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Sexually Dimorphic Responses of the Brain Norepinephrine
System to Stress and Corticotropin-Releasing Factor

Andre L Curtis*', Thelma Bethea' and Rita ) Valentino'
'The Children’s Hospital of Philadelphia, Department of Pediatrics, Philadelphia, PA, USA

Stress-related psychiatric disorders are more prevalent in females than males, and this has been attributed to differences in stress
sensitivity. As activation of the locus coeruleus (LC)—norepinephrine (NE) system is an important component of the stress response, this
study compared LC responses to stress in female and male rats under different hormonal conditions in the halothane-anesthetized state.
The mean basal LC discharge rate was similar between groups. However, the magnitude of LC activation elicited by hypotensive stress
was substantially greater in females, regardless of hormonal status. The difference in stress sensitivity could be attributed to the differential
postsynaptic sensitivity of LC neurons to corticotropin-releasing factor (CRF), which mediates LC activation by hypotension. CRF was
10-30 times more potent in activating LC neurons in female vs male rats. Interestingly, previous exposure to swim stress differentially
regulated LC responses to CRF by sensitizing LC neurons of male, but not female, rats to CRF. The net effect of this was to abolish sex
differences in LC sensitivity. Finally, CRF receptor (CRF-R) protein levels in the LC were greater in ovarectomized female vs male rats.
This is the first study to demonstrate sex differences in the stress responsiveness of the brain noradrenergic system. Substantial sex
differences were apparent in postsynaptic sensitivity to CRF and stress-induced regulation of postsynaptic sensitivity to CRF. These sex
differences in the CRF regulation of the LC-NE system translate to a differential response to stress and may play a role in the increased

vulnerability of females to stress-related psychiatric disorders.

INTRODUCTION

The incidence of stress-related psychiatric disorders,
particularly depression, is significantly greater in females
than in males (Earls, 1987; Whitaker et al, 1989; Breslau,
2001, 2002; Carter-Snell and Hegadoren, 2003; Kuehner,
2003). The role of stress in depression is particularly
compelling, given that stressful life events can be identified
in the majority of cases (Frank et al, 1994; Kendler et al,
1995). Many aspects of major depression resemble a stress
response that is not counter-regulated, including hypotha-
lamic-pituitary-adrenal (HPA) hyperactivity, HPA insensi-
tivity to corticosteroid feedback, corticotropin-releasing
factor (CRF) hypersecretion, and decreased sleep, appetite,
and libido (Gold et al, 1988a,b; Chrousos and Gold, 1992;
Nemeroff, 1996; Gold and Chrousos, 2002). The higher
incidence of depression in females has led to speculation
that hormonal influences on components of the HPA axis
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may contribute to dysfunctions. In support of this, rodent
studies have demonstrated elevated basal and stress-
induced corticosterone secretion in female rats (Kitay,
1961; Critchlow et al, 1963; Le Mevel et al, 1979; Seale et al,
2004). Moreover, estrogen has been demonstrated to impair
glucocorticoid negative feedback (Burgess and Handa,
1992). In contrast, results of human studies are equivocal.
There are demonstrations of an enhancement of the HPA
response to stress or CRF in females (Gallucci et al, 1993;
Jezova et al, 1996; Stroud et al, 2002) and estrogen-mediated
increases in cortisol response in males (Kirschbaum et al,
1996). However, there are also reports of increased HPA
responsivity in males (Kudielka et al, 1998; Kirschbaum
et al, 1999; Traustadottir et al, 2003).

Although attention has focused on sex differences in the
HPA response to stress, sex differences in other compo-
nents of the stress response may contribute to the increased
prevalence of depression in females. Activation of the locus
coeruleus (LC)-norepinephrine (NE) system is a consistent
response to stress that may function to optimize the state
of arousal and mode of attention for adaptation to the
challenge (Chrousos and Gold, 1992; O’Connor et al, 2000;
Leonard, 2001; Vermetten and Bremner, 2002; Berridge and
Waterhouse, 2003; Valentino and Van Bockstaele, 2005). As
these functions are disrupted in depression and depression



responds to agents that modulate brain NE activity, the LC-
NE system is another potential substrate for sex differences
in stress-related disorders. Although there are reports of sex
differences in the morphological characteristics of the LC
(Luque et al, 1992; Babstock et al, 1997; Pinos et al, 2001),
sex differences in neuronal activity have not been well
investigated.

The present study investigated sex differences in the acute
stress responsivity of the rat LC-NE system by comparing
LC neuronal activation induced by hypotensive stress or
CRF, which mediates LC activation by hypotensive stress
(Valentino et al, 1991; Curtis et al, 1994). As prior exposure
to stress has been demonstrated to produce long-term
changes in CRF-LC interactions (Curtis et al, 1995, 1999),
LC responses to hypotension and CRF were also compared
24h after exposure to swim stress. In addition to the
electrophysiological end points of LC activity, levels of CRF
receptor protein in the LC were compared between male
and female rats.

