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The prefrontal cortex (PFC) supports a diversity of cognitive processes. Impairment in PFC-dependent cognition is associated with
multiple psychiatric disorders, including those known to display sex differences. Our ability to treat this impairment is limited, in
part due to an incomplete understanding of the neural mechanisms that support PFC-dependent cognition. In previous studies in
male rats, we demonstrated that corticotropin-releasing factor (CRF) receptors and neurons in caudal dorsomedial PFC (dmPFC)
regulate PFC-dependent working memory. Subcortically, CRF can exert sex-specific actions, a subset of which are ovarian steroid
dependent. To date, the cognitive actions of dmPFC CRF neurotransmission in females are unknown. To address this gap, the
current studies examined the effects of chemogenetic and pharmacological manipulations of CRF receptors and neurons within the
dmPFC of female rats tested in a spatial working memory task. Outside of proestrus, activation of both CRF receptors and neurons
in the caudal, but not rostral, dmPFC impaired working memory. Meanwhile, blockade of CRF receptors in the caudal dmPFC or
globally in the brain, improved working memory performance, similar to that seen in males. In contrast, these effects were not
observed during proestrus. These observations demonstrate that while CRF neurotransmission in the PFC regulates working
memory similarly in males and females, these actions are not observed in females when ovarian steroids are at peak levels.
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INTRODUCTION
The prefrontal cortex (PFC) supports cognitive processes needed
for the attainment of distal goals, particularly under distracting
conditions [1]. Impaired PFC-dependent cognition is a hallmark
feature of multiple psychiatric disorders. The incidence and
phenotype of many of these disorders, including depression,
schizophrenia, and attention deficit hyperactivity disorder (ADHD),
vary across men and women [2–4]. Currently available pharma-
cological treatments for PFC cognitive dysfunction suffer from
significant limitations [5]. Our incomplete understanding of the
neural mechanisms that support PFC-dependent cognition,
particularly across the broader population, limits the development
of more effective treatments for PFC-related cognitive impairment.
Prior studies in male rats demonstrate that corticotropin-

releasing factor (CRF) receptors in the caudal dorsomedial PFC
(dmPFC) impair PFC-dependent working memory [6]. Subsequent
chemogenetic studies demonstrated that activation of CRF
neurons in this region also impairs working memory, an action
that was dependent on local CRF receptors [7]. Conversely,
suppression of caudal dmPFC CRF neuronal activity and blockade
of CRF receptors in this region, or globally in the brain, improved
working memory [6, 7]. Collectively, these observations demon-
strate that, in males, CRF neurotransmission within the PFC
regulates PFC-dependent cognition. However, subcortically, CRF
has been demonstrated to exert sex-specific actions, a subset of
which are ovarian steroid-dependent [8, 9]. Moreover, as noted,
there exist significant sex differences in behavioral disorders

associated with PFC cognitive dysfunction. Lastly, while global
distribution of CRF in the brain impaired PFC-dependent sustained
attention in males and females, this was only observed in females
during portions of the estrus cycle associated with lower ovarian
steroids [10]. To date, the degree to which CRF neurotransmission
in the PFC affects cognitive function in females and whether these
actions fluctuate across estrus cycle stages associated with high
vs. low ovarian steroids are unknown.
To address these issues, the current studies examined the

effects of pharmacological and chemogenetic manipulations of
PFC CRF receptors and neurons in female rats tested in a delayed
response task of spatial working memory. To activate CRF neurons
in the PFC, we selectively expressed ‘excitatory’ (hM3Dq) DREADDs
in rostral or caudal dmPFC CRF neurons, similar to earlier studies in
males [7]. To better compare to prior studies in males [6, 10, 11]
and to better assess the potential clinical utility of CRF receptor
antagonists, we also examined the working memory effects of CRF
and a CRF antagonist distributed globally in the brain. To
determine estrus cycle dependency, treatments were delivered
at distinct stages of the estrus cycle associated with high
(proestrus) vs. lower levels of ovarian steroids (outside proestrus)
[12].
Outside of proestrus, activation of CRF receptors and neurons in

the caudal dmPFC impaired, while inhibition of caudal dmPFC CRF
neurotransmission improved, working memory. Within proestrus,
when ovarian steroids reach peak levels, these actions were not
observed. These studies demonstrate that in females tested
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outside the relatively short period of proestrus, PFC CRF
neurotransmission impacts working memory similar to that seen
in males. These observations further our understanding of the
neurobiology of PFC-dependent cognition and suggest that
circulating ovarian steroids modulate the cognitive actions of
PFC CRF neurotransmission.

