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Brief Communications

Stress-Induced Alterations in Prefrontal Cortical Dendritic
Morphology Predict Selective Impairments in Perceptual
Attentional Set-Shifting
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Stressful life events have been implicated clinically in the pathogenesis of mental illness, but the neural substrates that may account for
this observation remain poorly understood. Attentional impairments symptomatic of these psychiatric conditions are associated with
structural and functional abnormalities in a network of prefrontal cortical structures. Here, we examine whether chronic stress-induced
dendritic alterations in the medial prefrontal cortex (mPFC) and orbital frontal cortex (OFC) underlie impairments in the behaviors that
they subserve. After 21 d of repeated restraint stress, rats were tested on a perceptual attentional set-shifting task, which yields dissociable
measures of reversal learning and attentional set-shifting, functions that are mediated by the OFC and mPFC, respectively. Intracellular
iontophoretic injections of Lucifer yellow were performed in a subset of these rats to examine dendritic morphology in layer II/III
pyramidal cells of the mPFC and lateral OFC. Chronic stress induced a selective impairment in attentional set-shifting and a correspond-
ing retraction (20%) of apical dendritic arbors in the mPFC. In stressed rats, but not in controls, decreased dendritic arborization in the
mPFC predicted impaired attentional set-shifting performance. In contrast, stress was not found to adversely affect reversal learning or
dendritic morphology in the lateral OFC. Instead, apical dendritic arborization in the OFC was increased by 43%. This study provides the
first direct evidence that dendritic remodeling in the prefrontal cortex may underlie the functional deficits in attentional control that are

symptomatic of stress-related mental illnesses.
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Introduction

Stressors of diverse types elicit a stereotyped set of neuroendo-
crine and autonomic adaptive responses that serve to mobilize
bodily resources that facilitate coping with acute emergencies.
Despite these benefits, stressors that are either prolonged or ex-
treme may have cumulative and deleterious cardiovascular, met-
abolic, and immunosuppressive consequences, a phenomenon
known as allostatic load (McEwen, 1998). Stressful life events
may also predispose susceptible individuals to a variety of psychi-
atric conditions, including depression, post-traumatic stress dis-
order, and other anxiety disorders (Sapolsky, 1996; Heim et al.,
1997; McEwen, 1998; Caspi et al., 2003). Increasing evidence sug-
gests that the prefrontal cortex may play a critical role in these
psychiatric disorders. Attentional impairments symptomatic of
these conditions are associated with structural and functional
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anomalies in a circuit of prefrontal cortical structures (Cohen
and Servan-Schreiber, 1992; Drevets et al., 1997; Casey et al.,
2002; Rauch et al., 2003).

Despite these advances, relatively little is known about the
neural substrates that underlie attentional deficits in stress-
related psychiatric illnesses. Some progress has been made in
elucidating the cellular morphologic changes in the mPFC after
repeated emotional stress in rats. Such work has demonstrated
that repeated restraint stress induces retraction and debranching
of apical dendrites (Radley et al., 2004, 2006; Cook and Wellman,
2004) and axospinous synapse loss in the rat mPFC (Radley et al.,
2006).

The functional consequences of these morphological alter-
ations remain unclear. The rodent mPFC is believed to play a
critical role in modulating attention. Birrell and Brown (2000)
tested rats with mPFC lesions on a perceptual attentional set-
shifting task that yields dissociable measures of discrimination
learning, reversal learning, and attention shifting. They found
that mPFC lesions impaired perceptual attentional set-shifting
but not other forms of learning. In contrast, a later study demon-
strated that orbitofrontal cortical lesions impair reversal learning
but not attentional set-shifting (McAlonan and Brown, 2003).
Collectively, these studies raise the possibility that stress-induced
morphologic alterations may impair attentional control and that
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Figure1.
lateral OFC regions of interest. B, C, Dendritic reconstructions of neurons from ACg (B) and lateral OFC (C), with apical dendrites
highlighted in blue (controls) and red (stressed). D, A typical pyramidal neuron from lateral OFC, with the apical dendrite (arrow)
extending from the soma toward the pial surface at right and the axon (arrowheads) extending to the left. Scale bar, 50 m.

the functional consequences of these effects in mPFC and OFC
could be dissociated based on their differential roles in atten-
tional processing.

