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KEYWORDS Summary Both stress and dysfunction of prefrontal cortex are linked to psychological dis-
orders, and structure and function of medial prefrontal cortex (mPFC) are altered by stress.
Chronic restraint stress causes dendritic retraction in the prelimbic region (PL) of mPFC in rats.
Dopamine release in mPFC increases during stress, and chronic administration of dopaminergic
agonists results in dendritic remodeling. Thus, stress-induced alterations in dopaminergic trans-
mission in PL may contribute to dendritic remodeling. We examined the effects of dopamine
D1 receptor (D1R) blockade in PL during daily restraint stress on dendritic morphology in PL.
Rats either underwent daily restraint stress (3 h/day, 10 days) or remained unstressed. In each
group, rats received daily infusions of either the D1R antagonist SCH23390 or vehicle into PL
prior to restraint; unstressed and stressed rats that had not undergone surgery were also exam-
ined. On the final day of restraint, rats were euthanized and brains were processed for Golgi
histology. Pyramidal neurons in PL were reconstructed and dendritic morphology was quanti-
fied. Vehicle-infused stressed rats demonstrated dendritic retraction compared to unstressed
rats, and D1R blockade in PL prevented this effect. Moreover, in unstressed rats, D1R block-
ade produced dendritic retraction. These effects were not due to attenuation of the HPA
axis response to acute stress: plasma corticosterone levels in a separate group of rats that
underwent acute restraint stress with or without D1R blockade were not significantly different.
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These findings indicate that dopaminergic transmission in mPFC during stress contributes directly
to the stress-induced retraction of apical dendrites, while dopamine transmission in the absence
of stress is important in maintaining normal dendritic morphology.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Stress is linked to many psychological disorders, including
post-traumatic stress disorder, depression, and schizophre-
nia (e.g., Leff et al., 1973; Harder et al., 1980; Brown and
Harris, 1989). These stress-sensitive psychological disorders
are often characterized by prefrontal cortex dysfunction
(e.g., Weinberger et al., 1986; Berman et al., 1987, 1988;
Breier et al., 1992; Drevets et al., 1992; Glantz and Lewis,
2000; Liotti et al., 2002; Milad et al., 2009; Cisler et al.,
2013). Thus, understanding how stress alters prefrontal cor-
tex may elucidate how stress contributes to psychological
disorders.

Chronic (Cook and Wellman, 2004), mild (Brown et al.,
2005), and acute stressors (lzquierdo et al., 2006) cause
retraction of apical dendrites of pyramidal neurons in rat
medial prefrontal cortex (mPFC). Chronic stress in rats
impairs prefrontally mediated behaviors such as retrieval of
extinction of conditioned fear (Miracle et al., 2006; Baran
et al., 2009; Farrell et al., 2010), working memory (Hains
et al., 2009; Mika et al., 2012), and attentional set-shifting
(Liston et al., 2006). Further, prior stress dampens mPFC
single-unit firing during extinction (Wilber et al., 2011)
and impairs induction of long-term potentiation (LTP) in
mPFC (Maroun and Richter-Levin, 2003; Rocher et al., 2004;
Richter-Levin and Maroun, 2010).

Both NMDA and glucocorticoid receptors have been impli-
cated in the stress-induced dendritic retraction in mPFC (Liu
and Aghajanian, 2008; Martin and Wellman, 2011). How-
ever, during an acute stressor, dopamine levels in mPFC
are markedly increased (Abercrombie et al., 1989; Gresch
et al., 1994). Given that chronic administration of dopami-
nergic agonists such as amphetamine and cocaine produces
dendritic proliferation in mPFC (e.g., Robinson and Kolb,
2004; Ball et al., 2010), stress-induced alterations in mPFC
dopamine release could also contribute to dendritic remod-
eling.

