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Abstract

The prefrontal cortex (PFC) is involved in working memory, self-regulatory and goal-directed
behaviors and displays remarkable structural and functional plasticity over the life course. Neural
circuitry, molecular profiles and neurochemistry can be changed by experiences, which influences
behavior as well as neuroendocrine and autonomic function. Such effects have a particular impact
during infancy and in adolescence. Behavioral stress affects both the structure and function of
PFC, though such effects are not necessarily permanent, as young animals show remarkable
neuronal resilience if the stress is discontinued. During aging, neurons within the PFC become less
resilient to stress. There are also sex differences in the PFC response to stressors. While such
stress- and sex-hormone related alterations occur in regions mediating the highest levels of
cognitive function and self regulatory control, the fact that they are not necessarily permanent has
implications for future behavior-based therapies that harness neural plasticity for recovery.

Introduction

Brain circuitry can be remodeled by experience (Bennett et al., 1964), and stressful
experiences have functionally-relevant effects on dendritic arbor and spine/synapse number
in many brain regions, including the hippocampus, amygdala and the prefrontal cortex
(PFC), with effects not only on cognitive function but also on emotional regulation and other
self-regulatory behaviors and upon neuroendocrine and autonomic function (McEwen and
Gianaros, 2011). This review focuses primarily on stress-related effects upon the PFC
because of its importance in working memory, self regulatory and goal-directed behaviors,
and also because the structural and functional plasticity in this brain region illustrates the
profound capacity of behavioral experiences to change neural circuitry in a manner that will
alter brain function, with particular impact during early childhood and adolescence. There
are also sex differences that reflect both developmental programming, as well as the actions
of circulating sex hormones in the mature brain via genomic and non-genomic receptors.
Aging is also an important factor and loss of resilience to stressful experiences is evident in
animal models, with indications that this occurs in the aging human brain. Likewise, in
mood disorders that are often precipitated by stressful experiences, the loss of resilience is
an indication that external behavioral and pharmacological intervention is needed. Indeed,
evidence is mounting that the mature brain has greater capacity for plasticity than previously
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imagined and this points to future behavioral- as well as pharmacological-based therapies
that harness neural plasticity for recovery.

Role of Prefrontal Cortex in Cognition

When we refer to memory, particularly declarative memory as mediated by the medial
temporal lobe, there is a strong intuitive sense of what we mean, namely, an integrated
record of events, places, and timing that represents our experiences. However, it is more
difficult to grasp the concept of cognition as mediated by a region such as the dorsolateral
prefrontal cortex (dIPFC) in humans and nonhuman primates (NHPs). Understanding the
function of the dIPFC has become increasingly important in light of its vulnerability to stress
and aging, and its critically important role in multiple brain disorders. The dIPFC has been
characterized as possessing an internal construct of reality that is neither directly dependent
on sensory perception of the outside world nor directly controlling actions through motor
commands, though it is highly interconnected with both sensory and motor association
regions (Funahashi et al., 1989). The dIPFC is responsible for planning approaches and
sequences of behavior that are required for goal-directed behavior. This process is critical to
the broad realm of executive function, and requires both learning and implementing the rules
of behavior that lead to success, as well as modifying those rules as necessary (Miller,
2000).

Timing and establishing the appropriate sequence of actions is critically important for
executive function, and the dIPFC is responsible for the “formation of coherent behavioral
sequences toward the attainment of goals” (Fuster, 2008). Such processes are highly
dependent on attention and shifting attention, along with the capacity to inhibit a response
that is counter-productive to the planning and execution of successful goal-directed
behavior. These elements of dIPFC function, particularly attention, involve “top-down
control” of sensory processing through dIPFC inputs to sensory association cortex that
influence perception and focus attention (Gazzaley and Nobre, 2012).

The functions attributed to dIPFC above are largely long-term functions, but they are highly
dependent on a process that is central to dIPFC function, yet occurs over seconds to minutes,
i.e., working memory. Working memory refers to “the ability to keep events in mind”
(Goldman-Rakic, 1995), and the information held in working memory changes as the
demands and goals shift from moment to moment (See Figure 1). In this respect, it has been
referred to as the “mental sketch pad” (Arnsten et al., 2012). Given the constantly changing
nature of what is being held in working memory, it is not surprising that it is thought to be
highly dependent on recurrent collaterals of pyramidal cells that reside in dIPFC and
GABAergic inputs (Arnsten et al., 2010) rather than long distance projections transmitting
specific sensory or motor information from association areas. Electrophysiological studies in
dIPFC of awake, behaving NHPs have been particularly informative with respect to working
memory (Arnsten et al., 2012; Fuster, 2008; Goldman-Rakic, 1988; Miller, 2000; Wang et
al., 2011). Neurons have been identified in area 46 of macaque monkey that respond
preferentially during the delay period imposed between the salient cue and the response
generating a reward (See Figure 1), effectively holding the relevant information in working
memory until the appropriate response is warranted (Arnsten et al., 2010; Funahashi et al.,
1989; Fuster, 2008). It has been proposed that such neurons require extensive capacity for
synaptic plasticity, given the constantly shifting demands and information content being
held in working memory (Arnsten et al., 2010; Morrison and Baxter, 2012).

The degree to which the rat neocortex contains structural and functional homologues of
areas in primate dIPFC, such as area 46, remains controversial (Wise, 2008). In fact, it has
been argued that rats lack the “granular” prefrontal cortex characteristic of primate dIPFC
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(Preuss, 1995; Wise, 2008). However, clearly there are areas of PFC in rat cortex that
subserve cognitive functions similar to primate dIPFC, with the medial PFC (mPFC)-
consisting of anterior cingulate (AC), prelimbic (PL), and Infralimbic (IL) cortices- likely to
be the key regions responsible for such functions (Kesner and Churchwell, 2011). These
regions mediate such cognitive functions as set shifting and selective attention (Barense et
al., 2002; Birrell and Brown, 2000a), which are required for the kinds of goal-directed
behaviors that have been linked to dIPFC in monkeys and humans. Thus, as is apparent
below, studies of the effects of stress on PFC in rodent have focused on mPFC.