METHODS AND MATERIALS
With the exception of vaginal cytology, all methods are as described
previously [6, 7, 13]. Additional details can be found in the Supplemental
Methods section.

Animals
Female Sprague-Dawley rats (200-300 grams; Charles River, Wilmington,
Massachusetts) were pair-housed in frosted polycarbonate cages on a 13/
11-hour light/dark cycle. Animals were fed ad libitum for the first 4–7 days
after arrival and then titrated for each pair (10–13 g of standard chow/day/
animal) to maintain motivation for food reward while avoiding weight loss.
Rats were handled extensively prior to behavioral testing and weighed 2x/
week. Training/testing was conducted between 0800 and 1600 h
(5–6 days/week). All procedures were in accordance with the National
Institutes of Health of the United States guidelines and approved by the
university’s Institutional Animal Care and Use Committee.

Surgery
Stereotaxic surgery was performed under isoflurane anesthesia (1–2%).
Intra-brain infusion cannulae (25 ga.) were positioned ~200 µm below the
dura to minimize cortical damage (bilaterally for intra-PFC, unilaterally for
ICV). For intra-PFC infusions, needle projection length varied as needed [6].
Stainless steel stylets prevented occlusion of cannulae and were replaced
as needed. For chemogenetic activation, a cocktail of two viruses was
infused bilaterally into the caudal or rostral dmPFC via 33 ga. infusion
needles [7]. This cocktail expresses hM3Dq and mCherry in a Cre-
dependent manner selectively in CRF neurons (AAV8-CRF-Cre; Vector
Biolabs, Malvern, PA+ AAV8-hSyn-DIO-hM3Dq-mCherry; Addgene, Cam-
bridge, MA). Viral controls lacked the DREADD transgene (AAV8-hSyn-DIO-
mCherry; Addgene, Cambridge, MA). 1.65 µl of viral cocktail mixed in a 1:2
ratio of CRF-Cre:2nd virus was infused at a rate of 0.25 µl/min.

Behavioral Training and Testing
Working memory training and testing was conducted in rooms devoid of
external spatial cues. Briefly, animals were trained to enter the arm of a
T-maze not chosen on the previous trial to receive a food reward in 20-trial
sessions/day (45mg sucrose pellet/trial, Bio-Serv, Flemington, NJ). Rats
were placed in a start box at the base of the maze between trials and
prevented from exiting by a removable gate, with an initial delay of 10-
seconds and a maximum of 60-seconds. Treatments were only given if
performance during the two days prior to testing did not differ by more
than 10%. Baseline performance levels of 70–95% or 62.5–87.5% were used
to detect working memory impairing or improving effects, respectively.
Treatment effects were measured as a within-subjects percent change
from baseline performance, measured as the average of the 2 days
preceding treatment.

Drug treatments
CRF (ovine, Bachem, Torrance, CA) was dissolved in buffered artificial
extracellular fluid (AECF; 147mmol/L NaCl, 1.3 mmol/L CaCl, 0.9 mmol/L
MgCl, 2.5 mmol/L KCl; pH= 7.4). The non-selective CRF antagonist, D-Phe-
CRF (12-41; Bachem, Torrance, CA), was dissolved in 0.9% saline. Animals
were transported to the testing room in their home cage and remained in
the testing room until testing was initiated. ICV and bilateral intra-PFC
infusions were performed 15-minutes prior to testing using 33 ga. needles
at a rate of 250 nl/min for 2-minutes (500 nl total). Infusion needles were
left in place for 2-minutes, after which the stylets were replaced. CNO
(clozapine-N-oxide dihydrochloride, Tocris, Bristol, UK) was dissolved in
0.9% saline and administered subcutaneously 45-minutes before testing.
To better assess the potential clinical utility of CRF antagonists, the small
molecule CRF1 antagonist, NBI 35965 hydrochloride (Tocris, Bristol, UK),
was dissolved in 0.9% saline and administered subcutaneously (1 ml/kg)
60-minutes before testing. Choice of antagonists and doses of all
treatments are based on prior observations in males [6, 7] and limited

pilot studies. The superficial cannula placement, combined with close
attention to infusion procedures (cleanliness, needle straightness) avoids
significant tissue damage/infection when the number of intra-tissue
infusions is limited to 7-8, a limit that was followed in this study.

