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Stress blunts serotonin- and hypocretin-evoked EPSCs
in prefrontal cortex: Role of corticosterone-mediated

apical dendritic atrophy
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Morphological studies show that repeated restraint stress leads to
selective atrophy in the apical dendritic field of pyramidal cells in
the medial prefrontal cortex (mPFC). However, the functional
consequence of this selectivity remains unclear. The apical dendrite
of layer V pyramidal neurons in the mPFC is a selective locus for the
generation of increased excitatory postsynaptic currents (EPSCs) by
serotonin (5-HT) and hypocretin (orexin). On that basis, we hy-
pothesized that apical dendritic atrophy might result in a blunting
of 5-HT- and hypocretin-induced excitatory responses. Using a
combination of whole-cell recording and two-photon imaging in
rat mPFC slices, we were able to correlate electrophysiological and
morphological changes in the same layer V pyramidal neurons.
Repeated mild restraint stress produced a decrement in both 5-HT-
and hypocretin-induced EPSCs, an effect that was correlated with
a decrease in apical tuft dendritic branch length and spine density
in the distal tuft branches. Chronic treatment with the stress
hormone corticosterone, while reducing 5-HT responses and
generally mimicking the morphological effects of stress, failed
to produce a significant decrease in hypocretin-induced EPSCs.
Accentuating this difference, pretreatment of stressed animals
with the glucocorticoid receptor antagonist RU486 blocked reduc-
tions in 5-HT-induced EPSCs but not hypocretin-induced EPSCs.
We conclude: (i) stress-induced apical dendritic atrophy results
in diminished responses to apically targeted excitatory inputs
and (ii) corticosterone plays a greater role in stress-induced reduc-
tions in EPSCs evoked by 5-HT as compared with hypocretin,
possibly reflecting the different pathways activated by the two
transmitters.
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S tress induces neuronal atrophy in key limbic brain regions
such as the hippocampus and medial prefrontal cortex
(mPFC) that have been implicated in depressive illness (1). In
layer II/III pyramidal neurons of the mPFC, repeated restraint
stress has been shown to produce dendritic atrophy (2-5), an
effect mimicked by high levels of corticosterone (6). Notably,
these atrophic changes are restricted to the apical dendritic field.
However, the functional implications at a cellular level of these
localized effects of stress in the apical dendritic field are unclear.
In a separate line of experiments in brain slices, we found that
the apical dendrites are also the selective target of several
stress—linked neurotransmitters/modulators, including serotonin
(5-HT) and hypocretin/orexin, both of which induce a large
increase in nonelectrically evoked (“spontaneous”) excitatory
postsynaptic currents (EPSCs) in layer V mPFC pyramidal cells
in brain slices (7, 8). The effect of 5-HT is mediated by activation
of 5-HT, receptors (7, 9), which are highly expressed on apical
dendrites of layer V pyramidal neurons (10-13), and can be
induced rapidly by the focal application of 5-HT to the apical but
not basilar dendritic field in layer V pyramidal cells (7). Selective
rescue of 5-HT,4 receptors in cortical pyramidal cells completely
restores 5-HT-induced EPSCs that are lost in 5-H72a~/~ mice,
indicating that corticocortical rather than subcortical projections
are involved (9). On the other hand, the effect of hypocretin is
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mediated via hypocretin 2 receptors located on the axonal
terminals of ascending projections emanating from midline and
intralaminar thalamocortical neurons, which selectively target
spines on branches of apical dendrites of layer V pyramidal
neurons (8). In any case, although different pathways are
involved, both 5-HT and hypocretin-induced EPSCs are gener-
ated primarily in the apical dendritic field (7, 8).

The existence of 5-HT- and hypocretin-induced EPSC re-
sponses selective for the apical dendrite of layer V. mPFC
neurons creates an opportunity for investigating the possible
effect of stress-induced apical dendritic atrophy on characterized
excitatory inputs to the same dendritic subfield. In layer II/IIT
pyramidal cells, 5-HT-induced EPSC responses are quite low
(14) and hypocretin responses are virtually absent (8). There-
fore, we focused on layer V pyramidal cells to permit a direct
correlation between morphological and functional changes.