The D1 receptor (D1R) is the most plentiful dopamine
receptor in mPFC, at levels twenty times greater than D2-
family receptors (Goldman-Rakic et al., 2000), and has
been linked to stress and stress-sensitive cognitive pro-
cesses. For instance, blockade of D1 but not D2 receptors in
mPFC inhibits stress-induced increases in dopamine release
in nucleus accumbens (Doherty and Gratton, 1996), and
chronic stress impairs dopamine receptor-dependent long-
term potentiation (LTP) in ventral mPFC (Goldwater et al.,
2009) and working memory (Hains et al., 2009). Intra-
mPFC D1R blockade impairs consolidation of extinction of
conditioned fear (Hikind and Maroun, 2008) and working
memory (Dent and Neill, 2012). Infusion of a D1R ago-
nist in mPFC at low doses improves working memory while
higher doses impair working memory performance (e.g.,
Zahrt et al., 1997; Lidow et al., 2003; Cools and D*Esposito,
2011; Dent and Neill, 2012). D1 but not D2 receptor

antagonism blocks LTP maintenance (Huang et al., 2004).
Given the prominent role of D1R activation in stress and pre-
frontally mediated behaviors, D1R activation during stress
may contribute to dendritic remodeling in mPFC. To test
this hypothesis, we examined dendritic morphology of pyra-
midal neurons in the prelimbic region (PL) of mPFC in
rats that underwent daily restraint stress with intra-mPFC
infusion of either the D1R-family antagonist SCH23390 or
vehicle.

2. Materials and methods

2.1. Effects of D1 blockade on dendritic
morphology

2.1.1. Subjects and surgery

Male Sprague-Dawley rats (57 +1.2 days old at surgery;
Harlan, Indianapolis, IN; total N=45) were housed individ-
ually in standard laboratory cages (48cm x 20cm x 26 cm),
with food and water available ad libitum, ambient temper-
ature 23—25°C, and a 12:12h light/dark cycle (lights on
at 0700 h). All experimental procedures occurred between
0800 h and 1900 h, were carried out in accordance with the
NIH Guide for the Care and Use of Laboratory Animals, and
were approved by the Bloomington Institutional Animal Care
and Use Committee.

Rats (n=29) underwent surgery for implantation of
bilateral guide cannulae aimed at prelimbic cortex. Rats
were anesthetized with IP ketamine (74mg/kg), xylazine
(3.7mg/kg), and acepromazine (0.74mg/kg) and given sc
Rimadyl (5mg/kg). Rats were placed in a stereotaxic
apparatus, and 22-gauge guide cannulae (Plastics One,
Roanoke, VA) were implanted bilaterally just dorsal to
PL (2.6 mm anterior to bregma; +0.5mm from midline,
2.7mm ventral to bregma), allowing infusion cannulae,
which project 1 mm below the guide cannulae, to extend
into PL. Guide cannulae were secured to skull screws
with dental acrylic, and skin was sutured around the
headstage.

2.1.2. Infusion and chronic restraint stress
All rats were allowed approximately 1 week of recovery from
surgery. To assess the effects of D1R blockade on chronic
stress-induced dendritic remodeling in PL, rats were ran-
domly assigned to vehicle (n =8 unstressed and 7 stressed) or
SCH23390 (n=7 unstressed and 7 stressed) infusion groups.
To control for potential effects of surgery and handling, a
final group of unstressed (n=38) and stressed (n=38) rats that
had not undergone surgery were also examined. See Fig. 1A
for schematic of experimental design.

All rats receiving infusions were handled for 3 days
prior to stress and infusions. Infusions were performed daily
for 10 days using two blunt-tipped 2 pl Hamilton syringes
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Figure 1  (A) Schematic representation of the experimental

design for assessing effects of D1 blockade during daily restraint
stress on dendritic morphology in PL. (B) Schematic represen-
tation of the time line for assessing effects of D1 receptor
blockade on acute HPA axis response to stress. Gray arrow indi-
cates time at which infusion of either vehicle or SCH23390
occurred; black arrows, times at which blood samples were
taken.

connected to infusion cannulae (Plastics One, Roanoke,
VA) with microdialysis tubing (Bioanalytical Systems, West
Lafayette, IN), through which the selective D1R antago-
nist SCH23390 (Sigma, St. Louis, MO; 0.25 pg/side in 0.5 ul
sterile saline) or vehicle (0.5 pl sterile saline) was infused.
Infusion of this volume and concentration of SCH23390 into
mPFC is sufficient to impair fear extinction consolidation
in rats undergoing auditory fear conditioning (Hikind and
Maroun, 2008). Infusion cannulae were left in place 5min
following the infusion to ensure sufficient diffusion away
from the cannula tip. All rats were weighed for verifica-
tion of the stress manipulation. Immediately after weighing
and infusions, stressed rats were placed in plastic semi-
cylindrical restrainers (6.35 cm diameter x 15.24 cm length,
modified so the tail piece locks into place; Braintree Scien-
tific) in their home cages for 3 h, a manipulation that pro-
duces significant increases in plasma corticosterone levels
(Cook and Wellman, 2004). Unstressed rats were returned
to the vivarium. Daily restraint occurred for 10 days.