While the PFC is highly evolved in NHPs and humans and mediates particularly complex
cognitive processes, it is also highly vulnerable. The PFC has been implicated in multiple
brain disorders such as attention deficit disorder, schizophrenia, depression, and PTSD
(Arnsten, 2009a; Drevets et al., 1997b; Gamo and Arnsten, 2011; Tan et al., 2007), and it is
also vulnerable to stress (McEwen and Gianaros, 2011) and normal aging (Morrison and
Baxter, 2012), as well as Alzheimer’s Disease (Hof and Morrison, 2004; Morrison and Hof,
1997) in humans. The PFC has also been identified as a cortical region that is affected by
decreased estrogen levels in women (Shanmugan and Epperson, 2012). Monkey studies
have highlighted the vulnerability of dorsolateral PFC (dIPFC) to stress (Arnsten, 2009b),
aging (Morrison and Baxter, 2012; Wang et al., 2011), and estrogen depletion (Hao et al.,
2007; Hao et al., 2006; Rapp et al., 2003). As will be discussed in detail in this review, the
homologous mPFC is highly vulnerable to stress (Cook and Wellman, 2004; Holmes and
Wellman, 2009; Radley et al., 2004), aging (Bloss et al., 2011), and estrogen depletion
(Shansky et al., 2010) in rats. Thus, while PFC clearly is an important target for intervention
regarding multiple devastating brain disorders in humans, the animal models faithfully
reflect several of its vulnerabilities and can thus provide important mechanistic insights into
the unique capacities and vulnerabilities of this neocortical region that plays such a crucial
role in higher cognitive processes.

The mPFC has extensive downstream projections to regions as diverse as the amygdala and
the brainstem (Sesack et al., 1989), providing a substrate for downstream regulation of
autonomic and neuroendocrine balance (Thayer and Brosschot, 2005), with influences on
parasympathetic (Thayer and Sternberg, 2006) and hypothalamo-pituitary adrenal (HPA)
activity (Diorio et al., 1993). For HPA activity and autonomic control in rat, dorsal and
ventral mPFC have different effects, based on experiments showing that lesions to the dorsal
mPFC enhanced restraint stress-induced cFos and corticotropin-releasing factor (CRF)
MRNA expression in the neurosecretory region of the paraventricular hypothalamus (PVH),
whereas ablation of the ventral mPFC decreased stress-induced cFos protein and CRF
MRNA expression in this compartment, but increased cFos induction in PVH regions
involved in central autonomic control. (Radley et al., 2006). In the monkey prefrontal
cortex, descending pathways from orbitofrontal and medial prefrontal cortices, which are
also linked with the amygdala, provide both stimulatory and inhibitory influences on the
autonomic system related to emotional regulation (Barbas et al., 2003).

Effects of Stress on Prefrontal Cortex

Stressful experiences exert biphasic, time dependent effects upon the prefrontal cortex, as
shown in animal models. In 3—4 week old rats, diverse acute stressors (forced swim,
restraint, elevated platform) facilitate both PFC-dependent behavior, as well as LTP, tested
4h after stress exposure. Adrenal steroids mediate these effects and facilitate LTP, as well as
behaviors known to depend on mPFC via mechanisms dependent not only on glucocorticoid
receptors (GR), but also on signaling pathways involving serum- and glucocorticoid-
inducible kinase (SGK) and Rab4-mediated recycling of NMDA and AMPA receptors
(Yuen et al., 2009; Yuen et al., 2011a). Yet, at this same age, chronic unpredictable stress or
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restraint stress for 7d impaired temporal order recognition memory in rats, a cognitive
process controlled by the mPFC and caused reduced AMPAR- and NMDAR-mediated
synaptic transmission and glutamate receptor expression in mPFC (Yuen et al., 2012). All
these effects relied on activation of glucocorticoid receptors and the subsequent
enhancement of ubiquitin/proteasome-mediated degradation of GIuR1 and NR1 subunits,
which was controlled by the E3 ubiquitin ligase Nedd4-1 and Fbx2, respectively. Inhibition
of proteasomes or knockdown of Nedd4-1 and Fbx2 in PFC prevented the loss of
glutamatergic responses and recognition memory in stressed animals. Thus, repeated stress
dampens PFC glutamatergic transmission by facilitating glutamate receptor turnover. Indeed
the effects of chronic stress carry over to older ages since, in adult rats, 21d of chronic
restraint stress impaired working memory and caused spine loss and debranching of
dendrites on mPFC neurons (Hains et al., 2009), as will be discussed further below.

However, in adult rats, acute mild stress impairs working memory during and immediately
after stress exposures and does so via excessive stimulation of dopaminergic and
noradrenergic receptors (Arnsten, 2009b). This acute stress effect on working memory and
working memory-related activity in dIPFC monitored by fMRI is reported in volunteer
subjects viewing movie clips with extremely aversive material (Qin et al., 2009).
Intracellular signaling pathways activated by stress exposure have feed forward interactions
that rapidly impair PFC-dependent cognitive function. High levels of dopamine (DA) D1
receptor stimulation and noradrenaline (NA) B1-receptor stimulation activate adenylyl
cyclases (ACs) to produce cyclic AMP; cAMP opens hyperpolarization-activated cyclic
nucleotide-gated cation channels (HCN channels) on dendritic spines to produce the h
current (Ih), which weakens network inputs and decreases delay-related firing. High levels
of NA also stimulate a.1-receptors, which activate phosphatidylinositol biphosphate (P1P2)—
protein kinase C (PKC) signaling (Arnsten, 2009b). It is, therefore, noteworthy that
blockade of PKC signaling can prevent effects of chronic stress on PFC function (Hains et
al., 2009). There may be a connection between PKC signaling and the Nedd4-1 regulation of
glutamatergic activity, in that PKC-promoted endocytosis of glutamate transporter GLT-1
requires ubiquitin ligase Nedd4-2-dependent ubiquitination (Garcia-Tardon et al., 2012).

