA A receptor: neurochemical, neurophysiological, and
behavioral effects. CNS drug reviews. 2007; 13:475-501. [PubMed: 18078430]

Eysenck MW, Derakshan N, Santos R, Calvo MG. Anxiety and cognitive performance: attentional
control theory. Emotion. 2007; 7:336-353. [PubMed: 17516812]

Fecteau S, Knoch D, Fregni F, Sultani N, Boggio P, Pascual-Leone A. Diminishing risk-taking
behavior by modulating activity in the prefrontal cortex: a direct current stimulation study. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2007; 27:12500—
12505. [PubMed: 18003828]

Felix-Ortiz AC, Beyeler A, Seo C, Leppla CA, Wildes CP, Tye KM. BLA to vHPC inputs modulate
anxiety-related behaviors. Neuron. 2013; 79:658-664. [PubMed: 23972595]

Finlay JM, Zigmond MJ, Abercrombie ED. Increased dopamine and norepinephrine release in medial
prefrontal cortex induced by acute and chronic stress: effects of diazepam. Neuroscience. 1995;
64:619-628. [PubMed: 7715775]

Floresco SB, Block AE, Tse MT. Inactivation of the medial prefrontal cortex of the rat impairs strategy
set-shifting, but not reversal learning, using a novel, automated procedure. Behavioural brain
research. 2008; 190:85-96. [PubMed: 18359099]

Fries P. A mechanism for cognitive dynamics: neuronal communication through neuronal coherence.
Trends in cognitive sciences. 2005; 9:474-480. [PubMed: 16150631]

Fries P. Rhythms for Cognition: Communication through Coherence. Neuron. 2015; 88:220-235.
[PubMed: 26447583]

Fuster JM, Bodner M, Kroger JK. Cross-modal and cross-temporal association in neurons of frontal
cortex. Nature. 2000; 405:347-351. [PubMed: 10830963]

George SA, Rodriguez-Santiago M, Riley J, Abelson JL, Floresco SB, Liberzon I. Alterations in
cognitive flexibility in a rat model of post-traumatic stress disorder. Behavioural brain research.
2015; 286:256—-264. [PubMed: 25746511]

Gillan CM, Kosinski M, Whelan R, Phelps EA, Daw ND. Characterizing a psychiatric symptom
dimension related to deficits in goal-directed control. Elife. 2016; 5

Giorgetta C, Grecucci A, Zuanon S, Perini L, Balestrieri M, Bonini N, Sanfey AG, Brambilla P.
Reduced risk-taking behavior as a trait feature of anxiety. Emotion. 2012; 12:1373-1383.
[PubMed: 22775123]

Gunaydin LA, Grosenick L, Finkelstein JC, Kauvar 1V, Fenno LE, Adhikari A, Lammel S, Mirzabekov
JJ, Airan RD, Zalocusky KA, Tye KM, Anikeeva P, Malenka RC, Deisseroth K. Natural neural
projection dynamics underlying social behavior. Cell. 2014; 157:1535-1551. [PubMed: 24949967]

Hariri AR, Drabant EM, Munoz KE, Kolachana BS, Mattay VS, Egan MF, Weinberger DR. A
susceptibility gene for affective disorders and the response of the human amygdala. Arch Gen
Psychiatry. 2005; 62:146-152. [PubMed: 15699291]

Hariri AR, Mattay VS, Tessitore A, Fera F, Weinberger DR. Neocortical modulation of the amygdala
response to fearful stimuli. Biol Psychiatry. 2003; 53:494-501. [PubMed: 12644354]

Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D, Egan MF, Weinberger DR.
Serotonin transporter genetic variation and the response of the human amygdala. Science. 2002;
297:400-403. [PubMed: 12130784]

Hartley CA, Phelps EA. Anxiety and decision-making. Biol Psychiatry. 2012; 72:113-118. [PubMed:
22325982]

Harvey CD, Coen P, Tank DW. Choice-specific sequences in parietal cortex during a virtualnavigation
decision task. Nature. 2012; 484:62—68. [PubMed: 22419153]

Herry C, Ciocchi S, Senn V, Demmou L, Muller C, Luthi A. Switching on and off fear by distinct
neuronal circuits. Nature. 2008; 454:600-606. [PubMed: 18615015]