Here, we combined whole-cell patch clamp recording with
two-photon imaging to determine whether 5-HT- and hypocre-
tin-induced EPSCs are diminished by stress in association with
dendritic atrophy in layer V pyramidal neurons. This approach
allowed for direct correlations in the same cells between stress-
induced morphological and functional changes occurring within
a specific subfield of dendritic arborization.

Results

The Apical Tuft of Layer V Pyramidal Neurons in the Rat mPFC Is a
Major Target for 5-HT- and Hypocretin-Induced EPSCs. Previous
studies showed that 5-HT evoked more EPSCs when applied
focally to the midapical rather than superficial regions of layer
V pyramidal cell (7). However, in preliminary experiments, when
the apical tuft was accidentally severed by the slicing procedure
because of a surface trajectory of the apical dendritic shaft, there
was an unexpectedly large reduction in EPSC responses to 5-HT.
This observation led us to question whether the contribution of
the apical tuft had been underestimated by previous studies
because brief focal application of 5-HT would not have time to
access deep portions of the tuft, which can extend hundreds of
microns deep into the slice. To estimate more quantitatively the
proportion of EPSCs derived from different parts of the apical
dendrite, we compared responses to bath-applied 5-HT and
hypocretin at near-maximal concentrations in eight pairs of
neighboring cells, one with a surgical knife cut disconnecting the
apical tuft near the bifurcation of the apical trunk and the other
with its apical tuft left intact. Because the cut was quite distant
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Fig. 1. 5-HT-and hypocretin-induced EPSCs are generated predominantly in
the apical tufts of layer V pyramidal cells. (A) 3D Z-stack projections showing
a pair of neighboring layer V pyramidal cells, one intact (a) and the other with
its apical tuft detached (b). (B) Comparison of effects of 5-HT and hypocretin
application on the EPSC response in these two cells; note that the cell with the
detached apical tuft has a relatively low EPSC response to 5-HT and hypocretin
(b1-4) compared with the intact cell (a1-4). (C) The mean EPSC frequency for
eight pairs of cells shows that 5-HT-induced EPSCs are reduced by 80% and
hypocretin-induced EPSCs are reduced by 60% in the group with detached
apical tufts (n = 8; P < 0.001), confirming that a major proportion of EPSCs
induced by 5-HT and hypocretin in layer V pyramidal cell in the mPFC are
generated in the apical tuft. Note: dashed line depicts location of the pial
membrane, which forms the medial border of mPFC; layers |-V are demarcated
by horizontal lines.

from the site of recording (see Fig. 14), basic electrophysiolog-
ical properties recorded at the soma (e.g., resting membrane
potential, spike amplitude, and input resistance) were not af-
fected (data not shown). In the pairs shown in Fig. 14, the intact
cell (a) responded to bath-applied 5-HT with a marked increase
in the frequency of EPSCs (Fig. 1B, al and a2); after washout of
5-HT, subsequent bath-applied hypocretin produced a similar
increase in EPSCs (Fig. 1B, a3 and a4). In contrast, the cell with
a severed apical tuft (cell b) had much lower responses to 5-HT
and hypocretin. Fig. 1C gives mean data for the entire set of
paired cells and shows an EPSC decrease of ~80% for 5-HT
(4.7 £2.6.vs.23.3 £ 32 Hz; n = §; P < 0.001) and ~60% for
hypocretin (6.8 = 2.5 vs. 16.8 = 2.3 Hz; n = 8; P < 0.01) in cells
with a severed apical tuft as compared with controls. Note that
basal frequency in the cut group was slightly higher than that in
intact groups, but repeated-measures ANOVA analysis showed
that the frequencies of EPSC between the cut and intact cell
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groups were not significantly different (P > 0.05). These results
indicated that a majority of EPSCs induced by 5-HT and
hypocretin are generated in the apical tuft, allowing us to focus
on this well defined region of layer V pyramidal cells in
subsequent experiments.

Total Apical Dendritic Branch Length and 5-HT- and Hypocretin-
Induced EPSC Frequency Are Reduced After Repeated Immobilization
Stress. In preliminary experiments, rats were subjected to 20 min
of restraint stress for 3 or 7 days; in both cases, recordings were
made 1 day after the last stress. Electrophysiological and mor-
phological changes were seen after 7 but not 3 days of stress (data
not shown). Therefore, in subsequent experiments only the 7-day
stress protocol was used.

