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ABSTRACT: Chronic stress produces deficits in cog-
nition accompanied by alterations in neural chemistry and
morphology. For example, both stress and chronic admin-
istration of corticosterone produce dendritic atrophy in
hippocampal neurons (Woolley C, Gould E, McEwen BS.
1990. Exposure to excess glucocorticoids alters dendritic
morphology of adult hippocampal pyramidal neurons.
Brain Res 531:225–231; Watanabe Y, Gould E, McEwen
BS, 1992b. Stress induces atrophy of apical dendrites of
hippocampal CA3 pyramidal neurons. Brain Res 588:341–
345). Prefrontal cortex is also a target for glucocorticoids
involved in the stress response (Meaney MJ, Aitken DH.
1985. [3H]Dexamethasone binding in rat frontal cortex.
Brain Res 328:176–180); it shows neurochemical changes
in response to stress (e.g., Luine VN, Spencer RL, McEwen
BS. 1993. Effect of chronic corticosterone ingestion on
spatial memory performance and hippocampal serotoner-
gic function. Brain Res 616:55–70; Crayton JW, Joshi I,
Gulati A, Arora RC, Wolf WA. 1996. Effect of corticoste-
rone on serotonin and catecholamine receptors and uptake
sites in rat frontal cortex. Brain Res 728:260–262; Takao
K, Nagatani T, Kitamura Y, Yamawaki S. 1997. Effects of
corticosterone on 5-HT1A and 5-HT2 receptor binding and
on the receptor-mediated behavioral responses of rats. Eur
J Pharmacol 333:123–128; Sandi C, Loscertales M. 1999.
Opposite effects on NCAM expression in the rat frontal
cortex induced by acute vs. chronic corticosterone treat-
ments. Brain Res 828:127–134), and mediates many of the

behaviors that are altered by chronic corticosterone ad-
ministration (e.g., Lyons DM, Lopez JM, Yang C,
Schatzberg AF. 2000. Stress-level cortisol treatment im-
pairs inhibitory control of behavior in monkeys. J Neurosci
20:7816–7821). To determine if glucocorticoid-induced
morphological changes also occur in medial prefrontal
cortex, the effects of chronic corticosterone administration
on dendritic morphology in this corticolimbic structure
were assessed. Adult male rats received s.c. injections of
either corticosterone (10 mg in 250mL sesame oil;n 5 8)
or vehicle (250mL; n 5 8) daily for 3 weeks. A third group
of rats served as intact controls (n 5 4). Brains were
stained using a Golgi-Cox procedure and pyramidal neu-
rons in layer II-III of medial prefrontal cortex were drawn;
dendritic morphology was quantified in three dimensions.
Sholl analyses demonstrated a significant redistribution of
apical dendrites in corticosterone-treated animals: the
amount of dendritic material proximal to the soma was
increased relative to intact rats, while distal dendritic ma-
terial was decreased relative to intact animals. Thus,
chronic glucocorticoid administration dramatically reor-
ganized apical arbors in medial prefrontal cortex. This
reorganization likely reflects functional changes and may
contribute to stress-induced changes in cognition. © 2001
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INTRODUCTION

A wealth of data documents the adverse effects of
chronic stress on physiology and behavior. Chronic
stress is associated with increased risk for illness, the

development of a variety of psychological disorders,
and changes in cognition. For instance, chronic expo-
sure to a stressor results in the development of gastric
ulcers (Henke, 1990). In addition, individuals experi-
encing increased numbers of stressful life events are
more likely to develop respiratory infections (Stone et
al., 1987). Stress has also been hypothesized to play a
causal role in several psychological disorders. For
instance, depressed individuals are more likely than
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nondepressed individuals to have experienced at least
one stressful life event prior to diagnosis (Brown and
Harris, 1989), and stressful life events appear to in-
crease the probability of a psychotic episode in
schizophrenics (Ventura et al., 1989). Animal studies
have also demonstrated detrimental effects of stress
on many behaviors. For instance, several studies have
demonstrated stress-induced deficits in a variety of
cognitive tasks, including shuttle escape (Seligman
and Maier, 1967), water maze (Altenor et al., 1977),
appetitively motivated operant conditioning (Rosel-
lini, 1978), and radial maze tasks (Luine et al., 1994).