The differences between the outcome of studies described in the two paragraphs above
reflect both timing of stress exposure in relation to testing, along with the qualitative nature
of the stressors used, and they reveal the biphasic nature of stress responses by the PFC.
Since the neurochemical responses, such as the release of dopamine, during stress exposure
are transient the timing of cognitive testing is a critical factor, in which 4-24h may be a time
of compensatory reactions. This will be essential to clarify in future studies both in terms of
age-dependency of both positive and negative effects of stressors as well as timing after
stress exposure and the intensity and duration of the stressor.

Repeated stress, such as 21days of chronic restraint stress (CRS), causes functional and
structural changes in the prefrontal cortex and amygdala, as well as the hippocampus
(McEwen and Gianaros, 2011), though these effects exhibit regional specificity (See Figure
2A). For example, CRS and chronic immobilization caused dendritic shortening in medial
prefrontal cortex (Cerqueira et al., 2007; Cook and Wellman, 2004; Liston et al., 2006;
Radley et al., 2004), but produced dendritic growth in neurons in basolateral amygdala
(Vyas et al., 2002), as well as in orbitofrontal cortex (Liston et al., 2006). These actions of
stress are reminiscent of recent work on experimenter versus self-administered morphine
and amphetamine, in which different, and sometimes opposite, effects were seen on
dendritic spine density in orbitofrontal cortex, medial prefrontal cortex and hippocampus
CALl (Crombag et al., 2005; Robinson et al., 2001; Robinson et al., 2002). Indeed, there are
clear indications that, besides substance abuse, many other aspects of brain function are
subject to structural plasticity, including respiratory and motor control regions during
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exercise training (Nelson and Iwamoto, 2006; Nelson et al., 2005), the nucleus accumbens
after repeated sodium depletion causing increased salt appetite and enhanced amphetamine
self-administration (Roitman et al., 2002), and the hippocampus during hibernation
(Magarinos et al., 2006; Popov and Bocharova, 1992).

Pyramidal neurons in layer 3 of all three regions of mPFC (AcG, PL, and IL) in male rats
are affected by chronic stress, yet as noted below, there are important sex differences in
some of these responses. Apical dendritic length shrinks by 20% in male rats, and this
shrinkage is most pronounced in the distal apical dendritic branches, whereas the basal
dendritic tree is unaffected (Bloss et al., 2010; Bloss et al., 2011; Cook and Wellman, 2004;
Radley et al., 2008; Radley et al., 2004). Importantly, the dendritic shrinkage is
accompanied by spine loss, leading to an estimated total loss of axospinous synapses of over
30 % following chronic stress (Bloss et al., 2011; Radley et al., 2008), with the most
extensive spine loss occurring in the distal portion of the dendritic arbor. The spines that are
most vulnerable to stress are the thin spines, and this selective vulnerability of thin spines
has implications for plasticity and cognitive performance, discussed below. While these
morphologic effects are quite dramatic, perhaps even more surprising is that the neurons
recover in the absence of stress, i.e., with a rest period of three weeks (Bloss et al., 2011;
Radley et al., 2005). In young animals, the dendritic arbor fully recovers and spine density
partially recovers in the absence of stress (Bloss et al., 2011). It appears that such structural
recovery is accompanied by functional recovery, at least in the case of layer 5 neurons in IL.
As with layer 3 neurons, chronic stress induced dendritic shrinkage in layer 5 neurons and
they recovered with a rest period. However, the recovery occurred primarily in the proximal
dendrites, such that the stress/recovery sequence shifted the overall geometry of the neurons
to a distal arbor reduced/ proximal arbor expanded configuration (See Figure 2B). However,
this shift in geometry did not preclude functional recovery as reflected by D1R-mediated
modulation of LTP on layer 5 neurons. The capacity of D1R activation to increase the
amplitude of potentiation was decreased by chronic stress, yet fully restored with a post-
stress recovery period (Goldwater et al., 2009). It is particularly interesting that such
functional recovery occurred against the background of an altered overall dendritic geometry
in neurons that have undergone a stress/recovery sequence (Goldwater et al., 2009). The
degree to which the altered morphology affects other functional attributes, synaptic
connectivity or future capacity for recovery needs to be fully investigated.

Mechanisms for chronic stress effects on PFC structural plasticity

Along with many other brain regions, the amygdala and prefrontal cortex also contain
adrenal steroid receptors (Ahima et al., 1991; Ahima and Harlan, 1990) and excitatory
amino acids appear to play a role in stress-induced dendritic retraction (Martin and
Wellman, 2011). Furthermore, effects of 21d of chronic restraint stress on working memory
and dendritic shrinkage and spine loss were prevented by inhibition of protein kinase ¢
(PKC) (Hains et al., 2009).