Hoshi E, Shima K, Tanji J. Task-dependent selectivity of movement-related neuronal activity in the
primate prefrontal cortex. J Neurophysiol. 1998; 80:3392-3397. [PubMed: 9862940]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 13

Jackson ME, Moghaddam B. Distinct patterns of plasticity in prefrontal cortex neurons that encode
slow and fast responses to stress. The European journal of neuroscience. 2006; 24:1702-1710.
[PubMed: 17004934]

Karalis N, Dejean C, Chaudun F, Khoder S, Rozeske RR, Wurtz H, Bagur S, Benchenane K, Sirota A,
Courtin J, Herry C. 4-Hz oscillations synchronize prefrontal-amygdala circuits during fear
behavior. Nature neuroscience. 2016

Karlsson MP, Tervo DG, Karpova AY. Network resets in medial prefrontal cortex mark the onset of
behavioral uncertainty. Science. 2012; 338:135-139. [PubMed: 23042898]

Kerns JG, Cohen JD, MacDonald AW 3rd, Cho RY, Stenger VA, Carter CS. Anterior cingulate conflict
monitoring and adjustments in control. Science. 2004; 303:1023-1026. [PubMed: 14963333]

Kim S, Lee D. Prefrontal cortex and impulsive decision making. Biological psychiatry. 2011; 69:1140-
1146. [PubMed: 20728878]

Kim SY, Adhikari A, Lee SY, Marshel JH, Kim CK, Mallory CS, Lo M, Pak S, Mattis J, Lim BK,
Malenka RC, Warden MR, Neve R, Tye KM, Deisseroth K. Diverging neural pathways assemble a
behavioural state from separable features in anxiety. Nature. 2013; 496:219-223. [PubMed:
23515158]

Knoch D, Gianotti LR, Pascual-Leone A, Treyer V, Regard M, Hohmann M, Brugger P. Disruption of
right prefrontal cortex by low-frequency repetitive transcranial magnetic stimulation induces risk-
taking behavior. J Neurosci. 2006; 26:6469-6472. [PubMed: 16775134]

Koizumi A, Tanaka A, Imai H, Hiramatsu S, Hiramoto E, Sato T, de Gelder B. The effects of anxiety
on the interpretation of emotion in the face-voice pairs. Exp Brain Res. 2011; 213:275-282.
[PubMed: 21487700]

Konishi S, Nakajima K, Uchida I, Kameyama M, Nakahara K, Sekihara K, Miyashita Y. Transient
activation of inferior prefrontal cortex during cognitive set shifting. Nature neuroscience. 1998;
1:80-84. [PubMed: 10195114]

Kumar S, Hultman R, Hughes D, Michel N, Katz BM, Dzirasa K. Prefrontal cortex reactivity underlies
trait vulnerability to chronic social defeat stress. Nat Commun. 2014; 5:4537. [PubMed:
25072279]

Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM, Deisseroth K, Malenka RC. Input-
specific control of reward and aversion in the ventral tegmental area. Nature. 2012; 491:212-217.
[PubMed: 23064228]

Lesting J, Narayanan RT, Kluge C, Sangha S, Seidenbecher T, Pape HC. Patterns of coupled theta
activity in amygdala-hippocampal-prefrontal cortical circuits during fear extinction. PLoS One.
2011; 6:621714. [PubMed: 21738775]

Li CS, Chao HH, Lee TW. Neural correlates of speeded as compared with delayed responses in a stop
signal task: an indirect analog of risk taking and association with an anxiety trait. Cereb Cortex.
2009; 19:839-848. [PubMed: 18678764]

Likhtik E, Stujenske JM, Topiwala MA, Harris AZ, Gordon JA. Prefrontal entrainment of amygdala
activity signals safety in learned fear and innate anxiety. Nature neuroscience. 2014; 17:106-113.
[PubMed: 24241397]

Lin LC, Sibille E. Somatostatin, neuronal vulnerability and behavioral emotionality. Molecular
psychiatry. 2015; 20:377-387. [PubMed: 25600109]

Livneh U, Paz R. Amygdala-prefrontal synchronization underlies resistance to extinction of aversive
memories. Neuron. 2012; 75:133-142. [PubMed: 22794267]