In both control and stressed groups, there was a broad
morphological spectrum ranging from thin (simple) to thick
(complex) tuft apical dendrites. In controls, whole-cell recording
showed that thin tufted cells had low EPSC responses to 5-HT,
whereas the thick tufted cells had high EPSC responses (Fig. 24);
the regression plot in Fig. 24 Right shows a high correlation
between total apical tuft branch length and the frequency of
5-HT-induced EPSCs (P < 0.0001; n = 35). In the stress group,
mean cell apical tuft branch length and 5-HT-induced EPSC
frequency were both reduced (Fig. 2C). In addition, total oblique
branch length was reduced, possibly contributing to the overall
stress-induced decrement in EPSCs [supporting information (SI)
Table 1]. Interestingly, the correlation between apical tuft length
and EPSC frequency was lost after stress (Fig. 2B; P > 0.05; n =
37); this dissociation, which was most pronounced in some thick
tufted cells (e.g., cell B4), implies that factors in addition to
branch length are affecting EPSC responses. Hypocretin was also
tested in ~2/3 of the cells within each of the above groups and
compared with 5-HT responses. As shown in Fig. 2C, cells in the
stress group exhibited an overall reduction in apical tuft length
(—24%; P < 0.05) and an even greater reduction in hypocretin-
induced EPSC frequency (—46%; P < 0.01) than in 5-HT-
induced EPSC frequency (—26%; P < 0.05). In addition, paired
comparisons in control cells showed the frequencies of 5-HT-
and hypocretin-induced EPSCs are highly correlated (SI Fig.
6A). Nevertheless, the selective 5-HT»4 antagonist MDL 100907
almost completely blocked 5-HT-induced EPSCs without affect-
ing hypocretin-induced EPSCs (SI Fig. 6B).

Stress Induces a Decrease in Dendritic Spine Density and an Increase
in Segmentation at Apical Tuft Dendritic Tips. In general agreement
with the findings of Radley et al. (15), we found that stress
significantly reduced the density of spines in distal (P < 0.001)
and intermediate (P < 0.001) zones of the apical tuft, but did not
affect the density of spines in more proximal regions (Fig. 3; P >
0.05; n = 27 cells for control, n = 25 cells for stress). Moreover,
spine loss was often accompanied by an increase in segmentation
or beading of distal segments, particularly at the tips of the tuft
arbor as it extends to the pial membrane (Fig. 3BI; P < 0.001).
However, even in the case of branch tips that showed extreme
segmentation, more proximal branches could appear relatively
normal (Fig. 3B2). As summarized in Fig. 3C, spine density was
most dramatically reduced in the same distal regions that show
segmentation. In contrast, the tips of oblique dendritic branches
did not show this type of segmentation (SI Fig. 7). Segmentation
may represent an early or transitional stage of branch tip
disintegration, eventually leading to branch retraction.

Chronic Corticosterone Partially Mimics Stress. One possible mech-
anism for both stress-induced apical dendritic atrophy and
reduction in EPSC responses would be corticosterone elevation
secondary to hypothalamic-pituitary-adrenal axis activation (6,
15, 16). To test this possibility, a low dose of corticosterone was
administered in the drinking water (100 wg/ml) for 7 days,
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Fig. 2.
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Both the frequency of 5-HT- and hypocretin-induced EPSCs and total length of apical tuft branches are reduced in layer V pyramidal cells after repeated

immobilization stress. (A and B) Projection images show two examples each of apical tufts in control (A) and chronic stress cells (B) (one thin tuft and one thick
tuft). EPSCresponses to 5-HT are shown below each image. Regression plot (Upper Right) in the control group shows a high correlation between the total length
of apical tuft branches and the frequency of 5-HT-induced EPSCs; in the stress group this correlation is disrupted by greater variability and a disproportionate
reduction in EPSC frequency at the upper end of the curve. Note the position of the four illustrated cells (1 to 4) on the regression plots are labeled by numbers
and arrows. (C) Total apical tuft branch length and EPSCs induced by 5-HT and hypocretin are decreased in the same cells after chronic stress.