Histology and Immunohistochemistry
Needle placements were determined in 40-µm thick coronal sections
stained with Neutral Red dye (Sigma-Aldrich, St. Louis, MO), as described
previously [6]. Data from a given experiment were included only when
histological analyses verified accurate placement of injector tip and
minimal PFC damage. The location and extent of viral expression (as
determined by mCherry) was determined as described previously [7].
In a subset of 3–5 animals per group, additional sections were labeled

for either CRF-immunoreactivity (ir) or Fos-ir and mCherry viral expression
as previously described [7]. 60X images were used to determine the
number of CRF-ir or Fos-ir and mCherry per image.

Vaginal cytology
Vaginal cytology was used to determine distinct stages of the estrus cycle
(metestrus, diestrus, estrus, proestrus) using criteria previously described
[14, 15]. Briefly, 0.05–0.1 mL sterile 0.01 M phosphate-buffered saline (PBS)
was applied with a sterile, disposable 1 mL syringe (BD, Franklin Lakes, NJ)
inserted 3–5mm into the vagina. Fluid was ejected and reabsorbed twice
and then ejected onto a microscope slide. Wet samples were then
evaluated for cycle phase using an Olympus BX51 microscope, and a
representative portion was imaged at 10x magnification with an attached
DP73 Olympus camera. Daily cycle phase identifications were tracked to
monitor cycling and predict phase timing. Sample collection and
evaluation occurred no more than one hour before testing. Dried samples
were H&E stained according to Harris’ Hemotoxylin Protocol (National
Diagnostics, 2011), then cover slipped using DPX mounting medium. Once
dried, the samples were evaluated once more to confirm cycle phase.

Statistical analyses
When possible, each rat received each treatment dose in both proestrus
and non-proestrus. However, with a limit on the number of infusions, this
was not always possible. Thus, a linear mixed-effects model using JMP® Pro
Version 12.2.0 (SAS Institute Inc.) was used to analyze behavioral measures,
with treatment as a fixed effect factor and animal as a random effect factor.
When statistical significance was indicated (P < 0.05), post-hoc compar-
isons between drug dose and vehicle were determined using Bonferroni-
corrected t-tests. Data points greater than 2 standard deviations from the
mean were considered outliers and excluded. This resulted in no more
than 1 data point removed from any group.

RESULTS
Working memory effects of CRF receptor activation and
blockade in the dmPFC
CRF receptor activation. We first examined the working memory
effects of caudal dmPFC CRF receptors. For this, bilateral intra-PFC
infusions of varying doses of CRF (vehicle, 50 ng, 250 ng CRF) were
made into the caudal dmPFC during proestrus, when ovarian
steroids peak, vs. all other stages outside proestrus combined.
Group sizes for the various treatments were as follows: proestrus,
vehicle, n= 7; 50 ng, n= 11; 250 ng, n= 12; non-proestrus,
vehicle, n= 14; 50 ng, n= 13; 250 ng, n= 15. As shown in Fig. 1A,
activation of caudal dmPFC CRF receptors elicited a dose-
dependent impairment in working memory performance outside
of proestrus (F2,39.5= 4.21, P= 0.022). This was not observed
during proestrus (F2,32.8= 1.03, P= 0.367). Additional studies
examined the effects of CRF infusions into the rostral dmPFC
(proestrus: vehicle, n= 7; 50 ng, n= 9; 250 ng, n= 8; non-
proestrus: vehicle, n= 9; 50 ng, n= 7; 250 ng, n= 8). Rostral
dmPFC infusions failed to affect working memory outside (Fig. 1B;
F2,22.6= 1.39, P= 0.270) or during proestrus (F2,14.1= 0.24, P=
0.792).

Caudal dmPFC CRF receptor blockade. Additional studies exam-
ined the working memory effects of endogenous CRF signaling in
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the caudal dmPFC outside of proestrus. Animals received bilateral
infusions of vehicle (n= 9), or 200 ng (n= 11) or 500 ng (n= 13) of
the non-selective CRF antagonist, D-Phe-CRF. CRF receptor
blockade in the caudal dmPFC elicited a modest, yet significant
improvement in working memory performance at the 500 ng dose
of D-Phe-CRF (Fig. 1C; F2,18.8= 3.92, P= 0.038).