2.1.3. Histology and dendritic analysis

Within 12 h of the final stress or infusion session, rats were
deeply anesthetized with urethane and transcardially per-
fused with saline. Adrenal glands were removed and weighed
for verification of the stress manipulation. Brains were
removed and processed using Glaser and Van der Loos’ mod-
ified Golgi stain, as described previously (Glaser and Van
der Loos, 1981; Martin and Wellman, 2011). Coronal sec-
tions were cut at 200 wm on a sliding microtome (American
Optical AO860, Buffalo, NY).

Pyramidal neurons in layer lI—Ill of PL (Zilles and Wree’s
Cg3; Zilles and Wree, 1985) were drawn from four sections
evenly spaced through the anterior—posterior extent of PL
(Fig. 3A). Pyramidal neurons were defined by the presence
of at least two basilar dendritic trees with at least third-
order branches, a distinct, single apical dendritic tree with
an identifiable apical tuft, and dendritic spines. Within each
section, all pyramidal neurons in layer II—Ill that did not have
truncated branches and were unobscured by neighboring
neurons were identified, and using a random number gen-
erator, one neuron per hemisphere was randomly selected
for reconstruction, for a total of eight neurons per animal
(see Martin and Wellman, 2011). All neurons were drawn
at a final magnification of 600x and morphology of apical
and basilar arbors was quantified in three dimensions using
a computer-based neuron tracing system (Neurolucida, MBF
Biosciences, Williston, VT) with the experimenter blind to
condition.

2.1.4. Statistical analyses

Chronic stressors such as restraint or immobilization atten-
uate normal weight gain (e.g., Marti et al., 1994; Cook
and Wellman, 2004) and increase relative adrenal weight
in rats (e.g., Heiderstadt et al., 2000). Therefore, to ver-
ify the stress manipulation, weight gain was compared
across groups using three-way ANOVA (stress group x drug
treatment x day), while adrenal weights were compared
across groups using two-way ANOVA (stress group x drug
treatment). To assess changes in dendritic morphology,
total length and number of basilar and apical dendrites
were compared across groups using two-way ANOVAs (stress
group x drug treatment). Follow-up planned comparisons
were performed when appropriate, and consisted of two-
group F tests done within the context of the overall ANOVA
(Hays, 1994).

2.2. Effects of mPFC D1 blockade on acute
stress-induced corticosterone release

Previous studies suggest a role for mPFC in modulating
stress-induced HPA axis activation (Ulrich-Lai and Herman,
2009). To assess potential effects of D1R blockade in PL
on HPA axis response to acute stress, we assessed plasma
corticosterone levels in rats (N=41) that underwent acute
restraint stress with or without D1R blockade. To minimize
confounding effects of repeated blood sampling, a cross-
sectional design was employed. Male Sprague-Dawley rats
(68 + 1.7 days old at surgery; Harlan, Indianapolis, IN) under-
went implantation of guide cannulae as described above.
After at least 1 week recovery from surgery, during which
rats were handled daily, rats received infusions of either
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SCH23390 or vehicle, as described above. After the 5-min
infusion period, rats were either anesthetized immediately
(Omin group; see below) or placed in plastic restrainers
for 30min. This manipulation significantly increases plasma
corticosterone concentrations (Viau and Sawchenko, 2002).
Rats were deeply anesthetized with urethane either immedi-
ately after infusion (0 min post-onset of stress; n=7 Vehicle
and 4 SCH23390), immediately after the 30-min restraint
stress (30 min; n=8 Vehicle and 9 SCH23390), or 1h after
the cessation of stress (i.e., 90 min after the onset of stress;
90min group; n=8 Vehicle and 55CH23390). Blood sam-
ples were taken via cardiac puncture within a median of
2 min after urethane injection. All infusions and blood samp-
ling occurred between 1230h and 1730h. See Fig. 1B for a
schematic of the experimental design.