As to the role of glucocorticoids, three weeks of chronic corticosterone treatment was shown
to produce retraction of dendrites in medial prefrontal cortex (Cerqueira et al., 2005;
Wellman, 2001), although with subtle differences in the qualitative nature of the effect from
what has been described after chronic restraint stress. Other studies confirm a role of adrenal
steroids in the mPFC using adrenalectomy and steroid administration. Dexamethasone
treatment at a dose that may have been high enough to enter the brain (Meijer et al., 1998),
caused a loss of neurons in Layer Il of the infralimbic, prelimbic and cingulate cortex,
whereas corticosterone treatment reduced the volume, but not the neuron number of these
cortical regions (Cerqueira et al., 2005). The dexamethasone treatment was particularly
effective in impairing working memory and cognitive flexibility (Cerqueira et al., 2005).
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Indeed glucocorticoid actions promote biphasic effects on PFC function by acting via the
glutamatergic, GABAergic and noradrenergic systems, in which endocannabinoids (eCB)
play an important regulatory role involving interactions between the prefrontal cortex,
amygdala and hippocampus. The basolateral amygdala interacts with the medial prefrontal
cortex in regulating glucocorticoid effects on working memory impairment (Roozendaal et
al., 2004). Yet, endocannabinoids in the rat basolateral amygdala enhance memory
consolidation and enable glucocorticoid modulation of memory (Campolongo et al., 2009;
Hill and McEwen, 2009). This works via eCB inhibition of GABA release that disinhibits
NA release (Hill and McEwen, 2009). Moreover, glucocorticoid actions in the prefrontal
cortex enhance memory consolidation and, at the same time, can impair working memory by
a common neural mechanism involving activation of a membrane-bound steroid receptor
dependent on noradrenergic activity within the mPFC to increase levels of cAMPdependent
protein kinase that may or may not involve eCB signalling (Barsegyan et al., 2010). At the
same time, glucocorticoids also interact with the hippocampal eCB system in impairing
retrieval of contextual fear memory (Atsak et al., 2012).

The differences between chronic stress and chronic glucocorticoid treatment must be kept in
mind. Indeed, in a study in which both a subchronic restraint stress and corticosterone
produced mPFC dendritic retraction, stress-induced apical dendritic atrophy resulted in
diminished responses to apically targeted excitatory inputs by 5HT and hypocretin, whereas
corticosterone played a greater role in stress-induced reductions in EPSCs evoked by 5-HT,
as compared with hypocretin, possibly reflecting the different pathways activated by the two
transmitters (Liu and Aghajanian, 2008).

This shrinkage has functional consequences in that mPFC-dependent cognitive tasks (i.e.,
set-shifting) are impaired by stress, and the degree of impairment correlates with the extent
of dendritic shrinkage (Liston et al., 2006). Attention set shifting is a task in which a rat first
learns that either odor or the digging medium in a pair of bowls predicts where food reward
is to be found; then new cues are introduced and the rat needs to learn which ones predict
the location of food (Birrell and Brown, 2000b). It has also been demonstrated that chronic
stress impairs working memory performance, and the degree of impairment correlates with
the extent of spine loss (Hains et al., 2009). There is also a report that chronic restraint stress
impairs extinction of a fear conditioning task (Miracle et al., 2006). This is an important lead
since the prefrontal cortex is involved in extinction, a type of learning (Santini et al., 2004),
but more research is needed to explore the complex relationship between stress, fear
conditioning, extinction and possible morphological remodeling that may well accompany
each of these experiences.

The prefrontal cortex, amygdala and hippocampus are interconnected and influence each
other via direct and indirect neural activity (Akirav and Richter-Levin, 1999; Ghashghaei
and Barbas, 2002; McDonald, 1987; McDonald et al., 1996; Petrovich et al., 2001). For
example, inactivation of the amygdala blocks stress-induced impairment of hippocampal
LTP and spatial memory (Kim et al., 2005) and stimulation of basolateral amygdala
enhances dentate gyrus field potentials (Ikegaya et al., 1996), while stimulation of medial
prefrontal cortex decreases responsiveness of central amygdala output neurons (Quirk et al.,
2003). The processing of emotional memories with contextual information requires
amygdala — hippocampal interactions (Phillips and LeDoux, 1992; Richardson et al., 2004),
whereas the prefrontal cortex, with its powerful influence on amygdala activity (Quirk et al.,
2003) plays an important role in fear extinction (Milad and Quirk, 2002; Morgan and
LeDoux, 1995). Because of these interactions, future studies need to address their possible
role in the morphological and functional changes produced by single and repeated stress.
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Interactions between Aging and Stress in PFC

As reviewed above, pyramidal neurons in mPFC display profound behaviorally induced
plasticity (i.e., shrinkage and loss of spines with stress), as well as the capacity to recover
from stress (i.e., neuronal resilience). In addition, performance on tasks that require PFC is
highly vulnerable to decline with age in humans, non-human primates, and rodents
(reviewed in (Gallagher and Rapp, 1997), and recent data from NHPs suggest that age-
related decline in cognitive performance reliant on PFC may result from loss of a particular
class of axospinous synapses on PFC pyramidal neurons (Dumitriu et al., 2010a). More
specifically, the NHP data suggest a model where large, stable synapses remain unaffected
by age while thin, highly plastic spines are selectively lost from pyramidal neurons within
layer 111 of mPFC (Dumitriu et al., 2010a).