Thus, the aim of the present study was to examine the rela-
tionship between stress-related effects on prefrontal cortical den-
dritic morphology and attentional control. After 21 d of repeated
restraint stress, 24 rats (12 stressed, 12 controls) were tested on a
perceptual attentional set-shifting task. We then performed in-
tracellular iontophoretic injections of Lucifer yellow in a subset
of these rats to examine dendritic morphology in layer II/III py-
ramidal cells of the lateral OFC and the anterior cingulate (ACg)
region of the mPFC.

Materials and Methods

Animals. Twenty-four male Sprague Dawley rats (Charles River, Wil-
mington, MA) weighing 250-280 g at the start of the experiment were
pair-housed and maintained on a 12 h light/dark schedule (lights on
from 7:00 A.M. to 7:00 P.M.). All rats were handled daily for 7 d before
beginning the experiment. Twelve of these rats were restrained in wire-
mesh restrainers for 6 h daily (10:00 A.M. to 4:00 P.M.) for 21 d. Control
rats (n = 12) and stressed rats (n = 12) were housed in separate rooms.
During the first 11 d of the experiment, all rats had access to food and
water ad libitum, except during restraint sessions. Thereafter, all rats were
maintained on a restricted diet of 15-20 g of food per day, with 85% of ad
libitum body weight serving as a guideline. Water remained available ad
libitum throughout the experiment. All procedures were approved by the
Rockefeller University Institutional Animal Care and Use Committee.
Behavioral paradigm. Rats can be trained to dig in bowls filled with
sawdust to retrieve a food reward (Wood et al., 1999). All rats were tested
on a series of five discriminations (supplemental Table 1; available at
www.jneurosci.org as supplemental material), to a criterion of six con-

A, Coronal hemisection of the prefrontal cortex [bregma 3.20 mm, adapted from Swanson (1992)] depicting ACg and

secutive correct trials in an apparatus adapted
from those described in Birrell and Brown
(2000) and Fox et al. (2003). Testing started
with a simple discrimination (SD) in which the
rat discriminated between either two odors or
two digging media, one of which predicted the
food reward. Next, in a compound discrimina-
tion (CD), a new dimension was introduced,
but the positive stimulus was the same as in the
SD. This was followed by an intradimensional
attentional shift (IDS), in which two new exem-
plars from each dimension were introduced,
but the task-relevant dimension was the same as
in the SD and CD. Next, the IDS was reversed,
such that the formerly negative stimulus be-
came the positive stimulus. Finally, an extradi-
mensional attentional shift (EDS) occurred.
Here, two new exemplars from each dimension
were introduced, and the formerly task-
irrelevant dimension became the relevant one.
A typical task sequence and a description of the
test stimuli are included in supplemental Table
1 (available at www.jneurosci.org as supple-
mental material). In all other respects, the test-
ing, habituation, and counterbalancing proce-
dures were similar to those described in Fox et
al. (2003).

Analysis of prefrontal dendritic morphology.
On the day after behavioral testing, 12 rats (six
stressed, six controls) were given a euthanizing
dose of Nembutal and perfused transcardially
with 4% paraformaldehyde in 0.1 M phosphate
buffer. Brains were dissected and postfixed for
2 h in the same fixative. To minimize bias, each
brain was coded before perfusion, and the code
was not broken until the morphometric analy-
ses were completed.