Blood was transferred to heparinized vials and cen-
trifuged at 2000 x g for 15min to obtain plasma. Cortico-
sterone titers were assessed using a competitive enzyme
immunoassay kit (Enzo Life Sciences, Plymouth Meeting,
PA). This assay has low cross-reactivity with other major
steroid hormones, sensitivity of <27 pg/mL, and coefficients
of variation within and across assays of <8.0% and <13.1%,
respectively. Corticosterone concentrations were compared
across groups using two-way ANOVA (time after onset of
restraint x drug treatment). Significant effects were fol-
lowed up with Fisher’s PLSD post hoc tests.

Immediately after blood sampling, rats were transcar-
dially perfused with saline followed by 10% buffered
formalin. Brains were removed, post-fixed, and cryopro-
tected. Coronal sections through the rostral forebrain were
cut at 40 wm on a sliding microtome (Leica Histoslide 2000,
Buffalo Grove, IL). Sections were stained with cresyl echt
violet and examined under a light microscope to verify can-
nulae placement.

3. Results

3.1. Verification of cannula placement and chronic
stress manipulation

Guide cannula placement was verified based on standard
cytoarchitectural criteria (Paxinos and Watson, 1998), and
is shown in Fig. 2.

Chronic stress significantly attenuated weight gain
(Fig. 3A; main effect of stress, Fy3y=105.90, p<.05;
stress x day interaction, Fy 15 =68.99, p <.05). There was
no significant effect of drug treatment per se (Fz,39=0.44,
ns), but there were significant interactions of stress and
drug treatment (F; 39 = 8.30, p <.05), and stress, drug treat-
ment, and day (Fg,5, =6.06, p <.05). Planned comparisons
revealed that within unstressed and stressed groups, weight
was comparable between no-surgery and vehicle rats on all
days (for unstressed rats, all Fsq 14 <0.90, ns; for stressed
rats, all Fs;¢3<0.90, ns). In no-surgery, vehicle-, and
SCH23390-infused rats, stress significantly reduced weight
gain on days 3—9 compared to unstressed rats (for no-
surgery rats, all Fsy,14>64.58, p <.05; for vehicle-infused
rats, all Fsy 43> 15.30, p<.05; for SCH23390-infused rats,
all Fsqy,12 >4.63, p<.05). Within unstressed rats, SCH23390
infusion significantly attenuated weight gain on days 5—9
compared to no-surgery rats (Fsq 13 >8.99, p <.05), though

® Unstressed Vehicle

o Stressed Vehicle

v Unstressed SCH23390
v Stressed SCH23390

+1.70 mm

Figure 2  Guide cannula placement based on standard cytoar-
chitectural criteria (Paxinos and Watson, 1998). All guide
cannulae were located just dorsal to prelimbic cortex. Infusion
cannulae extended 1 mm beyond the tip of the guide cannu-
lae. Although placements were bilateral, for simplicity only one
hemisphere is shown.

this effect was not significant compared to vehicle-infused
rats on any day (all Fsy3<3.61, ns). However, within
stressed groups, SCH23390-infused rats showed significantly
increased weight gain on days 3 through 9 compared to
stressed no-surgery rats (all Fq14>4.75, p<.05) and on
day 9 compared to stressed vehicle-infused rats (Fy 1, = 6.06,
p <.05). Thus, SCH23390 infusion had opposite effects on
weight gain in unstressed versus stressed rats.

Relative adrenal weight was significantly increased in
stressed compared to unstressed rats (Fig. 3B; main effect
of stress, F1,39=78.79, p <.05). Although drug treatment per
se did not significantly influence adrenal weight (F;,39=1.79,
ns), there was a significant interaction between stress and
drug treatment (F;,39=4.17, p <.05). Planned comparisons
demonstrated that within stress groups, vehicle-treated
and no-surgery groups did not differ from each other
(unstressed, Fy14=0.37, ns; stressed, F;43=0.88, ns). In
no-surgery, vehicle-, and SCH23390-infused rats, stress
significantly increased relative adrenal weight compared
to unstressed rats (no-surgery rats, Fq4=31.64, p<.05;
vehicle-infused rats, Fy 13 =28.99, p <.05; SCH23390-infused
rats, Fi12=38.03, p<.05). Although unstressed SCH23390-
treated rats did not differ significantly from unstressed
no-surgery or vehicle-infused rats (both Fs;3=1.35, ns),
within stressed rats, relative adrenal weight was sig-
nificantly lower in SCH23390-infused rats compared to
no-surgery (Fq 13 =6.85, p <.05) but not vehicle-infused rats
(F1,13 =3.22, nS).