The rat model of chronic stress has proven to be a highly valuable model for the analysis of
the potential interactive effects of stress and aging on the vulnerable pyramidal neurons in
mPFC. For example, is either the behaviorally induced plasticity, i.e., the response to
chronic stress, or the capacity to recover from stress affected by aging? These questions
were addressed through exposing young, middle-aged, and aged male rats to stress and
recovery followed by detailed morphologic analyses of layer Il pyramidal neurons in PL
(See Figure 3). As with previous studies, distal apical dendrites shrank with stress and
recovered with rest in young rats. However, while the stress-induced shrinkage of apical
dendrites also occurred in middle-aged and aged rats, the neurons failed to recover with rest
in both groups (Bloss et al., 2010), demonstrating a loss of neuronal resilience that is
apparent by middle age (i.e., 12 months old) (See Figure 3A). Spines were also investigated
on the same neurons analyzed for dendritic arbor measurements (See Figure 3B). We were
particularly interested in whether or not the same spine class(es) were vulnerable to both age
and stress. In young animals, as previously reported, stress lead to a loss of spines on distal
dendrites, with a partial recovery of spines following rest (Bloss et al., 2011). Spine
measurements determined that the spine class most vulnerable to stress was the thin
spines(See Figure 3B), the same spine class shown to be vulnerable to aging in PFC of
NHPs. However, there was no effect of stress or rest on spine density or size in middle aged
or aged animals, i.e., the experience dependent plasticity apparent in young animals was lost
with age. Analyses of the control animals provided the insight required to understand the
failure of behaviorally-induced plasticity in the middle-aged and aged animals. Middle-Aged
and Aged rats lose 30% of their spines in the absence of stress, and this loss is driven
primarily by the loss of thin spines, particularly in the aged rats. Taken together, these
studies provide evidence that mPFC pyramidal neurons from aged rats suffer losses of
plasticity at multiple levels: first, neurons from aging animals lose a certain population of
thin spines that may be critical for proper functioning within PFC circuitry; second, the
remaining spines are less capable of rewiring in response to experience; and lastly, neuronal
dendrites from aging animals lack recovery-related plasticity mechanisms. Importantly, all
three of these age-related changes in plasticity were observed in both middle-aged and aged
animals, suggesting that preventative measures against such plasticity deficits may be
optimally effective when implemented during middle-age. While the “experience” was
chronic stress in this case, we suggest that the age-related loss of plasticity reflects a general
inability to adapt that would negatively impact cognitive tasks that require a high degree of
synaptic flexibility.

Circadian Disruption

Circadian disruption has sometimes been overlooked as a separate yet related phenomenon
to sleep deprivation, which alters cognitive function, mood and metabolism (McEwen,
2006). In modern industrialized societies, circadian disruption can be induced in numerous

Neuron. Author manuscript; available in PMC 2014 July 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McEwen and Morrison Page 8

ways, the most common of which are shift work and jet lag. A longitudinal study in a cohort
of nurses in night shift work found that exposure to night work can contribute to weight gain
and obesity (Niedhammer et al., 1996). Moreover, alternating shift work is an independent
risk factor for the development of obesity in a large longitudinal study of male Japanese shift
workers (Suwazono et al., 2008). Numerous mouse models have also contributed to our
understanding of the relationship between circadian disruption and metabolism, with
CLOCK mutant mice showing altered basal metabolism and a tendency towards obesity and
metabolic dysregulation, while normal C57BI/6 mice housed in a disrupted 10hr light:10hr
dark cycle show accelerated weight gain and disruptions in metabolic hormones
(Karatsoreos et al., 2011; Turek et al., 2005). Behaviorally, circadian disruption can
contribute to cognitive impairments. In a study of long recovery vs. short recovery flight
crews, it was found that short recovery crews had impaired performance in a psychomotor
task, reacting more slowly, and with more errors when compared to a long recovery crew
(Cho, 2001). Furthermore, the above-mentioned mouse model of circadian disruption using
a10:10 L:D cycle shows cognitive inflexibility and shrinkage of dendrites in the medial
prefrontal cortex (Karatsoreos et al., 2011).

Individual differences and developmental effects

Basal differences in the brain architecture may account for why some individuals are more
vulnerable to stress than others. Although trait anxiety behavior varies greatly in human
populations, most animal models of anxiety disorders tend to focus on the development of
anxiety after a stressful experience. Yet, when viewed in terms of individual differences,
naive adult male Sprague-Dawley and Lewis rats both displayed large variations in baseline
anxiety-like behavior in the open field, measured by time spent and distance traveled in the
center (Miller et al., 2012). In both strains, in spite of the differences in genetic background
that exist between them, individuals that fell one standard deviation above (high anxiety)
and below (low anxiety) the mean, approximately the top and bottom 15%, had differences
in dendritic length and branching in pyramidal neurons from layer I1/111 of the prelimbic
region of the medial prefrontal cortex. In both rat strains, animals in the High Anxiety group
had smaller apical dendrites than those in the Low Anxiety group, but there was no
difference in basal dendrites (Miller et al., 2012).

As to the possible origin of these individual differences, it is possible that differences in the
early life experience of animals in the breeding facility may be involved. Indeed, studies in
animal models show that early life experiences can have a powerful influence on brain
development and behavior and the role of maternal care in terms of consistency and quantity
and maternal self regulation can be considerable (Akers et al., 2008; Meaney and Szyf,
2005; Moriceau and Sullivan, 2006; Parker et al., 2006; Tang et al., 2012). Prenatal stress, as
well as postnatal maternal separation stress, are both known to influence prefrontal cortex
development and related behavioral responses, particularly after stress in adult life. For
example, rats exposed to prenatal stress of immobilization of the mother during the last
week of pregnancy, and then exposed to a combined chronic plus acute stress regimen as
adults, showed attenuated extinction of cue-conditioned fear (Green et al., 2011). These
results are reminiscent of findings that maternal separation from postnatal days 2-12 in rats
sensitizes the offspring to show increased anxiety in response to chronic restraint as adults
(Eiland and McEwen, 2012). Moreover, fear extinction is known to involve the prefrontal
cortex (Quirk et al., 2006), and adolescent rodents and humans show a deficit in fear
extinction that is not present before or after the adolescent phase (Pattwell et al., 2012).

The PFC develops at a slower and more prolonged pace than other brain structures, and
prenatal stress consisting of exposure of the pregnant dam to an elevated plus maze in bright
light increased dendritic branching, length and spine density in the nucleus accumbens and
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in subregions of the PFC (Muhammad et al., 2012). The prenatal stress experience increased
dendritic branching and length in the mPFC in both apical and basilar dendrites; in contrast,
a prenatal stress-associated decrease in dendritic branching and length was observed in the
basilar branches of neurons of the orbitofrontal cortex. Moreover, maternal separation
resulted in an increase in dendritic growth and spine density in the PFC (Muhammad et al.,
2012).