Lyche P, Jonassen R, Stiles TC, Ulleberg P, Landro NI. Cognitive Control Functions in Unipolar Major
Depression with and without Co-Morbid Anxiety Disorder. Front Psychiatry. 2010; 1:149.
[PubMed: 21423456]

Ma L, Hyman JM, Lindsay AJ, Phillips AG, Seamans JK. Differences in the emergent coding
properties of cortical and striatal ensembles. Nature neuroscience. 2014; 17:1100-1106. [PubMed:
24974796]

Maner JK, Gailliot MT, Menzel AJ, Kunstman JW. Dispositional anxiety blocks the psychological
effects of power. Pers Soc Psychol Bull. 2012; 38:1383-1395. [PubMed: 22854791]

Mante V, Sussillo D, Shenoy KV, Newsome WT. Context-dependent computation by recurrent
dynamics in prefrontal cortex. Nature. 2013; 503:78-84. [PubMed: 24201281]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 14

McAlonan K, Brown VJ. Orbital prefrontal cortex mediates reversal learning and not attentional set
shifting in the rat. Behavioural brain research. 2003; 146:97-103. [PubMed: 14643463]

McClure SM, Laibson DI, Loewenstein G, Cohen JD. Separate neural systems value immediate and
delayed monetary rewards. Science. 2004; 306:503-507. [PubMed: 15486304]

Meyer-Lindenberg A, Buckholtz JW, Kolachana B, ARH, Pezawas L, Blasi G, Wabnitz A, Honea R,
Verchinski B, Callicott JH, Egan M, Mattay V, Weinberger DR. Neural mechanisms of genetic risk
for impulsivity and violence in humans. Proc Natl Acad Sci U S A. 2006; 103:6269-6274.
[PubMed: 16569698]

Milad MR, Quirk GJ. Neurons in medial prefrontal cortex signal memory for fear extinction. Nature.
2002; 420:70-74. [PubMed: 12422216]

Milner B. Effects of different brain lesions on card sorting: The role of the frontal lobes. Archives of
Neurology. 1963; 9:100-110.

Mineka S, Watson D, Clark LA. Comorbidity of anxiety and unipolar mood disorders. Annu Rev
Psychol. 1998; 49:377-412. [PubMed: 9496627]

Mogg K, Bradley BP. A cognitive-motivational analysis of anxiety. Behav Res Ther. 1998; 36:809—
848. [PubMed: 9701859]

Moghaddam B, Roth RH, Bunney BS. Characterization of dopamine release in the rat medial
prefrontal cortex as assessed by in vivo microdialysis: comparison to the striatum. Neuroscience.
1990; 36:669-676. [PubMed: 2234405]

Morgan MA, LeDoux JE. Differential contribution of dorsal and ventral medial prefrontal cortex to the
acquisition and extinction of conditioned fear in rats. Behavioral neuroscience. 1995; 109:681—
688. [PubMed: 7576212]

Morrison SE, Salzman CD. The convergence of information about rewarding and aversive stimuli in
single neurons. J Neurosci. 2009; 29:11471-11483. [PubMed: 19759296]

Murphy BL, Arnsten AF, Goldman-Rakic PS, Roth RH. Increased dopamine turnover in the prefrontal
cortex impairs spatial working memory performance in rats and monkeys. Proceedings of the
National Academy of Sciences of the United States of America. 1996a; 93:1325-1329. [PubMed:
8577763]

Murphy BL, Arnsten AF, Jentsch JD, Roth RH. Dopamine and spatial working memory in rats and
monkeys: pharmacological reversal of stress-induced impairment. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 1996b; 16:7768—-7775. [PubMed: 8922432]

Nagano-Saito A, Leyton M, Monchi O, Goldberg YK, He Y, Dagher A. Dopamine depletion impairs
frontostriatal functional connectivity during a set-shifting task. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 2008; 28:3697-3706. [PubMed: 18385328]

Nakahara K, Hayashi T, Konishi S, Miyashita Y. Functional MRI of macaque monkeys performing a
cognitive set-shifting task. Science. 2002; 295:1532-1536. [PubMed: 11859197]

Namburi P, Beyeler A, Yorozu S, Calhoon GG, Halbert SA, Wichmann R, Holden SS, Mertens KL,
Anahtar M, Felix-Ortiz AC, Wickersham IR, Gray JM, Tye KM. A circuit mechanism for
differentiating positive and negative associations. Nature. 2015; 520:675-678. [PubMed:
25925480]