3.2. Prefrontal D1R blockade alters normal
morphology and prevents stress-induced dendritic
retraction

To assess changes in apical dendrites, total branch num-
ber and length were compared across groups (Fig. 4B and
C). Although there was no significant overall effect of
drug treatment (F;,3=1.28, ns) or stress (Fy,3=0.33, ns)
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Figure 3 (A) Mean weight change in unstressed versus

stressed rats receiving no surgery, vehicle infusion, or SCH23390
infusion. Stress attenuated weight gain in each drug treat-
ment group, but there was less attenuation in SCH23390-infused
stressed rats. Vertical bars represent SEM values. (B) Mean
adrenal weight in unstressed versus stressed rats receiving no
surgery, vehicle infusion, or SCH23390 infusion, expressed in
mg/100 g body weight. Stress increased relative adrenal weight
in each drug treatment group, but the increase was smaller
in SCH23390-infused stressed rats. Vertical bars represent SEM
values. For both (A) and (B), *significant differences between
unstressed and stressed rats within drug treatment groups;
Isignificant difference relative to unstressed no-surgery group;
#significant difference relative to stressed no-surgery group;
significant difference relative to stressed vehicle-infused group.

on apical branch number, the interaction between drug
treatment and stress was significant (F;,39=5.79, p <.05).
Planned comparisons revealed that within the unstressed
groups, treatment with SCH23390 significantly reduced api-
cal branch number relative to either no-surgery or vehicle-
infused controls (Fy,13=5.93 and F; 43=9.80, respectively,
both p <.05). Unstressed no-surgery and vehicle-infused
rats did not differ from each other (F;,14=0.56, ns). Stress
did not significantly alter apical branch number in either
no-surgery rats or vehicle-infused rats (Fy14=3.47 and
F1,43=3.59, respectively, both ns). However, in SCH23390-
infused rats, stress significantly increased apical branch
number (F; 12 =4.75, p <.05), restoring branch numbers to

values comparable to those in each of the other treatment
groups (all Fs <2.73, ns).

For apical dendritic length (Fig. 4B and C), the main
effect of stress was not significant (Fy39=0.42, ns), but
there was a significant effect of drug treatment (F; 39 = 3.40,
p <.05) and a significant interaction of drug treatment and
stress (F2,39=9.44, p<.05). Planned comparisons revealed
that within the unstressed groups, SCH23390 infusion signifi-
cantly reduced apical dendritic length relative to no-surgery
(F1,13=16.95, p <.05) and vehicle-infused rats (F; 43 = 10.54,
p <.05). Unstressed no-surgery and vehicle rats did not
differ from each other (Fy14=1.60, ns). The effect of
stress varied across drug treatments: in no-surgery and
vehicle-infused rats, stress significantly decreased api-
cal branch length relative to unstressed rats (Fi14=6.69
and F;13=5.90, respectively, both p<.05). However, in
SCH23390-infused rats, stress significantly increased api-
cal length compared to unstressed SCH23390-infused rats
(F1,12=6.53, p<.05), restoring branch lengths to values
comparable to those in unstressed no-surgery and vehicle
rats (all Fs <2.75, ns).

To assess changes in basilar dendrites, total branch num-
ber and length were compared across groups (Fig. 4D).
Although there was no main effect of stress on basilar
branch number or length (F; 39 = 3.05 and 1.95, respectively,
both ns), there was a significant effect of drug treatment
(F2,39=4.33 and 11.34, respectively, both p <.05), and an
interaction between drug treatment and stress (F2,39 =3.30
and 6.58, respectively, both p <.05). Planned comparisons
showed that within the unstressed groups, SCH23390 infu-
sion reduced basilar branch number and length relative to
either no-surgery controls or vehicle-infused controls (for
branch number, Fy 13=5.93 and Fy,13 =9.80, respectively; for
branch length, F;13=30.56 and F;3=12.14, respectively;
all p <.05). Unstressed no-surgery and vehicle-infused rats
did not differ from each other (Fy,14=0.03 and 2.29, both
ns). Stress did not significantly alter basilar branch num-
ber or length in either no-surgery or vehicle-infused rats
(for no-surgery rats, F1 14=0.73 and 0.31; for vehicle-infused
rats, F;3=0.81 and 0.71; all ns). However, stress sig-
nificantly increased basilar branch number and length in
SCH23390-infused rats (Fy,12 =9.60 and 12.29, respectively;
both p <.05).