Adolescence is a period of remodeling of brain architecture in which hormones play a role
along with experience (Sisk and Zehr, 2005). During adolescence, chronic juvenile stress
consisting of 6h daily restraint from postnatal day 20 to 41, produced depressive-like
behavior and significant neuronal remodeling of brain regions likely involved in these
behavioral alterations, namely, the hippocampus, prefrontal cortex and amygdala.
Chronically stressed males and females exhibited anhedonia, increased locomotion when
exposed to novelty, and altered coping strategies when exposed to acute stress. Coincident
with these behavioral changes, there was stress-induced shrinkage of dendrites in the
hippocampus and prefrontal cortex and concurrent hypertrophy of dendrites in the amygdala
(Eiland et al., 2012).

The human prefrontal cortex undergoes a prolonged course of maturation that continues well
after puberty and parallels a slowly emerging ability for flexible social behavior (Casey et
al., 2000; Nelson and Guyer, 2011). Interestingly, there are differences within the cerebral
cortex in heritability in which primary sensory and motor cortex, which develop earlier
show relatively greater genetic effects earlier in childhood, whereas the later developing
dorsal prefrontal cortex and temporal lobes show increasingly prominent genetic effects with
maturation (Lenroot et al., 2009).

Adolescents have a propensity for risk-taking that is related to the capacity to exert self
control, as can be assessed by tests of delayed gratification, such as the “marshmallow test”
(Mischel et al., 1972) that, in turn, has had considerable predictive power for social,
cognitive and mental health outcomes over the lifecourse (Mischel et al., 2011). The neural
basis of self regulation involves frontal-striatal circuitries that integrate motivational and
control processes and appear to be stable for a lifetime, based upon studies of the same
individuals over 4 decades (Casey et al., 2011). A key feature is an exaggerated ventral
striatal representation of appetitive cues in adolescents relative to the ability to exert control,
and the connectivity within a ventral fronto-striatal circuit, including the inferior frontal
gyrus and dorsal striatum, is particularly important to the ability to exert self regulation
(Somerville et al., 2011).

In adolescents, the ventral MPFC undergoes a progressive increase in activation during self-
evaluations compared to other evaluations from ages 10 to 13, particularly in the social
domain. This neurodevelopmental pattern is consistent with the heightened importance
adolescents place on peer relationships and social standing (Pfeifer et al., 2013).

It is also noteworthy that the PFC to amygdala connectivity changes from positive to
negative between early childhood and adolescence and young adulthood (Gee et al., 2013).
Indeed, young children are wary of strangers as secure attachment to the mother develops,
and one index of this sensitive period is that, early in life, ambiguous facial expressions are
perceived as conveying negative meaning (Tottenham et al., 2013). Then, during
adolescence, there is a restriction on extinction of fear learning, suggesting that negative
experiences may have greater impact during that developmental period (Pattwell et al.,
2012), although it is not yet known whether fearful events during adolescence may be more
difficult to extinguish later in adult life.
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Finally, it is important to note that early life adversity in rhesus monkeys and humans
impairs development of the prefrontal cortex, among other effects in the brain and body
(Anda et al., 2010; Felitti et al., 1998). In rhesus, peer rearing causes changes in 5SHT1A
receptor density in a number of brain regions including prefrontal cortex (Spinelli et al.,
2010) and is associated with an enlarged vermis, dorsomedial prefrontal cortex, and dorsal
anterior cingulate cortex without any apparent differences in the corpus callosum and
hippocampus (Spinelli et al., 2009). In fact, the size of the social network for group housed
monkeys affected prefrontal circuitry, with larger groups leading to increased gray matter
size and increased connectivity with the temporal lobe (Sallet et al., 2011). In humans,
adverse childhood experiences were associated with smaller volume of the prefrontal cortex,
greater activation of the HPA axis, and elevation in inflammation levels compared to non-
maltreated children, while adults with a history of childhood maltreatment showed smaller
volume of the prefrontal cortex and hippocampus, greater activation of the HPA axis, and
elevation in inflammation levels compared to non-maltreated individuals (Danese and
McEwen, 2012). Furthermore, cumulative adversity is associated with smaller gray matter
volume in medial prefrontal, anterior cingulate and insula (Ansell et al., 2012). Moreover,
chaos in the family and living environment is associated with impaired self regulatory
behaviors along with elevated blood pressure and signs of obesity in childhood (Evans et al.,
2005; Evans and Wachs, 2010) and major life events in early adolescence are linked to
impaired self control that reflects, at least in part, impaired prefrontal cortical development
(Duckworth et al., 2012).

Moreover, in a study using a Childhood Trauma Questionnaire and MRI imaging of the
brain (Edmiston et al., 2011), adverse childhood experiences correlated negatively with gray
matter (GM) volume in prefrontal cortex, striatum, amygdala, sensory association cortices,
and cerebellum. In particular, physical abuse, physical neglect, and emotional neglect were
associated with rostral prefrontal gray matter reductions, and decreases in dorsolateral and
orbitofrontal cortices, insula, and ventral striatum were associated with physical abuse,
while decreases in cerebellum were associated with physical neglect and decreases in
dorsolateral, orbitofrontal, and subgenual prefrontal cortices, striatum, amygdala,
hippocampus, and cerebellum were associated with emotional neglect (Edmiston et al.,
2011). There were sex differences, in that decreases in the emotional regulation regions,
including prefrontal cortex, were associated with childhood trauma in girls, while reductions
in caudate GM volume, a brain region related to impulse control were seen in boys
(Edmiston et al., 2011).