Many of the effects of chronic stress are thought to
be mediated by stress-induced increases in circulating
levels of glucocorticoids (e.g., Uno et al., 1989), and
in fact, chronic elevations of circulating glucocorti-
coids have been shown to produce a variety of cog-
nitive deficits. For instance, rats exposed to daily
corticosterone injections for 8 weeks demonstrated
decreased spontaneous alternation on a T maze
(Bardgett et al., 1994). Likewise, 21-day corticosterone
implants that produced a two- to four-fold increase in
serum corticosterone levels in rats impaired acquisition
of a passive-avoidance task (Bisagno et al., 2000). In
addition, chronic corticosterone treatment has been
shown to impair both acquisition of a radial arm maze
task (Dachir et al., 1993) and accuracy of recall of spatial
information in the Morris water maze (Sousa et al.,
2000) in rats. Finally, chronic administration of stress
levels of cortisol has been shown to impair response
inhibition in squirrel monkeys (Lyons et al., 2000).

The behavioral deficits induced by chronic corti-
costerone administration have typically been attrib-
uted to corticosterone-induced changes in the hip-
pocampus, which is a primary neural target of
glucocorticoids (Gerlach and McEwen, 1972) and is
involved in many of the behaviors altered by chronic
corticosterone administration. Both chronic cortico-
sterone administration and chronic stress result in
extensive atrophy of apical dendrites of pyramidal
neurons in hippocampal area CA3 (Woolley et al.,
1990; Watanabe et al., 1992; Magarinos et al., 1996),
and administration of cyanoketone, which blocks
stress-induced increases in corticosterone, prevents
the stress-induced atrophy of CA3 apical dendrites
(Magarinos and McEwen, 1995). This dendritic atro-
phy appears to be mediated by both the glutamatergic
and serotonergic systems: administration of either the
NMDA receptor antagonist CGP 43487 (Magarinos
and McEwen, 1995) or the serotonin uptake inhibitor
tianeptine (Watanabe et al., 1992a) prevents the
stress-induced dendritic atrophy.

However, prefrontal cortex is also a target for
glucocorticoids involved in the stress response:
[3H]dexamethasone binds to receptors in frontal and

prefrontal cortex at about 75% of the concentration
found in hippocampus. In addition, [3H]dexametha-
sone binding in frontal cortex is altered by both cor-
ticosterone treatment and adrenalectomy, indicating
the presence of endogenously regulated corticosterone
receptors (Meaney and Aitken, 1985). Furthermore,
prefrontal cortex is also involved in many of the tasks
that are influenced by chronic elevations of circulating
glucocorticoids. For instance, lesions of prefrontal
cortex in rats impair spontaneous alternation, radial
maze performance, and passive avoidance. Likewise,
lesions of prefrontal cortex in primates impair inhibi-
tion of the line-of-sight response (e.g., Dias et al.,
1996). Thus, potential alterations in prefrontal cortex
may mediate some corticosterone-induced behavioral
changes. Chronic corticosterone administration has
been shown to produce a variety of neurochemical
changes in prefrontal cortex, including decreased
5-HT1A (Crayton et al., 1996) and 5-HT2 receptor
binding (Takao et al., 1997), as well as decreased
serotonin levels (Luine et al., 1993). In addition,
chronic elevations of corticosterone result in de-
creased expression of the neural cell adhesion mole-
cule (NCAM; Sandi and Loscertales, 1999), a cell-
surface macromolecule involved in regulating aspects
of synapse stabilization, which suggests the possibil-
ity of structural changes as a result of chronic stress
levels of corticosterone. Therefore, to determine if
glucocorticoid-induced morphological changes also
occur in medial prefrontal cortex, the effects of
chronic corticosterone administration on dendritic
morphology of layer II-III pyramidal neurons in this
corticolimbic structure were assessed.