Working memory effects of chemogenetic activation of caudal
dmPFC CRF neurons
Chemogenetic activation. Additional studies examined the work-
ing memory effects of chemogenetic activation of dmPFC CRF
neurons. Given observations described above, as well as our
earlier observations [6, 7], these studies focused on the caudal
dmPFC. For this, a viral cocktail encoding hM3Dq DREADDs (CRF-
Cre+ DIO-hM3Dq-mCherry) was infused into the caudal dmPFC
(Fig. 2A). An additional group received a control virus cocktail that
lacked the DREADD transgene (CRF-Cre+ DIO-mCherry). For all
viral treatments, robust reporter protein expression was observed
within 3 weeks (Fig. 2A). Viral expression as measured by mCherry
was limited to a radius of ~500 μm, filling the majority of the
caudal dmPFC, with minimal spread into the ventromedial PFC or
adjacent dmPFC hemifield (Figs. 2, 3). The viral cocktail transfected
CRF neurons efficiently and selectively. Thus, 88.8 ± 0.03% of CRF-
ir neurons displayed mCherry (n= 455 cells, 5 animals) while only
0.02% (n= 7) of mCherry-positive neurons failed to express CRF-ir.
To assess whether the DREADD agonist, CNO, activates hM3Dq-
expressing PFC CRF neurons, we examined Fos-ir in hM3Dq (n= 4)
or viral control animals (n= 4) treated with 1 mg/kg CNO in the
home-cage (highest dose used in subsequent studies). As was
observed in males, CNO elicited robust colocalization (86.0 ±
0.01%) of Fos-ir and mCherry in hM3Dq-treated animals (n= 866
cells), but not viral control-treated animals (1.3 ± 0.01%, n= 839
cells).

Animals treated with the hM3Dq viral cocktail received either
vehicle (non-proestrus: n= 10; proestrus: n= 8) or varying doses
of CNO (non-proestrus: 0.3 mg/kg, n= 11; 1 mg/kg, n= 12;
proestrus: 0.3 mg/kg, n= 8; 1 mg/kg, n= 7). Animals with control
virus received the maximal CNO dose of 1 mg/kg (non-proestrus:
n= 7; proestrus: n= 10). As shown in Fig. 3A, we observed dose-
dependent effects of chemogenetic activation of caudal dmPFC CRF
neurons on working memory accuracy outside of proestrus relative to
both vehicle (F2,31= 12.40, P< 0.001) and CNO-treated viral controls
(F2,21.4= 5.29, P= 0.014), with significant impairment seen with the
highest dose of CNO. Within proestrus, chemogenetic activation of
caudal dmPFC CRF neurons did not significantly affect working
memory performance relative to vehicle (Fig. 3A; F2,17.4= 0.17, P=
0.844) or CNO-treated viral controls (F2,17.3= 0.13, P= 0.879).

Local receptor dependency?. Given caudal dmPFC CRF receptor
activation impairs working memory, an additional study examined
whether the working memory impairing effect of caudal dmPFC
CRF neuronal activation (outside of proestrus) is dependent on
local CRF receptors. Animals received intra-caudal dmPFC infusions
of vehicle or the non-selective CRF antagonist, D-Phe-CRF (500 ng/
hemisphere), 30-minutes after receiving systemic vehicle or the
highest dose of CNO (1mg/kg). In animals treated with intra-PFC
vehicle, CNO elicited a robust working memory impairment that
was prevented by local D-Phe-CRF infusions (Fig. 3B; n= 7, n= 8,
F1,22.7= 27.91, P < 0.001; CNO × antagonist interaction, F1,22= 7.73,
P= 0.011). While this dose of the antagonist significantly improved
performance on its own in the study depicted in Fig. 1, the
magnitude of this effect (~5%) is noticeably smaller than the ~14%
reversal of the CNO-induced impairment in performance. Thus,
additivity alone unlikely explains the ability of this antagonist to
prevent the working memory impairing effect of chemogenetic
activation of caudal dmPFC CRF neurons.