Sex differences

There are important sex differences both in how early life stressors affect the prefrontal
cortex development and in connectivity with other brain regions involved in cognitive
function and emotional regulation. Prenatal stress caused sexually dimorphic, opposite
changes in synaptic connectivity in response to the same experience, and both male and
female offspring demonstrated a loss of neuron number and estimated synapse number in the
hippocampus despite exhibiting increased spine density (Mychasiuk et al., 2012). Prenatal
stress also led to a sex-specific pattern of dendrite structure that was manifested during
adolescence in prenatally stressed males, but not females, which became evident later, in
adulthood (Markham et al., 2012). Yet, in studies of chronic juvenile stress (Eiland et al.,
2012), the absence of qualitative sex differences in morphological and behavioral responses
to chronic stress from postnatal days 20-41 speaks to the important role of the onset of
puberty and the role of circulating gonadal hormones in conferring sex differences in
response to stressors.
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Indeed, in adult life, there are sex differences in the effects of stress on the prefrontal cortex,
in that the ability of stress to cause shortening of dendrites is evident in males, but not in
females (Garrett and Wellman, 2009). Indeed, in male rats, mPFC neurons that project to the
basolateral nucleus of the amygdala (BLA) are resilient to stress-induced dendritic
remodeling, whereas those neurons projecting elsewhere showed stress-induced retraction of
apical dendrites, as described above (Shansky et al., 2009). In female rats, stress induced
remodeling of dendrites in mPFC neurons projecting to the amygdala showed increased
length and branching as long as the females were estrogen treated, but not in ovariectomized
animals without E treatment (See Figure 4). mPFC neurons projecting elsewhere failed to
show any dendritic changes after chronic stress with or without E treatment in females
(Shansky et al., 2010). Chronic stress also caused an increase in spine density in all neurons
in OV X animals, including a spine density increase in BLA-projecting neurons in E treated
OVX females. Estrogen also increased spine density on BLA-projecting neurons in
unstressed animals. Given these sex differences in two regions of the brain subserving
cognitive functions, one must wonder how many other subtle sex differences exist
throughout the brain, since gonadal steroid receptors and actions via genomic and non-
genomic mechanisms are widespread (McEwen and Milner, 2007) and sexual differentiation
early in life affects many aspects of brain function (Cahill, 2006; McCarthy, 2008).

The ability of estrogens to potentiate stress-induced plasticity may help explain the finding
that 1h of restraint, as well as a pharmacological stressor, the benzodiazepine inverse
agonist, FG7142, impaired working memory only in females in proestrus (high estradiol
(E)), while 120 minutes of restraint produced significant impairments in females in estrus
(low E) and in males, as well as in females in proestrus (Shansky et al., 2004; Shansky et al.,
2006).

Together, these findings demonstrate both independent effects of estrogen on pyramidal cell
morphology and effects in which ovarian hormones are interactive with stress, with the
BLA-projecting neurons being sensitive to both kinds of effects. Indeed, mPFC neurons
show E induction of spines and, based on similar spine-inducing effects of E in the
hippocampus, these appear to be mediated by a complex action of estrogens on signaling
pathways that lead to actin polymerization among other effects (Dumitriu et al., 2010b;
Yuen et al., 2011b). Studies have also shown that post-pubertal female rats are resistant to
the stress-induced shrinkage of apical dendrites of hippocampal CA3 neurons (Galea et al.,
1997).

Relevance to human vulnerabilities and potential for brain plasticity

Studies of the human brain by functional and structural imaging and neuropsychological
testing, along with investigations of autopsy brain tissue, have begun to establish
connections between findings in animal models and the human brain in disease, as well as in
health, emphasizing the plasticity of neural architecture and the reciprocal connections
between brain and body systems, such as the cardiovascular system.

For example, in tissue samples from brains of depressed individuals, frontal cortex and
hippocampus showed evidence of glial cell loss and smaller neuron cell body size but not
neuronal loss, implying dendritic shrinkage (Rajkowska, 2000; Stockmeier et al., 2004).
Indeed, imaging studies on brains of depressed individuals revealed smaller prefrontal
volume with structural MRI, while at the same time indicating increased functional activity
in the same area (Drevets et al., 1997a).

Yet healthy brains show plasticity and undergo experience-related alterations in prefrontal
cortical structure and function. In studies on medical students during the school year,
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perceived stress scores predicted performance on a cognitive flexibility test, as well as
reduced functional connectivity in fMRI imaging during that test; these effects largely
disappeared after the students had a summer vacation (Liston et al., 2009). These findings
are consistent with a parallel rat model study involving chronic stress, a cognitive flexibility
decrement and dendritic shrinkage in the mPFC (Liston et al., 2006). Moreover, regular
aerobic exercise in sedentary older adults improves executive function (Kramer et al., 1999)
and fMRI signals of increased blood flow in prefrontal and parietal cortex (Colcombe et al.,
2004).

Furthermore, the plasticity of the prefrontal cortex has implications for functions in the
cardiovascular system and provides a basis for understanding the power of psychosocial
factors. For example, there is growing evidence that the perigenual anterior cingulate cortex
(pACC) is involved in mediating individual differences in stressor-evoked cardiovascular
reactivity, which have long been associated with risk for cardiovascular disease (Krantz and
Manuck, 1984; Treiber et al., 2003). For example, greater stressor-evoked pACC activity
across individuals has been associated with larger magnitude blood pressure reactions to a
variant of a Stroop color-word interference stressor (Gianaros et al., 2007), particularly in
interactions with the amygdala (Gianaros et al., 2009). Such a role for the pACC in
mediating stressor-evoked cardiovascular reactivity is mediated through its reciprocal
circuitry with adjacent areas of the orbital and medial prefrontal cortex, anterior insula,
amygdala, and areas in the hypothalamus, periaqueductal gray (PAG), pons, medulla, and
the pre-sympathetic intermediolateral (IML) cell column of the spinal cord (Berntson, 2007).
As such, the pACC, along with cingulate and prefrontal areas, may provide for an interface
between stressor appraisal processes and concurrent dynamic top-down cardiovascular
control (Berntson, 2007).