matching the duration of the stress protocol. Fig. 44 summarizes
data comparing cells from control (n = 23) and corticosterone
groups (n = 34). Total length of apical tuft branches was
significantly reduced in corticosterone-treated rats (—27%) and
was accompanied by a robust reduction in the frequency of
5-HT-induced EPSCs (—37%; P < 0.01). However, in the same
cells there was only a borderline reduction in hypocretin-induced
EPSCs (—23%; P = 0.056), opposite to the pattern seen after
stress where the effect on hypocretin responses was greater than
that of 5-HT. As with stress, corticosterone treatment led to a
reduction in spine density and a marked increase in bead-like
segments in the distal but not proximal portions of the apical tuft
(Fig. 4B). However, the magnitude of reduction in spine density
in the distal tuft branches was greater after stress than after
corticosterone (P = 0.008); no differences were found in spine
density in distal oblique branches between control, stress, and
corticosterone groups (SI Fig. 7). These results suggest that
although the overall effects of chronic stress and chronic corti-
costerone treatment are similar, the two treatments differ in the
magnitude of changes they produce on EPSCs and spine density.

To evaluate further the role of corticosterone in mediating
the effects of stress, the glucocorticoid receptor (GR) antag-
onist RU486 (10 mg/kg) was administered s.c. either 1 h before
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(n = 6) or 1 h after exposure (n = 6) to stress for each of 7 days,
matching the duration of the stress-alone protocol. When
RU486 was injected 1 h before stress, both the reduction of
mean total apical tuft branch length and the frequency of
5-HT-induced EPSCs were prevented (Fig. 54; n = 17 cells for
control, n = 18 for vehicle + stress, n = 17 for RU + stress);
no protection was found when RU486 was injected 1 h after
stress (data not shown). In addition, prior RU486 treatment
prevented a stress-induced reduction in spine density and
segmentation in the distal portions of the apical tuft (Fig. 5B).
However, RU486 provided no protection against the stress-
induced decrease in the mean frequency of hypocretin-induced
EPSCs. Together, these findings suggest that corticosterone
elevation after stress may be responsible for overall dendritic
atrophy and the reduction in 5-HT responses. However, factors
in addition to corticosterone may be involved in impairing
hypocretin responses.

Discussion

By a combination of whole-cell recording and two-photon
imaging, we have shown in the same mPFC layer V pyramidal
neurons that stress-induced dendritic atrophy is correlated with
deficits in apically targeted excitatory responses. The most
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Fig. 3. Decrease in dendritic spine density and increase in segmentation/
beading at apical tuft dendritic tips after chronic stress. (A and B) Z-stack
projections showing the apical tuft for a layer V pyramidal cell in control (A)
and stressed (B) groups. (Insets) At higher zoom branches at distal (no. 1) and
intermediate (no. 2) zones are shown. Note the selective segmentation or
beading of the distal tuft dendrites in the stressed group. (C) Bar graph
comparing dendritic segmentation and spine density in distal, intermediate,
and proximal zones in control and stressed groups. Note that stress increases
segmentation and reduces spine density predominantly in distal (P < 0.001)
and intermediate (P < 0.001) zones of the apical tuft.

profound atrophic changes occurred in the apical tuft, the same
region where the majority of 5-HT and hypocretin-induced
excitatory synaptic responses were found to originate. Interest-
ingly, while mimicking many of the stress-induced morphological
changes, corticosterone was much less effective than stress in
altering EPSC responses to hypocretin, which targets the termi-
nals of thalamocortical rather than corticocortical synapses.
Accentuating these differences, the GR antagonist RU486 was
found to block the reduction in 5-HT- but not hypocretin-
induced EPSCs. These findings shed light on the mechanisms
underlying different components of stress-related dendritic
dysfunction.

Stress-Induced Selective Atrophy of Distal Apical Tuft Was Associated
with an Increase in Segmentation or Beading. The finding of distal
apical dendritic atrophy in layer V cells after repeated restraint
stress confirms and extends earlier work performed in layer II/III
cells (2-5). In addition, there was the observation of an increase
in segmentation or beading, most strikingly in distal apical tuft
branches as they approach the pial membrane. Although this
type of morphological change has not been reported previously
in relation to stress, it has been shown that acute exposure to the
excitotoxin NMDA in hippocampal slices produces similar ir-
regular dendritic swellings that occur preferentially in distal
apical branches (17). Although it is uncertain whether the
excitotoxin model can be used to explain our findings, it is
interesting to note that acute restraint stress preferentially
increases extracellular levels of glutamate in the mPFC as
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Fig. 4.  Chronic administration of corticosterone (100 mg/ml in drinking
water for 7 days) partially mimics the effects of stress. (A) Bar graphs compar-
ing cells from control (n = 32, empty bar) and corticosterone (n = 37, filled bar)
groups. As with stress exposure, the total length of apical tuft branches was
significantly reduced in corticosterone-treated rats; the reduction was accom-
panied by a stronger decrease in the frequency of 5-HT-induced EPSCs and a
slight decrease in the frequency of hypocretin-induced EPSCs (5-HT, — 37%;
hypocretin, — 23%). (B) Mean data show that corticosterone treatment leads
to a reduction in spine density associated with a marked increase in bead-like
segmentation in the distal regions of the apical tufts.