METHODS
Animals

The subjects were adult Sprague-Dawley rats (Charles
River, Wilmington, MA) at least 9 weeks old at the
beginning of experiments. Rats were either intact or were
gonadectomized by the vendor at 6 weeks of age. Rats were
housed three to a cage in a controlled environment (20°C,
12 h light/dark cycle, lights on at 0700 h) and allowed at least
3 weeks recovery from the procedure date stated in vendor
surgical records. Experiments using intact rats were also
carried out at least 2 weeks after arrival. Food and water
were available ad libitum. Care and use of animals was
approved by the Children’s Hospital of Philadelphia IACUC,
and was in accordance with the NIH Guide for the Care
and Use of Laboratory Animals. To determine the potential
role of sex hormones in LC responses to stress, female rats
were ovariectomized without hormonal replacement (FO)
or were administered estrogen (20 g, s.c.) 24h prior to
experiment (FE) or administered estrogen (20pg, s.c.)
24h prior to experiment and progesterone (1.0mg, s.c.)
4h prior to experiment (FEP). These doses and the trea-
tment protocol were similar to those used in previous
studies, and are based on the ability of hormone replace-
ment to induce sexual receptivity in ovariectomized
female rats (Frye et al, 1998; Perrotti et al, 2000; for a
review, see Pfaff et al, 1994). To determine the effective-
ness of hormone replacement in female rats, the uterus
was dissected and removed at the end of the experiment
and the diameter was measured using calipers. Uterine
diameters for FE (3.640.1 mm, n=13) and FEP (3.740.1,
n=13) rats were significantly greater compared to those of
FO rats (2.6 +0.1, n=40) (F(2,65) =83, p<0.001, one-way
ANOVA). Likewise, in a second study in rats with prior
swim stress, the mean uterine diameter in FE (3.940.1 mm,
n=34) and FEP (3.84+0.lmm, n=10) rats was greater
than that in FO rats (2.64+0.1 mm, n=41) (F(2,84) =111,
p<0.001). The male rats used were either intact (MI) or
gonadectomized (MG). In each shipment, males and females
were littermates.
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Surgery

The surgical and recording procedures were similar to those
described previously (Curtis et al, 1997). Rats were
anesthetized with 2% halothane-in-air mixture adminis-
tered through a nose cone. The jugular vein and femoral
artery were cannulated for intravenous (i.v.) infusion of
nitroprusside and continuous direct monitoring of blood
pressure, respectively. The anesthetic was maintained at
1.0-1.5% throughout the experiment. Body temperature was
maintained at 37.5°C by a feedback-controlled heating pad.
Rats were positioned in a stereotaxic instrument using blunt
ear bars, with the head oriented at 15° angle to the
horizontal plane (nose down). The skull was exposed, and a
hole (approximately 3 mm diameter), centered at 1.2 mm
lateral to the midline and 3.5-3.7 mm caudal to lambda, was
drilled over the cerebellum for approaching the LC. The
dura over the cerebellum was carefully removed with fine
iridectomy scissors to facilitate introduction of the record-
ing micropipette.

Recording

Single barrel glass micropipettes (2-4pum diameter tip,
4-7 MOhm) filled with 0.5 M sodium acetate buffer saturated
with Pontamine Sky Blue dye (PSB) were used to record
single-unit LC discharge. In experiments involving intra-LC
administration of CRF, double-barrel glass micropipettes
were used to record single-unit LC discharge and simulta-
neously microinfuse CRF (Akaoka et al, 1992; Curtis et al,
1997). The microinfusion pipette (Fisher Scientific,
Pittsburg, PA; 60-90 um diameter tip) was angled at 30-45°
with its tip adjacent and 130-150 um dorsal to the tip of
the recording pipette and glued in this alignment using
a photopolymerizing two-part resin (Silux, 3M Dental
Products, St Paul, MN). The micron-fusion pipette was
connected by tubing to a source of solenoid-activated
pneumatic pressure (Picospritzer, General Valve, Fairfield,
NJ) and calibrated such that known volumes could be
administered. Intracoerulear infusions were made by
applying small pulses of pressure (15-25psi, 10-30 ms in
duration) to the peptide-containing barrel at a frequency of
0.2-1.0 Hz. The movement of the meniscus of the solution
through the calibrated pipette was observed through a
dissecting scope with respect to a fixed piece of metric chart
paper. Displacement of the meniscus by 0.5mm corre-
sponded to a 30nl injection. Microinfusions of peptide
solution to the microenvironment of the recorded LC unit
occurred over 1-3 min.