3.3. Prefrontal D1R blockade does not alter acute
stress-induced increases in corticosterone

Infusion cannulae placements were verified based on
standard cytoarchitectural criteria (Fig. 5A; Paxinos and
Watson, 1998). Corticosterone levels in both vehicle-infused
and SCH23390-infused animals exhibited typical HPA activity
patterns, with low levels in the Oh group, peak cortico-
sterone concentration occurring immediately after restraint
stress, and levels returning to baseline by 1h after the
end of restraint stress (Fig. 5B). Accordingly, the effect
of time point was significant (F2,35=90.52, p <.05). Post
hoc comparisons collapsed across drug treatment groups
demonstrated that plasma corticosterone concentrations
were significantly elevated in the 30-min groups relative
to the 0-min and 90-min groups (p <.05). Plasma corti-
costerone concentrations were significantly lower in the
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Figure 4 (A) Digital micrograph of Golgi-stained neuron in layers II-IIl of PL. Scale bar=75um. For a color version of this
micrograph, the reader is referred to the web version of the article. (A) Computer-assisted reconstructions of Golgi-stained neurons
in layers II-Ill of prelimbic cortex in unstressed and stressed, no-surgery, vehicle-infused, and SCH23390-infused rats. Neurons are

representative of apical dendritic lengths near their respective group means. Scale bar=75pum. (B) Mean apical branch nhumber
(left) and length (right) in unstressed versus stressed rats receiving no surgery, vehicle infusion, or SCH23390 infusion. Apical branch
number and length were significantly reduced in unstressed SCH23390-infused rats relative to unstressed no-surgery and vehicle-
infused rats. Stress significantly reduced apical branch length in no-surgery and vehicle-infused rats relative to unstressed no-surgery
and vehicle-infused rats. SCH23390 infusion prevented stress-induced dendritic retraction. Vertical bars represent SEMs. (C) Mean
basilar branch number (left) and length (right) in unstressed versus stressed rats receiving no surgery, vehicle infusion, or SCH23390
infusion. Basilar branch number and length were significantly reduced in unstressed SCH23390-infused rats relative to unstressed no-
surgery and vehicle-infused rats. Stress did not significantly alter basilar morphology in no-surgery and vehicle-infused rats relative
to unstressed no-surgery and vehicle-infused rats, but SCH23390 infusion during stress normalized basilar morphology. For both (C)
and (D), *significant differences between stressed and unstressed rats within a drug treatment group; !significant difference relative
to unstressed no-surgery group; fsignificant difference relative to unstressed vehicle-infused group; #significant difference relative
to stressed no-surgery group.
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(A) Guide cannula placement (based on standard cytoarchitectural criteria; Paxinos and Watson, 1998) in 0-min, 30-min,

and 90-min rats receiving either vehicle (open markers) or SCH23390 (filled markers) infusions. All guide cannulae were located
near the dorsal border of PL, and infusion cannulae extended 1 mm beyond the tip of the guide cannulae. Although placements
were bilateral, for simplicity only one hemisphere is shown. (B) Mean plasma corticosterone concentration for animals infused
with either vehicle or SCH23390 and perfused either prior to restraint (0 min post onset of stress), immediately after cessation of
restraint (30 min post onset of stress) or 1 h after cessation of restraint (90 min post onset of stress). SCH23390 infusion into PL
did not alter HPA response to acute stress. Vertical bars represent SEMs. *Significantly different from 0-min; !significantly different

from 90-min.

90-min groups relative to the 0-min groups (p <.05). No
significant effect of drug infusion was observed on plasma
corticosterone concentration (main effect of drug treat-
ment, Fy35=0.001, ns), and this did not vary across time
points (drug treatment x time point interaction, F; 35 =0.71,
ns).

4. Discussion

We investigated the role of dopamine D1Rs in stress-induced
dendritic remodeling in mPFC of male rats. Our major
findings are that, in unstressed rats, daily infusion of the
selective D1R antagonist SCH23390 into PL resulted in apical
and basilar dendritic retraction in PL; in contrast, intra-PL
D1R blockade during 10 days of daily restraint stress pre-
vented stress-induced apical dendritic retraction in PL.