Fig. 1 CRF acts in the caudal, but not rostral, dmPFC to modulate working memory performance outside proestrus. A Representative
photomicrograph depicting the main body of the ventral-most extent of the needle track within the caudal dmPFC. As this represents the
main body of the track, it depicts the greatest extent of tissue damage. Schematics indicating location of infusion sites in all animals tested.
Bar graphs represent percent change from baseline (±SEM) following bilateral intra-caudal dmPFC infusions of vehicle, 50 ng, or 250 ng CRF.
CRF infusions impaired working memory outside (Non-Pro), but not during (Pro), proestrus. B CRF infusions into the rostral dmPFC did not
significantly affect task performance. C Working memory effects of bilateral infusions of vehicle, 200 ng, or 500 ng of the CRF antagonist,
D-Phe-CRF, into the caudal dmPFC outside of proestrus improved task performance. This antagonist significantly improved performance at
the 500 ng dose. *P < 0.05 vs. vehicle. CC corpus callosum, dAcg dorsal anterior cingulate, IL infralimbic, PL prelimbic.
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Global manipulations of brain CRF receptors
Additional studies examined the working memory effects of CRF
and CRF antagonists when distributed more widely in the brain.
We first examined the working memory effects of ICV CRF. Given
observations described above as well as prior studies examining

the sustained attention effects of ICV CRF [10], for these studies we
only tested animals outside of proestrus. Animals were treated with
either vehicle (n= 8) or varying doses of CRF (0.2 μg, n= 8; 1 µg,
n= 8). As shown in Fig. 4A, ICV CRF dose-dependently impaired
working memory performance outside of proestrus (F2,14= 4.05;

Fig. 2 Validation of chemogenetic activation of PFC CRF neurons in females. A Schematic depicting dual viral system to activate PFC CRF
neurons. One virus expresses Cre recombinase under the control of the CRF promoter (CRF-Cre) while a 2nd virus either expresses hM3Dq
receptors and mCherry (hM3Dq) or mCherry alone (Control) in a Cre-dependent manner. 2x photomicrograph depicts robust mCherry
expression bilaterally in the caudal dmPFC following infusion of the CRF-hM3Dq-viral cocktail; cc: corpus callosum. B Collapsed 2 µm z-stack
demonstrating mCherry-positive cells (left panel, red) extensively colocalize with CRF-ir cells (middle, green) when the two images are merged
(right panel); scale bar= 20 µm. C CNO treatment in hM3Dq animals elicits neuronal activation of mCherry-positive neurons, as measured by
Fos-ir. Arrows indicate a subset of neurons displaying colocalized Fos-ir and mCherry. D Significant Fos-ir was not observed in control virus
treated animals. Scale bars= 30 µm. CC corpus callosum.
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P= 0.041) with significant impairment observed at the 1 µg dose
and a trend for impairment at the 250 ng dose (P= 0.052).
Additional studies examined the working memory effects of

systemic administration of the CRF1 receptor-selective antagonist,
NBI 35965, in and outside proestrus. As shown in Fig. 4B, the
highest dose of this antagonist significantly improved working
memory outside of proestrus (F3,62.2= 4.69; P= 0.005). During
proestrus, this antagonist failed to significantly affect working
memory performance (vehicle, n= 11; 5 mg/kg, n= 12; 10 mg/kg,
n= 9; 20mg/kg, n= 12, F3,37.7= 0.38; P= 0.769). While there
appears to be a trend towards improvement with the antagonist
during proestrus, this in part reflects a modest and non-significant
improvement in performance seen in vehicle-treated animals, a
trend not observed in other components of this study.

DISCUSSION
These results demonstrate that activation of both CRF receptors
and neurons in the caudal dmPFC impairs working memory in
female rats outside of proestrus. The working memory impairing
effects of caudal dmPFC CRF neurons were dependent on the
activation of local receptors in this region. Conversely, blocking
CRF receptors within the caudal dmPFC or globally in the brain
improved working memory, indicating endogenous CRF
release under testing conditions. These actions are similar to
those observed previously in males [6, 7]. In contrast, during the
relatively short period of proestrus when circulating ovarian
steroids reach peak levels, activation of caudal dmPFC CRF
neurons or receptors, or blockade of CRF receptors globally in
the brain, did not significantly affect working memory. In the
current study, all animals completed all trials and rapidly
consumed food rewards regardless of treatment, consistent
with prior observations in males [6]. Thus, CRF-dependent
changes in working memory performance do not appear to be
associated with notable decreases in motivation for food
rewards. Collectively, these observations add to a growing
body of evidence for a prominent role of PFC CRF signaling
in the regulation of PFC-dependent cognitive function [9],
while identifying an important estrus stage-dependency in this
action.
The working memory impairing effects of PFC CRF neurotrans-

mission outside of proestrus are qualitatively similar to those
observed previously in males. While this study does not permit