The micropipette was advanced toward the LC with a
micromanipulator. Neuronal signals were amplified and
filtered. Impulse activity was monitored with an oscillo-
scope and a loudspeaker to aid in localizing the LC. LC
neurons were tentatively identified during recording by
their spontaneous discharge rates (0.5-5Hz), entirely
positive, notched waveforms (2-3 ms duration), and bipha-
sic excitation-inhibition responses to contralateral hindpaw
or tail pinch. When stable, unitary action potentials were
isolated, a window discriminator was used to convert the
occurrence of a single action potential into a digital pulse,
which was led into a Windows-based computer via a CED
1401 interface (Cambridge Electronic Design, Cambridge,
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UK) using Spike 2 software for on-line visualization and
storage and off-line analysis.

Protocol

Extracellular single-unit LC spontaneous discharge was
recorded until stable (4-6 min), and hypotensive stress was
elicited by sodium nitroprusside infusion (0.33 mg/ml,
30 pl/min, 15min duration, iv.). LC discharge rate and
mean arterial blood pressure (MAP) were continuously
recorded during and after the infusion (an additional
15min). MAP was monitored with a pressure transducer
and amplifier and the signal was led to a Windows-based
computer via the CED 1401 interface using Spike2
software. Nitroprusside was infused only once to an
individual rat.

In experiments assessing the effects of CRF, LC discharge
was recorded for 3-6min before and for up to 15min
after CRF microinfusion. Only one cell from an individual
rat was tested and only one dose of CRF was tested on an
individual cell.

In a second study that examined the impact of prior swim
stress on LC activity, rats were placed in a cylindrical glass
tank (46cm height x 20cm diameter) filled with water
(25+1°C) to a depth of 30 cm for 15 min. The 30-cm depth
allowed rats to swim or float without having their tails touch
the bottom of the tank. Immediately after the 15-min swim,
rats were removed from the tank, towel dried, and put in a
warming cage (37°C) that contained a heating pad covered
with towels for 15min. Rats were then returned to their
home cage. On the following day (24h after exposure to
water), rats were anesthetized with halothane and surgically
prepared for LC neuronal recording as described above. For
rats receiving hormone replacement, estrogen was adminis-
tered within 5min after the end of forced swim, so that
hormone replacement was not a factor during forced swim.

Histology

The recording site was marked by iontophoresis (—15 LA,
10 min) of PSB at the end of the experiment. Rats were
anesthetized with pentobarbital (100 mg/kg, i.p.) and
perfused with a 4% solution of paraformaldehyde in
phosphate buffer (PB). Brains were removed and frozen
40-um-thick coronal sections were cut on a cryostat,
mounted on gelatinized glass slides, and stained with
neutral red for localization of the PSB spot. The data
presented are from neurons that were histologically
identified as being within the nucleus LC (Valentino et al,
1983).

Electrophysiological Data Analysis

Unless otherwise stated, the selection of the treatment group
that provided a subject for a given experiment was
determined by a process of randomization using a random
number table. Mean baseline discharge rate and MAP of the
treatment groups were compared by a one-way factorial
ANOVA. For quantification of LC responses to hypotensive
challenge, the mean preinfusion discharge rate (4-6 min)
was determined and LC discharge rates during and after
nitroprusside infusion were expressed as a percentage
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of this baseline value. Effects were analyzed by two-way
ANOVA, with group as a between-subjects factor and time
as the within-subjects factor. Additionally, the mean
maximum discharge rate in any 3-min interval during
nitroprusside infusion was compared to the respective mean
baseline rate by paired Student’s ¢-test (two-tailed) to assess
the statistical significance of the peak activation within an
individual treatment group. The peak inhibition of the
postinfusion interval was defined as the lowest discharge
rate in any 3-min interval during 15min after the end of
nitroprusside infusion, and was expressed as a percentage
decrease from the baseline rate. Comparisons of peak LC
activation (percent increase) or peak LC inhibition (percent
decrease) across the treatment groups used a one-way
factorial ANOVA. Scheffe’s F-test was used post hoc to
determine statistically significant differences at individual
time points or between group pairs in factorial analyses.
Other comparisons used unpaired Student’s t-test or two-
way factorial ANOVA where appropriate.

For LC responses to CRF, the mean maximum percen-
tage increase in LC discharge rate in any 3-min interval
within 15min after completion of infusion of a given
dose of CRF was used to generate the dose-response curve.
Statistical significance within a group was determined
by the paired Student’s t-test. Statistical differences bet-
ween CRF dose-response curves were determined by a
two-way factorial ANOVA. The unpaired Student’s t-test
was used to compare the effects of a single dose of CRF
between groups.