4.1. D1Rs in PL and HPA axis function

Consistent with previous findings (e.g., Heiderstadt et al.,
2000; Cook and Wellman, 2004; Baran et al., 2009), chronic

stress attenuated body weight gain and increased relative
adrenal weight. Blockade of D1Rs in PL during repeated
restraint stress reduced both of these effects, suggesting
that D1 blockade in PL may have reduced the HPA axis
response to stress, with the sparing of dendritic morphol-
ogy being a secondary effect. However, this is unlikely for
several reasons. First, even mild, brief stressors produce
dendritic retraction (Brown et al., 2005; Izquierdo et al.,
2006). Second, the effect of D1 blockade on relative adrenal
weight was less pronounced that its effect on body weight,
suggesting that the effect of D1 blockade on relative adrenal
weight was driven by increased weight gain in stressed
SCH23390-infused rats relative to stressed controls. This is
consistent with evidence that stress-induced attenuation of
weight gain is not mediated by corticosterone (Magarinos
and McEwen, 1995). Third, in the present study, infusion of
SCH23390 into PL did not significantly alter plasma corti-
costerone concentrations during and after an acute 30-min
restraint stressor. Previous studies suggest a role for PL in
the inhibition of HPA axis function (e.g., Radley et al., 2006,
2008). Our findings suggest that D1Rs may not contribute to
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the role of PL in HPA axis negative feedback (though this
may be due to the bilateral nature of our manipulation;
see Sullivan, 2004). Instead, the prevention of dendritic
retraction could be responsible for the attenuation of the
stress effect on weight; i.e., the sparing of dendritic mor-
phology may have preserved the inhibitory input of PL on
structures responsible for the stress-induced weight loss. If
this were the case, the physiological markers of decreased
*stressfulness’’ of the restraint were more likely an effect
of rather than a cause of the morphological changes.

4.2. D1Rs maintain normal prefrontal dendritic
morphology in non-stress conditions

Interestingly, in unstressed rats, 10 days of daily D1R block-
ade caused apical and basilar dendritic retraction. Thus,
appropriate D1R activation in PL may contribute to main-
tenance of normal dendritic morphology. Previous studies
showed that chronic administration of drugs that increase
dopaminergic transmission causes dendritic proliferation in
PFC (e.g., Robinson and Kolb, 2004; Ball et al., 2010),
whereas constitutive D1R knockout resulted in basilar den-
dritic retraction (Wang et al., 2009). Our data are consistent
with these studies, and suggest that prefrontal D1Rs may
mediate the dendritic proliferation seen after chronic psy-
chostimulant administration: basal levels of D1R activation
in PL may be required to maintain normal dendritic mor-
phology, and increases in D1R activation under non-stress
conditions may contribute to dendritic proliferation (but see
Section 4.3).

4.3. D1Rs contribute to stress-induced dendritic
remodeling in PL

Chronic stress causes apical dendritic retraction in PL
(e.g., Cook and Wellman, 2004; Radley et al., 2004; Hill
et al., 2011; Martin and Wellman, 2011). Consistent with
this, 10 days of restraint stress caused apical dendritic
retraction in PL in both vehicle-infused and no-surgery con-
trol rats. Administration of the D1R antagonist SCH23390
during restraint stress prevented this retraction, suggest-
ing that D1R activation during stress contributes to the
stress-induced apical dendritic retraction. This finding is
surprising, as chronic administration of psychostimulants
results in dendritic proliferation (Robinson and Kolb, 2004).
However, the contrasting results could be due to a number of
factors, including systemic administration versus localized
infusion—perhaps the psychostimulant-induced mPFC pro-
liferation is due to changes in activity of afferents to mPFC
rather than a direct effect on mPFC. Alternatively, given
that stress-induced dendritic retraction can be prevented
by blocking either glucocorticoid (Liu and Aghajanian, 2008),
NMDA (Martin and Wellman, 2011), or D1Rs (present study),
stress-induced dendritic remodeling in mPFC may depend on
activation of these systems in concert. Similarly, dopamine-
induced proliferation may depend on activation of several
subtypes of dopamine receptors. We blocked only the D1-
family receptors, so our study may not reflect the effect of
global changes in dopaminergic transmission.