Nyhus E, Barcelo F. The Wisconsin Card Sorting Test and the cognitive assessment of prefrontal
executive functions: a critical update. Brain and cognition. 2009; 71:437-451. [PubMed:
19375839]

O’Doherty JP. Reward representations and reward-related learning in the human brain: insights from
neuroimaging. Curr Opin Neurobiol. 2004; 14:769-776. [PubMed: 15582382]

Park J, Wood J, Bondi C, Del Arco A, Moghaddam B. Anxiety Evokes Hypofrontality and Disrupts
Rule-Relevant Encoding by Dorsomedial Prefrontal Cortex Neurons. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2016; 36:3322-3335.
[PubMed: 26985040]

Pellow S, File SE. The effects of putative anxiogenic compounds (FG 7142, CGS 8216 and Ro
15-1788) on the rat corticosterone response. Physiol Behav. 1985; 35:587-590. [PubMed:
2999846]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 15

Pellow S, File SE. Anxiolytic and anxiogenic drug effects on exploratory activity in an elevated
plusmaze: a novel test of anxiety in the rat. Pharmacol Biochem Behav. 1986; 24:525-529.
[PubMed: 2871560]

Perugi G, Del Carlo A, Benvenuti M, Fornaro M, Toni C, Akiskal K, Dell’Osso L, Akiskal H.
Impulsivity in anxiety disorder patients: is it related to comorbid cyclothymia? J Affect Disord.
2011, 133:600-606. [PubMed: 21665290]

Pezawas L, Meyer-Lindenberg A, Drabant EM, Verchinski BA, Munoz KE, Kolachana BS, Egan MF,
Mattay VS, Hariri AR, Weinberger DR. 5-HTTLPR polymorphism impacts human
cingulateamygdala interactions: a genetic susceptibility mechanism for depression. Nat Neurosci.
2005; 8:828-834. [PubMed: 15880108]

Phelps EA, Delgado MR, Nearing KI, LeDoux JE. Extinction learning in humans: role of the
amygdala and vmPFC. Neuron. 2004; 43:897-905. [PubMed: 15363399]

Pitman RK, Rasmusson AM, Koenen KC, Shin LM, Orr SP, Gilbertson MW, Milad MR, Liberzon I.
Biological studies of post-traumatic stress disorder. Nature reviews Neuroscience. 2012; 13:769—
787. [PubMed: 23047775]

Quirk GJ, Beer JS. Prefrontal involvement in the regulation of emotion: convergence of rat and human
studies. Current opinion in neurobiology. 2006; 16:723-727. [PubMed: 17084617]

Raghunathan R, Pham MT. All Negative Moods Are Not Equal: Motivational Influences of Anxiety
and Sadness on Decision Making. Organ Behav Hum Decis Process. 1999; 79:56-77. [PubMed:
10388609]

Ragozzino ME, Kim J, Hassert D, Minniti N, Kiang C. The contribution of the rat prelimbicinfralimbic
areas to different forms of task switching. Behav Neurosci. 2003; 117:1054-1065. [PubMed:
14570554]

Raposo D, Kaufman MT, Churchland AK. A category-free neural population supports evolving
demands during decision-making. Nature neuroscience. 2014; 17:1784-1792. [PubMed:
25383902]

Rauch SL, Shin LM, Phelps EA. Neurocircuitry models of posttraumatic stress disorder and extinction:
human neuroimaging research--past, present, and future. Biological psychiatry. 2006; 60:376—
382. [PubMed: 16919525]

Rich EL, Shapiro M. Rat prefrontal cortical neurons selectively code strategy switches. The Journal of
neuroscience: the official journal of the Society for Neuroscience. 2009; 29:7208-7219.
[PubMed: 19494143]

Richards A, French CC, Calder AJ, Webb B, Fox R, Young AW. Anxiety-related bias in the
classification of emotionally ambiguous facial expressions. Emotion. 2002; 2:273-287.
[PubMed: 12899360]

Rigotti M, Barak O, Warden MR, Wang XJ, Daw ND, Miller EK, Fusi S. The importance of mixed
selectivity in complex cognitive tasks. Nature. 2013; 497:585-590. [PubMed: 23685452]