The iontophoretic cell loading procedure was identical to that de-
scribed in Radley et al. (2006). Briefly, neurons in layer II/IIT of the
anterior cingulate region of mPFC and lateral OFC were loaded with
intracellular iontophoretic injections of 5% Lucifer yellow (Invitrogen,
Eugene, OR). The anterior cingulate cortex was delineated based on
criteria described in Radley et al. (2006). The lateral orbitofrontal cortex
was delineated by loading cells on the orbital aspect of frontal cortex,
dorsal to the olfactory bulb, in coronal sections located ~2-3 mm ante-
rior to the rostral aspect of the genu of the corpus callosum, where this
region occupies the lateral ~60% of orbital cortex (Swanson, 1992).

Sections were coverslipped under PermaFluor, and cells were recon-
structed in three dimensions at 400X using a Zeiss (Oberkochen, Ger-
many) Axiophot 2 microscope and Neurolucida software (MicroBright-
Field, Williston, VT). Inclusion in the analysis required that neurons lie
within layer II/IIT of the anterior cingulate or lateral orbitofrontal cortex,
exhibit complete filling of dendritic arbors as evidenced by well defined
endings, and display pyramidal cell morphology (Radley et al., 2004,
2006).

Results

After 21 d of repeated restraint, stressed rats appeared well
groomed and healthy such that they were indistinguishable from
controls. However, stressed rats weighed significantly less than
controls (t = 2.96; p = 0.007), consistent with previous reports
(Watanabe et al., 1992; Radley et al., 2004, 2006). Previous studies
have confirmed that the 21 d repeated restraint stress model in-
duces increased plasma corticosterone and increased adrenal
weights (Watanabe et al., 1992; Magarinos and McEwen, 1995),
so these assays were not performed here.

Effects of stress on dendritic morphology in the ACg and OFC
Figure 1 depicts the results of our cell loading procedure, includ-
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Figure 2.  Chronic stress induced contrasting effects on apical dendritic arborization in ACg

and OFC. A, B, In ACg (A), total apical dendritic material decreased with stress, whereas a
stress-related increase in apical dendritic material was observed in OFC (B). C, D, Sholl analyses.
Stress effects on apical dendritic arborization were most pronounced at distances of 90 —180
um from the soma in ACg (C). In OFC (D), stress affected more distal aspects of the dendrite,
with significant increases at 120-240 pm. Error bars indicate SEM. *p < 0.10; *p << 0.05;
**p < 0.01; ***p < 0.005.

ing a typical layer II/IIT orbitofrontal pyramidal cell and Neurolu-
cida tracings of typical ACg and OFC pyramidal cells from
stressed rats and controls. Seventy-two lateral OFC cells (36
stressed, 36 controls) and 54 ACg cells (16 controls, 38 stressed)
met the criteria for inclusion in the morphometric analysis.

Repeated restraint stress induced contrasting effects on apical
dendrites in the ACg and lateral OFC. As reported previously
(Radley et al., 2004), medial frontal apical dendritic material (f =
2.83; p = 0.007) and branching (¢ = 1.99; p = 0.05) were reduced
by 20 and 119%, respectively, in stressed animals relative to con-
trols (Fig. 2A), whereas basal dendritic material was unaffected
(t = 0.41; p = 0.69). A Sholl analysis (Fig. 2C) revealed main
effects of stress (F, s,y = 8.17; p = 0.006) and radial distance
from cell body (Fg 465 = 84.69; p < 0.001) on apical dendritic
material. Post hoc contrasts indicated that the effect of stress was
most pronounced at distances of 90 (¢ = 2.04; p = 0.05), 150 (t =
2.31; p = 0.03), and 180 wm (t = 2.32; p = 0.05).

In contrast, stress induced a proliferative effect in the lateral
OFC that extended to more distal aspects of the apical dendrite.
Total apical dendritic material (¢ = 4.64; p < 0.001) and branch-
ing (t = 3.64; p = 0.001) increased by 43 and 36%, respectively, in
stressed animals relative to controls (Fig. 2 B). As in the ACg, no
significant differences were observed for basal dendritic material
(t = 0.94; p = 0.35). A Sholl analysis (Fig. 2D) revealed main
effects of stress (F(; o) = 18.50; p < 0.001) and radial distance
(Fo,630) = 213.88; p < 0.001) on apical dendritic material. Post
hoc contrasts revealed stress-related increases in apical dendritic
material at distances of 120240 um from the cell body (> 2.71;
p = 0.009). A significant region by group by distance interaction
(Fo.1008) = 4.96; p < 0.001) confirmed that stress affected more
distal aspects of the apical dendrite in the OFC relative to the
ACg.