making quantitative comparisons across studies, limited observa-
tions suggest there could be modest differences in sensitivity to
CRF manipulations across males and females. Specifically, in the
present studies 50 ng of intra-PFC CRF maximally impaired
working memory in non-proestrus females, whereas in males a
larger dose (100 ng) was necessary to elicit impairment [6].
Conversely, greater doses of intra-PFC (500 ng D-Phe-CRF) and
systemic CRF antagonists (20 mg/kg NBI) were necessary to
significantly improve working memory in non-proestrus females
relative to males (200 ng intra-PFC D-Phe-CRF, 10 mg/kg NBI). Of
potential relevance, a recent study in C57BL/6J mice demon-
strated that females display greater CRF protein expression in the
PFC across the lifespan compared to males [16]. Combined, these
observations could suggest that females have greater levels of
endogenous PFC CRF neurotransmission than males. Future
studies will need to address this issue.
Anatomical and functional studies indicate the medial PFC of

rodents can be divided into dorsal and ventral, as well as rostral
and caudal, subfields [17–19]. For example, the dorsal aspect of
the medial PFC, encompassing the dorsal anterior cingulate cortex
and dorsal portion of the prelimbic PFC, more closely aligns with
cognition-related circuitry and function while the ventromedial
PFC (infralimbic PFC and ventral prelimbic PFC) is more closely
associated with motivational and/or affective processes. Consis-
tent with this, in females and/or males, we have observed working
memory effects of CRF neurons and receptors in the caudal
dmPFC, but not rostral or caudal ventromedial PFC [6, 7]. Of
course, this oversimplifies the complexity of medial PFC structure
and function, including the dorsomedial PFC [17, 20]. Future
studies will need to better delineate the circuitry within the caudal
dorsomedial PFC involved in CRF regulation of higher cognitive
function.

Ovarian steroid regulation of CRF transmission and cognition
The protective effects of proestrus against the working memory-
impairing effects of PFC CRF are similar to those observed with
ICV CRF-induced impairment of sustained attention [10]. We
recently demonstrated that caudal dmPFC CRF neurons also
impair sustained attention in males [11]. However, unlike
working memory, this action does not involve CRF receptors
within the PFC [11]. Collectively, these observations suggest that
the protective effects of proestrus against CRF-related impair-
ment in PFC-dependent cognitive processes involves actions

Fig. 3 Chemogenetic activation of caudal dmPFC CRF neurons impairs working memory outside proestrus: dependency on local CRF
receptors. A Schematics depict spread of control (left) and ‘excitatory’ (hM3Dq, right) virus in the caudal dmPFC from all animals tested. Bar
graphs depict percent change from baseline (±SEM) following treatment with vehicle or varying doses of CNO outside of (Non-Pro) and
during proestrus (Pro). Outside of proestrus, CNO dose-dependently impairs task performance in animals treated with the hM3Dq virus
relative to vehicle and CNO-treated viral control animals. B In a separate group of hM3Dq tested outside of proestrus, animals received
bilateral infusions of vehicle (VEH) or the CRF antagonist (Antag), D-Phe-CRF, into the caudal dmPFC after systemic vehicle or CNO. CNO-
induced impairment observed in intra-PFC vehicle-treated animals was prevented with bilateral CRF antagonist infusions. **,***P < 0.01, 0.001.
vs. vehicle; ++P < 0.01 vs. viral controls; ##P < 0.01 vs. intra-PFC vehicle + CNO. CC corpus callosum, dAcg, dorsal anterior cingulate, IL
infralimbic PFC, PL prelimbic PFC.
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across multiple regions and circuits. PFC CRF neurons could
target multiple regions beyond the PFC to influence PFC-
dependent cognition, including the locus coeruleus [21] and the
mediodorsal nucleus of the thalamus (MD) [22–25]. In terms of
MD, recent observations in our lab demonstrate that this region
receives an unusually dense projection from caudal dmPFC CRF
neurons and that CRF infusions into the MD impair sustained
attention. Ongoing studies are examining the role of the MD in
the working memory and sustained attention actions of PFC CRF

neurons. Future studies will need to definitively determine the
broader projection targets of PFC CRF neurons and their roles in
the regulation of PFC-dependent cognition.
Given estrogen and progesterone reach peak levels in proestrus