compared with hippocampus (18), which may be a factor in the
greater vulnerability of the mPFC to stress-induced dendritic
damage.
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Fig. 5. Differential effects of the GR antagonist RU486 on stress-induced
changes in 5-HT versus hypocretin responses. (A) Bar graphs show that GR
antagonist RU486 prevents overall stress-induced morphological changes and
the reduction of 5-HT- but not hypocretin-induced-EPSCs. (B) Bar graphs show
the effect of RU486 on the stress-induced changes in spine density and
segmentation. RU486 (10 mg/kg, s.c.) was injected 1 h before stress in the
standard 7-day protocol. The data represent the mean =+ SEM. *, P < 0.05; **,
P < 0.01 versus control.
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Characterization of Excitatory Inputs Affected by Chronic Stress. The
apical dendritic synapses that are activated by hypocretin are
innervated mainly by midline/intralaminar thalamic relay neu-
rons, as shown by two-photon calcium imaging of single dendritic
spines postsynaptic to anterogradely labeled thalamocortical
terminals (8). The midline/intralaminar thalamic relay cells,
which strongly express hypocretin2 receptors (19, 20) and receive
inputs from hypothalamic hypocretin neurons, are directly de-
polarized by hypocretin (19). In contrast, direct depolarizing
effects were not found in layer V pyramidal cell (8), consistent
with the reported lack of hypocretin receptor 2 mRNA in layer
V neurons of the cingulate cortex (20, 21). Another possible
source of hypocretin-responsive inputs is subgriseal layer VII
(VIb) (22), which sends a prominent projection to layer I (23).
However, this pathway would not seem to be a major contributor
to the EPSC response in layer V cells because the effect of
hypocretin was almost totally eliminated by thalamic lesions (8).

Older literature with regard to the pathways mediating 5-HT
induced EPSCs (24) conflicts with some more recent studies.
The fact that selective rescue of 5-HT»a receptors in cortical
pyramidal cells of Ar2a='~ mice totally restores 5-HT-induced
EPSCs strongly suggests that 5-HT is acting primarily on corti-
cortical pathways (9). As subcortical structures such as thalamus
and basolateral amgdala that project to prefrontal cortex were
devoid of 5-HT,s receptors in the rescue mice (9), these
subcortical inputs do not appear to play a primary role in
mediating 5-HT4-induced responses. Although typical layer V
pyramidal cells are not directly induced to fire by 5-HT beyond
the first 2-3 weeks of postnatal development (25), it has been
reported recently that 5-HT strongly depolarizes and initiates
spiking activity in a special subpopulation of large “deep layer”
pyramidal cells in the mPFC (26). These results suggest that
recurrent collaterals from this deep layer subset rather than
typical layer V pyramidal cells may be a source for the 5-HT-
evoked EPSCs.

Corticosterone Partially Mimics the Effects of Stress both Electro-
physiologically and Morphologically. Layer V pyramidal cells show
atrophic changes similar to those seen previously in mPFC layer
II/III pyramidal neurons after chronic treatment with cortico-
sterone (6, 16). Despite this similarity, the electrophysiological
changes after chronic corticosterone did not exactly mimic those
induced by stress. Whereas stress produced a greater reduction
of responses to hypocretin than 5-HT, the reverse was true after
corticosterone. Furthermore, pretreatment of stressed animals
with the GR antagonist RU486 blocked reductions in 5-HT- but
not hypocretin-induced EPSCs. Thus, although both stress and
corticosterone lead to apical dendritic atrophy and diminished
EPSC responses to apically targeted excitatory inputs, cortico-
sterone appears to play a greater role in stress-induced reduc-
tions in responses to 5-HT as compared with hypocretin. It is
noteworthy that corticosterone also showed a smaller effect than
stress on spine density in the distal apical tuft, suggesting that
spine atrophy may not be indiscriminate but rather may have
some degree of input specificity. Taken together, these differ-
ences indicate that the stress-induced hypocretin dysregulation
may require the involvement of factors in addition to cortico-
sterone. Indeed, the stress hormone corticotropin-releasing fac-
tor (CRF) directly activates hypocretin neurons, potentially
mediating various aspects of the stress response (27). Moreover,
the response to acute stress is severely impaired in CRF-R1
knockout mice (28). In general, these results are consistent with
the idea that the full range of stress effects involves factors in
addition to that of corticosterone (29, 30).