METHODS

Animals

Adult male Sprague-Dawley rats (175–200 g, approxi-
mately 50 days old at the initiation of the experiment;
Harlan Sprague-Dawley, Indianapolis, IN) received s.c. in-
jections of either corticosterone (RBI, Natick, MA; 10 mg in
250mL sesame oil;n 5 8) or vehicle (250mL; n 5 8) daily
for 3 weeks. The corticosterone dose is based on that of
Woolley et al. (1990) and results in peak plasma cortico-
sterone levels comparable to stress levels, which then fall to
nonstress levels within 24 h (Hauger et al., 1987). This dose
is sufficient to produce pronounced atrophy of apical den-
drites of pyramidal neurons in hippocampal area CA3
(Woolley et al., 1990). A third group of rats served as
untreated controls (n 5 4). Rats were individually housed in
a vivarium with a 12:12 h light/dark cycle (lights on at
7 a.m.), ambient temperature of 23–25°C, and free access to
food and water. All experimental procedures occurred be-
tween 10:00 a.m. and 2:00 p.m., and were approved by the
Bloomington Institutional Animal Care and Use Committee.
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Histology and Dendritic Analyses

Approximately 24 h after the final injection, tissue was
processed using Glaser and Van der Loos’ modified Golgi
stain (Glaser and Van der Loos, 1981), which allows visu-
alization of whole neurons including processes. Animals
were overdosed with urethane and then perfused with 0.9%
saline. Brains were removed and immersed in Golgi-Cox
solution (a 1:1 solution of 5% potassium dichromate and 5%
mercuric chloride diluted 4:10 with 5% potassium chro-
mate). When staining was complete (10–14 days; deter-
mined in pilot animals by developing test sections at regular
intervals and assessing the presence of dendrites trailing off
into a series of dots; see Coleman and Flood, 1987), brains
were dehydrated in 1:1 absolute ethanol:acetone (3 h), fol-
lowed by absolute ethanol and then 1:1 ethanol:ether (30
min each). Brains were then infiltrated with a graded series
of celloidins before being embedded in 8% celloidin [8%
(v/v) parlodion in 1:1 absolute ethanol:ether]. Coronal sec-
tions were cut at 145mm on a sliding microtome (American
Optical 860). Free-floating sections were then alkalinized in
18.7% ammonia, developed in Dektol (Kodak), fixed in
Kodak Rapid Fix (prepared as per package instructions with
Solution B omitted), dehydrated through a graded series of
ethanols, cleared in xylene, mounted, and coverslipped (see
Glaser and Van der Loos, 1981).

Pyramidal neurons in layer II-III of medial prefrontal
cortex (Zilles and Wree’s Cg1 and Cg3; Zilles and Wree,
1985) were drawn. The Cg1-3 area of medial prefrontal
cortex is readily identified by its position on the medial wall
of rostral cortex, and its location dorsal to infralimbic cor-
tex, which is markedly thinner than the Cg1-3 area and has
fewer, less well-defined layers [Zilles and Wree, 1995; Fig.
1(A)]. Within Cg1-3, layer II-III is readily identifiable in
Golgi-stained material based on its characteristic cytoarchi-
tecture. Its position is immediately ventral to the relatively
cell-poor layer I (which also contains the distal dendritic
tufts of layer II-III pyramids) and immediately dorsal to
layer IV; in medial prefrontal cortex, this boundary is pro-
nounced because of the greater cell-packing density and
smaller somata of pyramidal cells in layer II-III relative to
layer IV (Cajal, 1995; Zilles and Wree, 1995). Pyramidal
neurons were defined by the presence of a basilar dendritic
tree, a distinct, single apical dendrite, and dendritic spines
[Fig. 1(B)]. To control for potential confounds due to
shorter apical dendrites in layer II pyramidal neurons rela-
tive to those in layer III, the proportions of layer II and layer
III neurons included were approximately equal across
groups. Neurons with somata in the middle third of sections
were chosen to minimize the number of truncated branches.
However, when present, truncated branches were recon-
structed across sections. For each animal, 10 neurons were
drawn; this number yields a within-animal error of approx-
imately 10% (mean within-animal S.E.M. for total branch
number and length5 116 1%), and thus was considered to
provide a valid and representative sample of layer II-III
pyramidal neurons in medial prefrontal cortex. All neurons
were drawn at 750X and morphology of apical and basilar
arbors was quantified in three dimensions using a computer-

based neuron tracing system (Neurolucida, MicroBright-
field) with the experimenter blind to condition.