Rigotti M, Ben Dayan Rubin D, Morrison SE, Salzman CD, Fusi S. Attractor concretion as a
mechanism for the formation of context representations. Neuroimage. 2010; 52:833-847.
[PubMed: 20100580]

Roesch MR, Olson CR. Neuronal activity related to reward value and motivation in primate frontal
cortex. Science. 2004; 304:307-310. [PubMed: 15073380]

Rudebeck PH, Walton ME, Smyth AN, Bannerman DM, Rushworth MF. Separate neural pathways
process different decision costs. Nat Neurosci. 2006; 9:1161-1168. [PubMed: 16921368]

Schoenbaum G, Roesch MR, Stalnaker TA, Takahashi YK. A new perspective on the role of the
orbitofrontal cortex in adaptive behaviour. Nature reviews Neuroscience. 2009; 10:885-892.
[PubMed: 19904278]

Shen Q, Lal R, Luellen BA, Earnheart JC, Andrews AM, Luscher B. gamma-Aminobutyric acid-type
A receptor deficits cause hypothalamic-pituitary-adrenal axis hyperactivity and antidepressant
drug sensitivity reminiscent of melancholic forms of depression. Biological psychiatry. 2010;
68:512-520. [PubMed: 20579975]

Shin LM, Whalen PJ, Pitman RK, Bush G, Macklin ML, Lasko NB, Orr SP, MclInerney SC, Rauch SL.
An fMRI study of anterior cingulate function in posttraumatic stress disorder. Biological
psychiatry. 2001; 50:932-942. [PubMed: 11750889]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park and Moghaddam

Page 16

Simon NW, Wood J, Moghaddam B. Action-outcome relationships are represented differently by
medial prefrontal and orbitofrontal cortex neurons during action execution. J Neurophysiol. 2015;
114:3374-3385. [PubMed: 26467523]

Sirota A, Montgomery S, Fujisawa S, Isomura Y, Zugaro M, Buzsaki G. Entrainment of neocortical
neurons and gamma oscillations by the hippocampal theta rhythm. Neuron. 2008; 60:683-697.
[PubMed: 19038224]

Sohal VS, Zhang F, Yizhar O, Deisseroth K. Parvalbumin neurons and gamma rhythms enhance
cortical circuit performance. Nature. 2009; 459:698-702. [PubMed: 19396159]

Soumier A, Sibille E. Opposing effects of acute versus chronic blockade of frontal cortex somatostatin-
positive inhibitory neurons on behavioral emotionality in mice. Neuropsychopharmacology.
2014; 39:2252-2262. [PubMed: 24690741]

Stefani MR, Groth K, Moghaddam B. Glutamate receptors in the rat medial prefrontal cortex regulate
set-shifting ability. Behav Neurosci. 2003; 117:728-737. [PubMed: 12931958]

Stefani MR, Moghaddam B. Activation of type 5 metabotropic glutamate receptors attenuates deficits
in cognitive flexibility induced by NMDA receptor blockade. Eur J Pharmacol. 2010; 639:26-32.
[PubMed: 20371234]

Stokes MG, Kusunoki M, Sigala N, Nili H, Gaffan D, Duncan J. Dynamic coding for cognitive control
in prefrontal cortex. Neuron. 2013; 78:364-375. [PubMed: 23562541]

Sylvers P, Lilienfeld SO, LaPrairie JL. Differences between trait fear and trait anxiety: implications for
psychopathology. Clin Psychol Rev. 2011; 31:122-137. [PubMed: 20817337]

Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in schizophrenia. Nature reviews
Neuroscience. 2010; 11:100-113. [PubMed: 20087360]

Wallis JD, Anderson KC, Miller EK. Single neurons in prefrontal cortex encode abstract rules. Nature.
2001; 411:953-956. [PubMed: 11418860]

White IM, Wise SP. Rule-dependent neuronal activity in the prefrontal cortex. Exp Brain Res. 1999;
126:315-335. [PubMed: 10382618]

Neuroscience. Author manuscript; available in PMC 2018 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park and Moghaddam

Page 17
Highlights
. Cognitive inflexibility is a hallmark deficit associated with anxiety.
. Growing evidence links cognitive inflexibility in anxiety to PFC dysfunction.
. Novel approaches are proposed to study PFC dysfunction in anxiety.
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Figure 1.