Effects of stress on attentional set shifting

Repeated restraint stress induced a selective impairment in ex-
tradimensional attentional set shifting, but not discrimination or
reversal learning (Fig. 3A). An overall ANOVA with task phase as
a within-subjects factor and group (stressed or control) and ini-
tial relevant dimension (medium or odor) as between-subjects
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factors revealed main effects of task phase (F4g0) = 26.6; p <
0.001) and group (F(, 5,5y = 7.63; p = 0.01) and a task phase by
group interaction (F g0, = 5.85; p << 0.001). Post hoc analyses
demonstrated that this interaction was driven by the EDS phase,
with stressed rats significantly impaired relative to controls (¢ =
3.51; p = 0.002) and no significant between-group differences on
any other task phase (f <1.33; p > 0.20). Importantly, stressed
rats were not impaired on reversal learning (f = 0.43; p = 0.67),
which in control rats was equivalent in difficulty to the EDS. This
indicates that the effect of stress was specific to attention shifting
and did not reflect a generalized learning impairment. No other
main effects or interactions were observed in this analysis ( p >
0.60).

The validity of the task design was confirmed with a separate
within-group ANOVA examining control rats only, with task
phase as a within-subjects factor and initial relevant dimension
(medium or odor) as a between-subjects factor. As expected,
there was a main effect of task phase (F, 49y = 8.73; p < 0.001).
The EDS was significantly more difficult than the IDS (¢ = 3.65;
p = 0.001), confirming the validity of the extradimensional at-
tention shifting manipulation. There was no main effect of initial
relevant dimension or interaction of this effect with other factors
(p > 0.40), indicating that the odor-to-medium and medium-
to-odor shifts were equivalent in difficulty.

Analysis of individual differences in morphology and

attention shifting

To assess whether intersubject morphologic variation predicted
behavioral performance, we computed mean apical dendritic
lengths for each region in each subject. Rats with the largest
stress-related morphologic alterations showed the greatest im-
pairments in attention shifting. In the stressed group, rats with
the greatest stress-related retractions of ACg apical dendrites
tended to show larger attention-shifting impairments (Fig. 3B)
(r= —0.74; p = 0.09). No association between ACg arborization
and attention was detectable in controls (r = —0.54; p = 0.35).
To confirm these results, we classified stressed and control rats
into four groups based on median splits of their respective ACg
arbors. ANOVA confirmed a main effect of this grouping on EDS
performance (F; ) = 7.35; p = 0.01). Stressed rats with the larg-
est ACg morphologic alterations were significantly impaired on
the EDS phase relative to rats in the other three groups (Fig. 3C)
(t >3.43; p < 0.026), whereas stressed rats with lesser morpho-
logic alterations performed equivalently to controls on the EDS
phase (f < 0.38; p > 0.72). In contrast, ACg arborization in
control rats had no effect on EDS performance (¢t = 0.25; p =
0.82), in accord with the correlations reported above.

Discussion

Our results indicate that chronic stress induces contrasting mor-
phologic effects in medial and lateral orbitofrontal cortices. In
accord with previous reports (Radley et al., 2004, 2006), chronic
stress was associated with a 20% decrease in apical dendritic ma-
terial in the anterior cingulate region of mPFC. In contrast, stress
induced a 43% increase in apical dendritic material in layer II/III
pyramidal cells of lateral OFC. Accordingly, stress selectively im-
paired extradimensional attention shifting, which depends on
mPFC function, but not reversal learning, an OFC-dependent
function.