RESULTS

In all treatment groups, complete impregnation of
numerous cortical pyramidal neurons was apparent

Figure 1 (A) Schematic diagram of coronal sections
through rat prefrontal cortex. The portions of area Cg1-3
from which neurons were sampled is shown (shaded areas).
Coordinates indicate position relative to bregma (Paxinos
and Watson, 1997). (B) Photomicrograph of Golgi-stained
neuron in layer II-III of medial prefrontal cortex in an
untreated rat.
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(Fig. 1), and layer II-III was readily identifiable. Be-
cause relatively thick sections were taken through
prefrontal cortex, the apical and basilar arbors of
almost all neurons selected were completely con-
tained within a single section.

To assess overall changes in dendritic morphology,
total length and number of basilar and apical dendrites
were compared across groups. One-way ANOVAs
revealed no significant difference across groups in
either length or number for both basilar and apical
dendrites [allF’s(2, 17), 0.36, ns; Figs. 2 and 3].

To assess differences in the amount and location of
dendritic material, a three-dimensional version of a
Sholl analysis (Sholl, 1956) was performed. A Sholl
analysis estimates the amount and distribution of den-
dritic material by counting the number of intersections
of dendrites with an overlay of concentric rings cen-
tered on the soma. In the present study, the number of
intersections of dendrites with concentric spheres at

10-mm intervals were assessed. To simplify analyses,
the basilar and apical arbors were divided into thirds
based on the average maximal extent of the arbor in
intact animals; the Sholl data were then summed over
the 10-mm intervals to assess amount of dendritic
material in the proximal, middle, and distal thirds of
the basilar and apical arbors. These data were com-
pared using two-way ANOVAs (treatment3 distance
from soma).

The distribution of basilar dendritic material did
not vary across groups at any distance from the soma
[for main effect of treatment,F(2, 17)5 0.17, ns; for
interaction of treatment and distance from soma,F(4,
17) 5 0.37, ns; Fig. 4]. On the other hand, although
no overall effect of treatment was present [for main
effect of treatment,F(2, 17)5 0.79, ns], Sholl anal-
yses demonstrated a significant redistribution of api-
cal dendrites in corticosterone-treated animals [for
interaction of treatment and distance from soma,F(4,
17) 5 4.66;p , .01; Fig. 5]. Posthoc analyses (Fish-

Figure 3 Mean apical branch number (top) and length
(bottom) for untreated (n 5 4), vehicle- (n 5 8), and
corticosterone-treated rats (n 5 8). Overall apical branch
length and number did not vary across groups. Vertical bars
represent S.E.M. values.

Figure 2 Mean basilar branch number (top) and length
(bottom) for untreated (n 5 4), vehicle- (n 5 8), and
corticosterone-treated rats (n 5 8). Overall basilar branch
length and number did not vary across groups. Vertical bars
represent S.E.M. values.
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er’s PLSD) revealed that the amount of dendritic
material proximal to the soma was increased by 21%
in corticosterone-treated rats relative to untreated rats
[t(19)5 7.78;p , .01], while dendritic material in the
middle and distal portions of the arbor was decreased
22 and 58%, respectively, relative to untreated con-
trols [t(19) 5 28.60 and23.25;p , .01].