Tasks measuring cognitive flexibility in humans and rodents. (A) Example trials in the
WCST. The top card is the test card. The bottom three cards are the reference cards. During
the matching period, the subject selects the reference card that matches the test card based
on the currently valid sorting rule, e.g. matching based on the color or shape. Feedback is
provided after each selection. An extra-dimensional set-shift occurs to another rule in a
distinct perceptual dimension unbeknownst to the subject, who should respond to the shift
according to task feedback. (B) A rodent version of a set-shifting task in the operant
chamber. In this task, rats learn to guide their instrumental behavior based on two rules in
distinct perceptual dimensions, and shift between them based on the task feedback (reward
delivery or omission). In the “light rule,” a nose poke (or a lever press) to the illuminated
port is correct, whereas in the “side rule,” a nose poke to the valid location (e.g. left port) is
a correct response regardless of the illumination. The gray arrows indicate the current valid
side (invisible to rats). (C) A rodent set-shifting task in the plus maze. In the place rule, rats
are required to enter one goal arm (east or west) from both starting arms (north and south).
In the response rule, one body turn response (right or left) should be made from either
starting arm. Gray arrows indicate correct trajectories in either rule.
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Figure 2.
Set-shifting task performance is impaired by intracranial microinjection of the NMDA

receptor antagonist MK801 in mPFC. (A) The extra-dimensional set-shifting task used for
this experiment. In each session, rats performed the operant task based on two alternating
rules in distinct perceptual dimensions. Three extra-dimensional rule-shifts (i.e. total four
sets with two light- and two side-rule sets interleaved in a pseudo-randomized order) had to
be made to complete a session. (B) Rats underwent a total of five sessions with injections
made only on the 4" session, indicated with an arrow below. MK801 significantly increased
the number of total trials to complete the task, indicating impaired task performance. (C)
The most pronounced drug effect was increased number of perseverative errors, scored when
rats produced an error by making a choice based on the previously effective rule. This result
indicates that the blockade of glutamatergic neurotransmission mediated by NMDA
receptors in PFC leads to cognitive inflexibility. Figs. 2B-C were adapted from Darrah et al.
(2008).
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Figure 3.
Example of a PFC neuron with mixed selectivity for multiple task variables, recorded from a

rat performing the extra-dimensional set-shifting task described in Fig. 1B & 2A. This
neuron encoded three different task variable; the task rule (A), the response outcome (B),
and the response direction (C), in overlapping or non-overlapping time bins around the time
of the action, according to a multiple linear regression analysis (unpublished data).
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Figure 4.
A rule-based behavior is accompanied by an increase in prefrontal gamma oscillations

specifically at the time of the action. (A) An example mPFC local field potential trace
recorded from rats performing the extra-dimensional set-shifting task described in Figs. 1B
& 2A. This example trace represents the enhanced gamma oscillatory power in the 30 to 60
Hz band, specifically at the peri-action window. (B—C) The z-score normalized power
spectral densities show that the peri-action gamma oscillations were discriminative of the
task rule, as a much more pronounced increase in gamma power was observed in the side-
rule than light-rule trials.
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Figure 5.
INlustrations of trial-by-trial neural population activity represented in a reduced high

dimensional space (hypothetical data), and research questions that can be more effectively
investigated using this approach. (A) Trial-by-trial population neural trajectories can be
extracted by dimensionality reduction methods. This approach enables visualization and
comparisons across trial-to-trial neural trajectories, differentiated by numerous possible
combinations of multiple task covariates of a complex cognitive task. For instance, a
trajectory from one task rule (green) can be differentiated from that of another rule (red) in a
cognitive decision-making task. Each line depicts a time-evolving neural population
trajectory, and each dot represents the population state at the beginning and end of each trial.
(B) Anxiety may induce sustained changes in ongoing PFC population activity (depicted
with a gray arrow) that may lead to behavioral changes without affecting trial-by-trial neural
trajectories during task events. (C) Alternatively, anxiety may also implicate changes in trial-
by-trial neural trajectories (depicted with small gray arrows) in association with behavioral
deficits, on top of the sustained change in the baseline population activity (depicted with a
large gray arrow).
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