On the other hand, chronic stress reduces baseline
dopamine levels in mPFC (Gresch et al., 1994; Ramkumar

et al., 2012). Blockade of D1Rs during stress may pre-
vent stress-induced downregulation of dopamine release
in mPFC. Our data from unstressed rats suggest that D1R
activation is necessary for dendritic maintenance; thus,
preventing downregulation of baseline dopamine release
in mPFC could prevent stress-induced dendritic retraction.
This is consistent with the recent finding that intracra-
nial self-stimulation of the ventral tegmental area after
stress restores baseline levels of mPFC dopamine and apical
dendritic morphology (Ramkumar et al., 2012). Future stud-
ies measuring baseline levels of dopamine in mPFC could
determine whether D1R blockade in PL during stress pre-
vents stress-induced downregulation of dopamine release in
mPFC.

A final alternative is that an inverted U-shaped rela-
tionship between D1R activation in mPFC and dendritic
retraction, with either insufficient or excessive receptor
activation causing dendritic retraction. This inverted U-
shaped relationship is well documented for D1R activation
and working memory tasks (e.g., Zahrt et al., 1997; Lidow
et al., 2003; Cools and D‘Esposito, 2011; Dent and Neill,
2012). Indeed, consistent with the notion of a U-shaped
relationship, studies have shown both that application of
a D1 receptor agonist potentiates NMDA receptor responses
(Tseng and O‘Donnell, 2004; Seong and Carter, 2012), and
that feedforward cAMP-protein kinase A-calcium-protein
kinase C signaling impairs working memory and weakens
network connectivity in mPFC (e.g., Birnbaum et al., 2004;
Arnsten, 2009; Arnsten et al., 2012). Indeed, inhibition of
protein kinase C signaling prior to daily restraint stress
prevents both dendritic spine loss and working memory
impairment (Hains et al., 2009). Thus, D1R blockade in
unstressed rats may cause insufficient D1R activation and
result in dendritic retraction. Dopamine release in mPFC is
increased during stress (Abercrombie et al., 1989), which
may cause excessive D1R activation and result in den-
dritic retraction, as well as impairment of working memory
(Mizoguchi et al., 2000; Hains et al., 2009; Mika et al., 2012).
D1R blockade during stress may prevent stress-induced
increases in dopaminergic transmission, normalizing D1R
activation and preventing dendritic retraction.

Note, however, that SCH23390 blocks the D1 family of
receptors; thus, it is possible that the present results are
due at least in part to blockade of D5 receptors. Indeed, D5
receptors likely influence internal calcium stores and pro-
tein kinase C signaling (Paspalas and Goldman-Rakic, 2004).
SCH23390 is also an agonist at 5HT1C and 5HT2C recep-
tors, albeit at lower affinity than for the D1-family receptors
(e.g., Wamsley et al., 1991; Millan et al., 2001). Given the
role of serotonin in the stress response, we cannot rule out
a role for altered serotonergic transmission in our results.

Interestingly, a similar inverted U-shaped relationship
exists between glucocorticoid activity and both working
memory (Bardgett et al., 1994; Mizoguchi et al., 2004;
Roozendaal et al., 2004) and mPFC dendritic remodel-
ing (Wellman, 2001; Cerqueira et al., 2007). In fact,
stress-induced changes in D1Rs in mPFC may contribute to
stress-induced deficits in spatial working memory (Mizoguchi
et al., 2000), and glucocorticoid effects on dopamine target
neurons contribute to at least some of the behavioral effects
of chronic psychosocial stress. For instance, selective inac-
tivation of glucocorticoid receptors on dopaminoceptive
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neurons prevents the effects of chronic social defeat on
social aversion (Barik et al., 2013). Further, we have pre-
viously demonstrated that NMDA receptor blockade during
daily restraint stress also prevents prefrontal dendritic
retraction (Martin and Wellman, 2011). Given the inter-
actions between glucocorticoids and D1Rs (reviewed in
Sinclair et al., 2014) and dopamine’s modulation of NMDA
receptor-mediated currents via D1Rs (reviewed in Tritsch
and Sabatini, 2012), it is interesting to speculate that D1Rs
may be the final pathway by which stress-induced increases
in glucocorticoids alter both dendritic morphology in mPFC
and prefrontally mediated behaviors.
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