Interestingly, the distribution of apical dendritic
material in vehicle-treated rats was intermediate to
that seen in untreated and corticosterone-treated ani-
mals. The number of intersections proximal to the
soma in vehicle-treated rats did not differ significantly
from that of either untreated or corticosterone-treated
rats [t(19) 5 3.59 and24.19, ns]; intersections in the
middle portion of the apical arbor were significantly
decreased by 22% in vehicle-treated rats relative to
untreated rats [t(19) 5 28.56;p , .05]; and the 51%
decrease in intersections in the distal portion of the
arbor in vehicle-treated rats relative to untreated
controls approached significance [t(19) 5 22.81;
p , .08; Fig. 5].

DISCUSSION

Chronic corticosterone administration dramatically
reorganized apical arbors of layer II-III neurons in

medial prefrontal cortex, with an increase of 21% in
dendritic material proximal to the soma, along with a
decrease of up to 58% in dendritic material distal to
the soma. Interestingly, vehicle-treated animals
showed similar but less pronounced changes in apical
arbors. Thus, the stress of daily s.c. injections alone
may have altered apical dendritic arbors of layer II-III
pyramidal neurons in medial prefrontal cortex.

Our findings contrast with the morphological
changes seen in hippocampal area CA3 after chronic
corticosterone administration. Chronic elevation of
corticosterone results strictly in regressive changes in
area CA3 pyramidal neurons (Woolley et al., 1990);
in prefrontal cortex, the same dose and length of
administration results in a reorganization of dendrites
rather than simple atrophy. Thus, while dendritic mor-
phology in medial prefrontal cortex is altered by
chronic corticosterone administration, the nature of
the dendritic response here differs markedly from that
seen in the hippocampus.

Furthermore, whereas chronic injection of vehicle
has no effect on the morphology of hippocampal
neurons (Woolley et al., 1990), these same vehicle
injections resulted in changes in layer II-III neurons in
medial prefrontal cortex that were parallel to, but less
pronounced than, the corticosterone-induced changes.
Thus, the relatively mild stress of daily injections

Figure 4 Mean intersections of basilar dendrites with 10-mm concentric spheres summed across
the proximal, middle, and distal third of the arbor for untreated (n 5 4), vehicle- (n 5 8), and
corticosterone-treated rats (n 5 8). The distribution of basilar dendritic arbor did not differ across
groups. Vertical bars represent S.E.M. values.
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alone appears to alter the morphology of medial pre-
frontal cortex, suggesting an exquisite sensitivity to
chronic stress—perhaps even greater than that seen in

the hippocampus. Given that both stress (e.g., Brown
and Birley, 1968; Brown and Harris, 1989; Ventura et
al., 1989) and dysfunction of prefrontal cortex (e.g.,

Figure 5 (A) Computer-assisted reconstructions of Golgi-stained pyramidal neurons in layer II-III
of medial prefrontal cortex in an untreated and corticosterone-treated rat. Apical dendritic material
is increased proximal to the soma and decreased distal to the soma. (B) Mean intersections of apical
dendrites with 10-mm concentric spheres summed across the proximal, middle, and distal third of
the arbor for untreated (n 5 4), vehicle- (n 5 8), and corticosterone-treated rats (n 5 8). Vertical
bars represent S.E.M. values; asterisks (*) indicate significant difference relative to untreated rats.
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Baxter et al., 1989; Mayberg, 1997; Berman and
Weinberger, 1999) are hypothesized to play important
roles in disorders such as depression and schizophre-
nia, the morphological sensitivity of prefrontal cortex
to chronic elevations of corticosterone, and perhaps to
chronic stress, has important implications for the eti-
ology of these disorders.