Our morphologic results from the ACg are in agreement with
several previous studies using the Golgi impregnation and ionto-
phoretic cell-loading techniques (Radley et al., 2004, 2006; Cook
and Wellman, 2004). In separate studies using iontophoretic cell
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Figure 3.

loading, Radley and colleagues (2004, 2006) observed decreases
in medial prefrontal apical dendritic material of 20—-22%, in close
accord with the 20% reduction reported here. The design of these
studies was identical to that used here, except that rats in our
study were maintained on a restricted diet for the last 10 d of the
experiment. The fact that our results are in close agreement sug-
gests that dietary restriction did not confound our findings. In-
deed, numerous reports indicate that mild dietary restriction can
prolong life span, ameliorate age-related declines in physiologic
functions, and reduce the incidence of autoimmune disease
(Weindruch and Walford, 1988; Kubo et al., 1992). The fact that
these results were highly replicable also highlights the utility of
iontophoretic cell loading, which facilitates more precise mor-
phometry relative to the Golgi technique by ensuring that cells
are completely filled and by eliminating overlapping dendritic
fields.

Although several studies have reported decreased apical den-
dritic arborization in the ACg with stress, our OFC morphology
findings are, to our knowledge, the first report of stress-related
increases in arborization in any region of the frontal cortex. Two
previous studies reported contrasting effects of chronic stress on
hippocampal and amygdaloid pyramidal cells, with cells of the
basolateral amygdala undergoing marked increases in apical den-
dritic arborization and spine density (Vyas et al.,, 2002). The
mechanisms by which chronic stress induces contrasting mor-
phologic effects in these two regions remain unclear. At the mo-
lecular level, previous studies indicate that glucocorticoids and
excitatory neurotransmitters may act in concert in the hippocam-
pus to induce dendritic atrophy (Magarinos and McEwen, 1995).
Glucocorticoids also act to enhance calcium currents in hip-
pocampal pyramidal cells, which can induce dendritic remodel-
ing, and it has been suggested that the contrasting effects of stress
on hippocampal and amygdalar plasticity may be attributable to
differences in the spatiotemporal dynamics of intracellular cal-
cium concentrations (Kerr et al., 1992; McEwen, 2000). Neuronal
cell adhesion molecules (Sandi, 2004) and serotonergic neuro-
modulatory influences (Conrad et al., 1996; Stutzmann et al.,
1998) may also play a prominent role. Similar pharmacologic
manipulations may shed light on the mechanisms by which stress
induces contrasting effects in the ACg and lateral OFC.

Given these contrasting morphologic effects, the selective im-
pairment in attention shifting can be easily understood in the
context of previous lesion studies. In separate studies, Brown and
colleagues demonstrated a double dissociation by which mPFC
lesions impair attention shifting but not reversal learning (Birrell

I Control
I Stressed

A, Chronic stress selectively impaired EDS, leaving discrimination learning (SD, (D) and reversal learning (Rev)
unaffected. B, Stress-related decreases in ACg apical dendritic material predicted attentional impairments in the EDS phase (r =
—0.74; p = 0.09). No association was observed in controls (data not shown). C, Stressed rats and controls were divided into four
groups based on median splits of their respective ACg apical dendritic lengths. Stressed rats (gray) with the largest ACg morpho-
logic effects (“low ACg arborization”) showed significant attention shifting impairments, whereas stressed rats with minimal
morphologic changes (“high arborization”) performed comparably with controls. No association between ACg arborization and
attention shifting was observed in controls. Error bars indicate SEM. *p << 0.05; ***p << 0.005.
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and Brown, 2000), whereas OFC lesions
impair reversal learning but not attention
shifting (McAlonan and Brown, 2003).
Our results confirm that chronic stress re-
duces apical dendritic material by ~20%,
which, in combination with a 16% reduc-
tion in spine density (Radley et al., 2006),
may lead to a 33% reduction in axospi-
nous input to layer II/III apical dendrites
in the ACg. Layer II/III pyramidal cells are
both the origin and target of long-range
corticocortical connections and are likely
to play an important computational role
in cognitive (e.g., attentional) functions
mediated by a distributed network of
structures (Dehaene et al., 1998). As such,
it is likely that a stress-related reduction in
axospinous input to these cells contributes
to the selective impairment in attention shifting (Fig. 3A). This
hypothesis is in accord with a recent report demonstrating an
association between corticosteroid-induced atrophy of mPFC
layer II and impairments in behavioral flexibility (Cerqueiras et
al., 2005). It is also supported by our observation that the mag-
nitude of ACg morphologic alterations predicted the degree of
attentional impairment (Fig. 3B—C). Interestingly, this correla-
tion was specific to stressed rats: ACg arborization was not asso-
ciated with task performance in controls, and only rats with the
largest stress-induced retractions of ACg arbors showed signifi-
cant attentional impairments, suggesting that the circuitry may
be resilient to smaller variations in axospinous input.