[26], this argues for a role of one or both of these hormones in
attenuating the cognition-impairing actions of CRF. Consistent
with this, evidence indicates that both estrogen and progesterone
can regulate the behavioral and synaptic effects of CRF
neurotransmission. For example, treatment with progesterone or
its metabolite, allopregnanolone, blunts CRF-induced increases in
fear-potentiated startle [27]. Moreover, ovariectomized (OVX)
rhesus macaques display elevated levels of CRF fibers and CRF1
receptors within the dorsal raphe relative to naturally-cycling
females, and this effect is reversed with estradiol treatment [28]. It
should be noted that although ovarian steroids can protect
against some actions of CRF, they have also been observed to
enhance CRF-induced grooming and elevate hypothalamic CRF
levels [29, 30]. Thus, while ovarian steroids can modulate CRF
action, the nature of this modulation is highly behavior- and
neural circuit-dependent.
Currently, the mechanisms by which ovarian steroids exert

protective effects against the working memory impairing
actions of PFC CRF are unknown. However, the short duration
of proestrus (12–18 h) may indicate they are not dependent on
genomic actions at nuclear steroid receptors [31]. The
membrane-associated estrogen receptors, Eα and Eβ, have been
identified in the PFC of rats and non-human primates [32–34].
Upon activation, these receptors can initiate signal transduction
by associating with metabotropic glutamate receptors (mGluRs)
and regulating mGluR-dependent transmission independent of
glutamate [35]. Furthermore, a third estrogen receptor, the G
protein-coupled estrogen receptor 1 (also known as GPR30), is
present in the rodent frontal cortex, and in vitro studies indicate
this receptor can form heterodimers with CRF1 receptors at
postsynaptic densities in the hippocampus [36–38]. Thus,
ovarian steroids could modulate CRF action via direct action
on CRF receptors, or indirectly via actions on CRF receptor
associated 2nd messenger signaling pathways and/or on
glutamatergic neurotransmission.
The current studies examined the working memory effects of

PFC CRF neurotransmission in females and whether these
actions are modulated across estrus cycle stages associated
with low vs. high ovarian steroids. This is a critical step in better
understanding both the neurobiology of PFC CRF and the
potential utility of targeting CRF to treat PFC-dependent
cognitive dysfunction. However, given these studies involved
naturally cycling females, the degree to which the protective
effects of proestrus are dependent on ovarian steroids remains
unclear. For example, given the estrogen synthesizing enzyme,
aromatase, is present in the PFC of adult males and females, it is
possible that locally synthesized steroids could modulate the
cognitive actions of CRF [39, 40]. However, whether PFC
aromatase levels fluctuate across the estrus cycle is unknown.
Future studies will need to definitively determine the role of
ovarian steroids in proestrus-related protection against the
cognition impairing effects of PFC CRF neurotransmission. While
this was beyond the scope of the current studies, these
observations provide a strong foundation for future research
on this issue.

Translational relevance
When combined with earlier research, these studies demonstrate
that systemic treatment with a CRF1 antagonist improves working
memory and sustained attention in adult male and female rats
outside of proestrus. The procognitive effects of these antagonists
are similar to those seen with all approved treatments for ADHD,
in both ADHD patients as well as healthy humans and animals
[41]. Thus, CRF antagonists may be useful in the treatment of

Fig. 4 Working memory effects of global manipulations of CRF
signaling in the brain. A ICV treatment with CRF outside of
proestrus elicited a dose-dependent impairment in working
memory. B Conversely, subcutaneous treatment with the CRF1-
selective antagonist, NBI 35965, improved performance outside
proestrus (Non-Pro) but not during proestrus (Pro). Bars represent
mean (±SEM) percentage change in performance accuracy from
baseline. *,**P < 0.05, 0.01 vs. vehicle.
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ADHD. In rodents, the CRF1 receptor predominates in the medial
PFC. In contrast, CRF1 and CRF2 receptors are found within the PFC
of non-human primates [42, 43]. To better understand the role of
PFC CRF in higher cognitive function and to better assess the
potential for CRF antagonists in treating PFC cognitive dysfunction
in humans, it is important that this research be extended to non-
human primates. Beyond providing guidance on the pharmaco-
logical treatment of cognitive dysfunction, these studies also
suggest that dysregulated PFC CRF neurotransmission could
contribute to PFC-dependent cognitive impairment. From this
perspective, it is of relevance to note that there are sex differences
in the incidence and phenotype of ADHD [3]. Ovarian steroid-
dependent modulation of cognitive/behavioral actions of PFC CRF
could contribute to these sex differences.
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