Given that glucocorticoid receptors are plentiful in
medial prefrontal cortex (Meaney and Aitken, 1985),
the reorganization of apical dendrites here could be a
direct effect of corticosterone in prefrontal cortex.
Alternatively, it is also possible that the atrophy of
distal dendrites of layer II-III pyramidal neurons is a
result of loss of input from CA3 pyramidal neurons.
In addition to producing regressive dendritic changes
in CA3 pyramidal neurons (Woolley et al., 1990),
both administration of corticosterone and chronic
stress alter hippocampal excitability (e.g., Foy et al.,
1987, 1990; Joe¨ls and de Kloet, 1989). Hippocampal
areas CA1 and CA3 both project directly to medial
prefrontal cortex. In rats, injections of retrograde trac-
ers centered in infralimbic cortex but extending into
the Cg1 and 3 areas label CA1 pyramidal cells (Swan-
son, 1981), and injections of tritiated amino acids into
CA3 label cingulate cortex (Swanson and Cowan,
1977). In fact, the projection from CA3 to cingulate
cortex terminates exclusively in layer I (Swanson and
Cowan, 1977). Given that electrophysiological data
suggest that excitatory synapses on proximal apical
dendrites of prefrontal neurons serve to amplify
EPSPs generated in distal apical dendrites (Seamans
et al., 1997), the increase in proximal dendritic mate-
rial seen in the present study could be a compensatory
response to distal atrophy—an attempt to maintain the
excitation provided by now-reduced distal inputs. The
systemic administration of corticosterone used in the
present study prevents discrimination between these
two possible sites of action; however, future studies
will address this question by assessing dendritic mor-
phology in prefrontal cortex after chronic administra-
tion of corticosterone directly into either hippocampus
or medial prefrontal cortex.

Several studies have documented changes in hip-
pocampal neurochemistry in response to chronic
corticosterone administration (e.g., Luine et al.,
1993; Orchinik et al., 1995; Nair et al., 1998), and
studies have demonstrated that the atrophy of CA3
pyramidal neurons is mediated by NMDA receptors
(Magarinos and McEwen, 1995) and can be pre-
vented via manipulations of the serotonergic system
(Watanabe et al., 1992a). On the other hand, rela-
tively few studies have examined the neurochemi-
cal changes in prefrontal cortex induced by chronic
administration of high levels of corticosterone.
However, chronic corticosterone administration

produces serotonergic alterations in prefrontal cor-
tex (Luine et al., 1993; Crayton et al., 1996; Inoue
and Koyama, 1996; Takao et al., 1997), while stress
alters glutamate release in prefrontal cortex (Moghad-
dam, 1993; Jedema and Moghaddam, 1994; Bagley
and Moghaddam, 1997). These findings suggest that
similar neurochemical mechanisms could mediate the
dendritic alterations seen in hippocampus and pre-
frontal cortex as a result of chronic elevations of
corticosterone.

Finally, the corticosterone-induced reorganization
of apical dendrites documented here likely reflects
important functional changes in medial prefrontal cor-
tex. Pyramidal neurons segregate their inputs. For
instance, in piriform cortex, the distal part of the
apical dendrites of layer III pyramidal neurons re-
ceives extrinsic inputs, while more proximal portions
of the apical dendrite, as well as the basilar dendrites,
receive intrinsic inputs (Price, 1973). While the seg-
regation of inputs to pyramidal neurons in neocortex
is not as straightforward, pyramidal neurons in medial
prefrontal cortex nonetheless tend to segregate inputs,
with extracortical afferents (for instance, from the
mediodorsal nucleus of the thalamus and hippocampal
area CA3) tending to cluster on distal dendrites (i.e.,
in layer I; Swanson and Cowan, 1977; Groenewegen,
1988) and synapses of local cortical circuits tending to
cluster on proximal portions of the apical and basilar
arbor (Scheibel and Scheibel, 1970). Thus, the corti-
costerone-induced reorganization of the apical den-
drites of layer II-III pyramidal neurons in medial
prefrontal cortex likely results in a shift in emphasis
from subcortical to intracortical information. This
functional reorganization of individual neurons likely
has important implications for the functioning of me-
dial prefrontal cortex and behaviors mediated by it.
Thus, the corticosterone-induced changes in dendritic
morphology of medial prefrontal cortex may contrib-
ute to stress-induced cognitive changes.

The author thanks Ms. Jennifer L. Weaver for assistance
with data collection and Dr. Dale R. Sengelaub for his
helpful comments on the manuscript.
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