Can behavior change the brain? Besides what we are learning about brain plasticity in
relation to stress and exercise, there is a longitudinal study showing that a behavioral
intervention in the form of a mindfulness-based stress reduction (MBSR) can change mPFC
volume in subjects with chronic fatigue where the intervention resulted in significant
improvement in symptoms (de Lange et al., 2008). Similarly, for other brain regions, MBSR
has been shown to decrease amygdala volume in subjects who show reduced chronic anxiety
(Holzel et al., 2010), and intense learning produces sustained increases in hippocampal
volume (Draganski et al., 2006).

Conclusions and future directions

Given the plasticity described above, can experiences that appear to be embedded by early
life experience (e.g. adversity) be changed by enhancing plasticity while using a targeted
intervention? In addition, can we develop means to retain resilience and plasticity of
prefrontal neurons as we age? Along with studies summarized in this article on stress effects
on prefrontal cortical plasticity, the pioneering work on reorganization of the adult cerebral
cortex (Bezzola et al., 2011; Blake et al., 2006; Jancke, 2009) and pioneering studies of the
reversal of developmentally-induced monocular deprivation in visual cortex (Spolidoro et
al., 2011; Vetencourt et al., 2008) raises the possibility of interventions that could change
brain architecture so as to improve cognitive function and self-regulatory behaviors.
Ongoing studies, at the cellular and molecular level, are beginning to reveal mechanisms
involving perineuronal nets and excitatory/inhibitory balance and possible intervention
strategies (Bavelier et al., 2010). Moreover, the method of optogenetics now allows for
studies of connectivity between prefrontal cortex, amygala, hippocampus and the
mesolimbic and nigrostriatal systems that can elucidate the functional relationships that are
suggested by traditional neuroanatomy. Such studies synergize with advances in imaging
functional connectivity of the human and nonhuman primate brain. Thus, the next 5 years
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should be a period of accelerating understanding of the plasticity and vulnerability of the
prefrontal cortex across the life course, and using such knowledge to enhance synaptic
properties and circuit characteristics that promote mental and cognitive health.
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The neuronal response properties and neural circuitry underlying spatial working memory
task as envisioned by Goldman-Rakic and colleagues (Arnsten et al, 2010; Goldman-Rakic,
1995) (a) The oculomotor delayed response (ODR) task, which is a test of spatial working

memory as mediated by Brodmann area 46 in the dIPFC of the monkey. (b) Area 46,
delineated in red surrounding the principal sulcus. The electrophysiological response

properties depicted in c are generated from recordings of pyramidal neurons within this

region. PS=principal sulcus; AS=arcuate sulcus. (c) Recordings from a representative

neuron in area 46 with spatially tuned firing during the delay period of the ODR task. For
details, see (Wang et al 2007). (d) The PFC microcircuits subserving spatially tuned firing
during the delay period in a spatial working memory task. Brown neurons designated by B
and C represent GABAergic neurons innervating pyramidal neurons mediating working
memory. The red circuit on the left represents the noradrenergic inputs modulating a2A
receptors on the pyramidal neurons, and the blue circuit on the right depicts the
dopaminergic inputs acting through D1 receptors. From Arnsten (Arnsten et al 2010) with

permission.
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Figure2.

Schematic diagrams depicting dendritic shrinkage and expansion in response to chronic
stress and recovery. A) Chronic stress leads to dendritic shrinkage in layer 3 pyramidal
neurons in the prelimbic and anterior cingulate cortex, whereas it causes dendritic expansion
in the corresponding neurons within orbitofrontal cortex. Both effects are seen primarily in
the distal apical dendritic tree. B) While shrinkage and recovery both affect distal dendrites
in neurons depicted in A, layer 5 neurons in infralimbic cortex lose distal dendritic branches
in response to stress, yet recovery occurs primarily in proximal dendrites, shifting the
dendritic architecture (see text for details).
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Figure 3.

Schematic diagrams depicting the interactive effects between stress and aging on layer 3
pyramidal neurons in the prelimbic area of mPFC. 3A (left) shows the effects on dendritic
arbor and 3B (right), shows the effects on spines. In both cases the upper panel represents
young male rats, middle panel represents middle-aged rats, and the bottom panel represents
aged rats. A) In young animals, chronic stress leads to shrinkage of distal apical dendrites.
After cessation of chronic stress, dendritic trees regrow. Such recovery after stress cessation
is blunted by middle age and gone in the aged animals. B) Spines are also lost in young
animals exposed to chronic stress, and it is primarily the thin spines that are affected. No
further spine loss is induced by stress in middle-aged or aged rats, and this is likely due to
the fact that age on its own leads to a loss of the thin spine class (See text for details)
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Interactive effects of stress and estrogen on neurons within layer 3 of infralimbic cortex. -
Schematic depicting a three-way interaction between stress, estrogen, and circuit-specificity
in female rats. A) Chronic stress increased dendritic arbor in layer 3 neurons in IL neurons
that project to amygdala, whereas this is not the case with the general population of layer 3
pyramidal neurons (not shown). Furthermore, in OV X females, this effect is only seen if the
rat receives estrogen treatment. B) Schematic representation of the different effects of
estrogen on stress-induced spine formation in the female rat PFC in cortically-projecting and
amygdala-projecting neurons. On left, for cortically-projecting neurons, chronic stress
induces spine formation in OV X females but fails to do so in OV X females treated with
estrogen; on right, for amygdala-projecting neurons, chronic stress induces spine formation
in OV X females and estrogen treatment increases spine density in non-stressed animals and
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promotes further spinogenesis in chronically stressed estrogen-treated OV X females. These
dendritic and spine effects differ from those seen in males.
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