Behavioral and Clinical Implications. The midline/intralaminal tha-

lamic projection to the mPFC is a critical link in the ascending
arousal pathway. Hypocretin levels have been shown to correlate
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with states of attention and arousal and loss of hypocretin
neurons results clinically in narcolepsy in humans (31). In rats,
a low dose of hypocretin infused into the mPFC improves
performance in a five-choice attention task (32). The reduction
in hypocretin-activated synapses after stress suggests that a loss
of thalamocortical inputs may contribute to the specific types of
attention deficits that occur after repeated stress (33).

The ability of chronic corticosterone, at least in part, to mimic
stress is of interest in relation to behavioral models of depression
using mice that express different levels of GR. Heterozygous GR
knockout mice (GR™ 7), with a 50% decrease in GR expression,
exhibit normal baseline behaviors, but after stress exposure
demonstrate increased learned helplessness associated with in-
creased levels of endogenous corticosterone. These changes
correlate with a down-regulation of brain-derived neurotrophic
factor (BDNF) protein in GR™~ mice. Decreased expression of
BDNF has also been found after the administration of exoge-
nous corticosterone to normal rats (34). Interestingly, electro-
physiological studies show that 5-HT-induced increases in EP-
SCs are reduced markedly in conditional BDNF knockout mice
(35), suggesting a possible link between mechanism of stress-
related dendritic atrophy and loss of 5-HT responses caused by
corticosterone-induced BDNF deficiency.

Materials and Methods

Animals. Age-matched adult male albino rats (150-200 g; Harlan) were either
exposed to a relatively mild stress or served as controls. Stressed rats were
immobilized within a soft, flexible plastic cone with a breathing hole at the tip
(DecapiCone; Braintree Scientific) for 20 min on 3 or 7 consecutive days. Then,
a 1-day recovery period was allowed before animals were killed under chloral
hydrate anesthesia, and mPFC slices were prepared. Paired stress and control
rats were kept under routine laboratory housing conditions.

Brain Slice Preparation. Brain slices were prepared as described (36). Briefly,
rats were anesthetized with chloral hydrate (400 mg/kg, i.p.), in adherence to
protocols approved by the Yale Animal Care and Use Committee. After
decapitation, the brains were removed rapidly and placed in ice-cold (~4°C)
artificial cerebrospinal fluid (ACSF) in which sucrose (252 mM) was substituted
for NaCl (sucrose-ACSF) to prevent cell swelling. A block of tissue containing
prefrontal cortex was dissected and coronal slices (400 pum) were cut in
sucrose-ACSF with an oscillating-blade tissue slicer (Leica VT1000S). In some
experiments, to evaluate the contribution of the apical tuft to EPSC responses,
a surgical knife cut was made near the border of layer | and layer II. After
placement of the slice in a submerged recording chamber, the bath temper-
ature was raised to 32°C. Known concentrations of drugs dissolved in ACSF,
applied through a stopcock arrangement at a fast flow rate (=4 ml/min),
reached theslice within 7-10s. The standard ACSF (pH ~7.35) was equilibrated
with 95% 0,/5% CO; and contained 128 mM NacCl, 3 mM KCl, 2 mM Cacly, 2
mM MgSOgs, 24 mM NaHCOs, 1.25 mM NaH,PO,4, and 10 mM, p-glucose. A
recovery period of ~1-2 h was allowed before commencement of recording.