Although earlier lesion studies provide a framework for un-
derstanding the effects reported here, a few anatomical distinc-
tions are worth noting. In particular, the lesions in the Birrell and
Brown (2000) study extended into regions of both the dorsal
mPFC, including the ACg and prelimbic cortex, and the ventral
(infralimbic) mPFC in all animals, so the mPFC contribution to
attention shifting cannot be localized to the ACg based on these
results. However, converging findings from a variety of studies
(for review, see Heidbreder and Groenewegen, 2003) indicate
that the dorsal mPFC shares salient cytoarchitectonic, neuro-
chemical, and anatomical characteristics with the primate lateral
prefrontal cortex, which has been implicated in attentional set-
shifting in closely related paradigms (Dias et al., 1996; Liston et
al., 2006). Accordingly, Nicolle and Baxter (2003) reported that
age-related decreases in ACg kainate binding correlated with at-
tention shifting impairments. These results support the idea that
the rodent dorsal mPFC, rather than infralimbic cortex, may play
a critical role in attentional control and other functions ascribed
to the lateral PFC in primates. They are also consistent with our
hypothesis that stress-related reductions in axospinous input to
the ACg may contribute to impairments in attentional control.

In contrast, enhanced OFC arborization was not associated
with a significant enhancement in reversal learning. This may be
attributable in part to a ceiling effect, whereby the speed of rever-
sal learning observed in control rats cannot be substantially im-
proved on by enhanced OFC inputs. Alternatively, it is likely that
attention shifting and reversal learning are both mediated by
multiple structures acting in concert (O’Reilly et al., 2002; Fox et
al., 2003; Liston et al., 2006), and our observations may reflect
alterations in other regions not examined here. Future work will
target additional regions of association cortex and examine how
they interact to mediate these behaviors. Likewise, our results
point to an association between ACg arborization and attentional

Low High Low
ACg Arborization
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control, but they do not rule out contributions from other stress-
dependent factors. For example, some reports suggest that
mPFC-dependent cognitive functions may be modulated by
stress-related alterations in noradrenergic (Roozendaal et al.,
2004) and dopaminergic (Mizoguchi et al., 2000) inputs to the
mPFC, which in turn may reflect local postsynaptic structural
changes consistent with our results or presynaptic changes spe-
cific to the cells that are the source of these projections. In either
case, our findings highlight the need for more detailed anatomi-
cal and pharmacological studies that could distinguish between
these possibilities.

Collectively, our results indicate that chronic stress induces
contrasting morphologic effects in the lateral OFC and ACg,
which in turn predict the severity of stress-related impairments in
attention shifting. They provide direct evidence that prefrontal
dendritic remodeling may contribute to the attentional impair-
ments that are symptomatic of depression and anxiety disorders.
Thus, they may facilitate future efforts to elucidate the relation-
ship between stress and psychiatric conditions (Sapolsky, 1996;
Heim et al., 1997; Caspi et al., 2003) that feature prominent def-
icits in attentional control, accompanied by structural and func-
tional alterations in prefrontal circuits that regulate attention and
affective behaviors (Davidson et al., 2002).
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