Electrophysiology. Pyramidal neurons in layer V were visualized by using an
Olympus BX50WI microscope (x40 or X60 IR lens) with infrared differential
interference contrast (IR/DIC) videomicroscopy (Olympus), as described (8).
Low-resistance patch pipettes (3-5 MQ) were pulled from patch-clamp glass
tubing (Warner Instruments) by using a Flaming-Brown Horizontal Puller
(model P-97; Sutter Instruments). The pipettes were filled with the following
solution: 115 mM K gluconate, 5 mM KCl, 2 mM MgCl,, 2 mM Mg-ATP, 2 mM
Na,ATP, 10 mM Naz-phosphocreatine, 0.4 mM NaGTP, and 10 mM Hepes, pH
7.33. Neurobiotin (0.3%) was added to the pipette solution to mark cells for
later imaging. Pipettes were first tip-filled with regular patch solution before
backfilling with the Neurobiotin solution to avoid ejecting excess dye into the
extracellular space of the slice.

Whole-cell recordings were performed with an Axoclamp-2B amplifier
(Axon Instruments). The output signal was low-pass-filtered at 3 KHz, ampli-
fied X100 through Cyberamp, digitized at 15 kHz, and acquired by using
pClamp 9.2/Digidata 1320 software (Axon Instruments). Series resistance,
monitored throughout the experiment, was usually between 4 and 8 MQ. To
minimize series resistance errors, cells were discarded if series resistance rose
above 10 (. Postsynaptic currents were studied in the continuous single-
electrode voltage-clamp mode (3-kHz low-pass filter cutoff frequency); cells
were usually clamped near their resting potential (=75 mV = 5 mV) to
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minimize holding currents. After completion of recording, slices were trans-
ferred to 4% paraformaldehyde in 0.1 M phosphate buffer and stored over-
night at 4°C. Slices were then processed with streptavidin conjugated to Alexa
594 (1/1,000; Invitrogen) for Neurobiotin visualization.

Imaging and Data Analysis. Labeled neurons within layer V of anterior cingu-
late (Cg1) and prelimbic mPFC (Cg3) were imaged with a two-photon laser
scanning system. This consisted of a Ti:sapphire laser (Mai Tai; Spectra Physics)
tuned to wavelength 810 nm and a direct detection Bio-Rad Radiance 2100 MP
laser scanner (Zeiss Microimaging) mounted on an Olympus BX50WI micro-
scope with x40 (0.8 N.A.) or xX60 (0.9 N.A.) water-immersion objectives
(Olympus). For analysis of total apical dendritic branch length, 3D Z-stacks
were constructed from ~40-250 sequential scans at low zoom (312 X 312 um;
X40 lens) at 1-um steps so as to include the entire apical tuft for a given cell
within the slice. Total branch length was determined within the 3D matrix of
each Z-stack by using Neurolucida 7 (MicroBrightField). For spine density
analyses, Z-stacks consisting of 1-10 scans at high zoom (68 X 68 um; X 60 lens)
at 1-um steps in the z axis were collected from the apical tuft arborization.
Spine density and segmentation (beading) were analyzed in the X-Y plane of
projection images by using Laser Sharp 2000 software (Bio-Rad). Spine density
and segmentation (beading) were sampled in three zones: (i) tips of tuft
branches as they approach the pial membrane; (ii) intermediate dendrites
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approximately midway between the pial membrane and bifurcation of apical
trunk; and (i) proximal tuft dendrites just distal to the bifurcation. Results
were expressed in terms of total dendritic length, spine density, and segmen-
tation density.

Drugs. 4-Pregnen-11p,21-diol-3,20-dione21-hemisuccinate (corticosterone
hemisuccinate) was from Steraloids; 5-hydroxytryptamine creatinine sulfate
(5-HT) and mifepristone (RU 486) were from Sigma; and hypocretin 2 (orexin
B) was from American Peptide. All drug solutions were perfused at known
concentrations through a stopcock assembly.

Analysis and Statistics. Electrophyiological data were displayed off-line with
Clampfit software of pClamp 9.2 (Axon Instruments). Analysis of EPSCs from
each 10-s block of (1 s) sweeps was performed with MiniAnalysis software
(Synaptosoft). For statistical analysis, the total branch length was compared
between groups by using Student’s t test. The physiological data and the
changes in spine density and bead-like segmentation were analyzed with
repeated measures ANOVA, after a post hoc comparison. Values were repre-
sented as the mean = SEM.
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