Western Blot Analysis

Rats (MI or FO) were euthanized by decapitation and brains
placed in a block from which a slice (2mm) containing the
LC was cut. The cerebellum was removed and tissue
containing the LC was microdissected using a trephine.
Samples were homogenized and centrifuged. Protein con-
tent was determined using the BCA method. Protein
extracts (15pg) were subjected to SDS-PAGE gel electro-
phoresis, and proteins were transferred to a polyvinylidene
difluoride membrane. Membranes were incubated in goat
anti-CRF-R antiserum (1:500, Santa Cruz Biochemical,
Santa Cruz, CA) for 1h at room temperature. This antibody
is directed against the C-terminus of the CRF-R1 receptor,
but crossreacts with CRF-R2. Membranes were rinsed and
incubated with peroxidase-conjugated donkey anti-goat
antiserum (1:10000; Jackson ImmunoResearch, West
Grove, PA). Nonspecific binding was blocked by incubation
in 2% bovine serum albumin (BSA). The membranes were
developed using an ECL kit (Amersham Biosciences,
Piscataway, NJ) and exposed to an X-OMAT AR film
(Eastman Kodak, Rochester, NY). After probing for CRF-R,
the membranes were stripped using Re-Blot Plus (Chemi-
con, Temecula, CA), blocked in the BSA solution and
incubated in mouse anti-f-actin antibody (1:5000; Sigma,
St Louis, MO). Membranes were processed as above using a
donkey anti-mouse antibody. Films were scanned and band
density was quantified using UN-SCAN-IT (Silk Scientific,
Orem, UT). CRF-R:actin ratios were calculated for each
sample and compared using unpaired Student’s ¢-test.
Duplicate or triplicate samples from the same rat were
averaged for an individual determination.



Immunohistochemistry

Rats (MI or FO) were anesthetized with sodium pentobar-
bital (50 mg/kg, i.p.) and transcardially perfused with 50 ml
heparinized saline followed by 500 ml of 4% paraformalde-
hyde in 0.1 M PB. Brains were removed, postfixed for at
least 1h and transferred to a 20% sucrose solution in PB
containing 0.1% sodium azide for at least 24h. Coronal
10-um-thick sections were cut through the LC and mounted
onto slides (Fisher Probe-on Plus, Fisher, Morris Plains,
NJ). These were rinsed in phosphate-buffered saline (PBS;
pH 7.4) and incubated in a solution containing the goat
anti-CRF-R antibody (1:1000) and mouse anti-tyrosine
hydroxylase (TH) antisera (1:2000, ImmunoStar, Hudson,
WI) in PBS containing 0.3% Triton-X 100, 0.04% BSA
(PBST-BSA) and 0.1% sodium azide for 48 h at 4°C. Slides
containing sections from MI and FO rats were processed
together using the same solutions. The slides were rinsed
and incubated in a solution containing rhodamine-con-
jugated donkey anti-goat antibody (1:200, Jackson Labora-
tories, West Grove, PA) and fluorescein-conjugated donkey
anti-mouse antibody (1:200, Jackson Laboratories) for
90min at room temperature. Sections were rinsed and
coverslipped. CRF-R and TH were visualized with rhoda-
mine and fluorescein filters, respectively. Images were
captured with a Hamamatsu ORCA-ER digital camera
(Bridgewater, NJ) using Open Lab software (Improvision,
Coventry, UK). For densitometric quantification, sections
containing the central part of the LC were selected from
images of TH staining. An outline of the nucleus based on
TH staining was drawn and superimposed on the corre-
sponding rhodamine image of the same section. The image
was cut around this outline so that only this portion of the
section was subjected to densitometry. The rhodamine
image was converted to grayscale and inverted so that
staining appeared as black on white background for
densitometry measurements. The image was imported into
NIH Image for densitometry measurements. Measurements
were obtained from at least 10 sections from three rats for
each group.

Drugs

Estrogen (beta-estradiol 3-benzoate) and progesterone
(Sigma Chemical Co., St Louis, MO) were dissolved in
sesame oil. Ovine CRF was generously supplied by Dr Jean
Rivier of the Clayton Foundation Laboratory for Peptide
Biology (The Salk Institute, San Diego, CA). The peptide
was dissolved in water to make a 1.0mg/ml solution.
Aliquots (10 pl) of the solution were concentrated using a
Savant Speed Vac concentrator. The 10pug aliquots were
stored at —70°C and dissolved in artificial cerebrospinal
fluid (ACSF) on the day of the experiment. Sodium
nitroprusside (Sigma Chemical Co.) was dissolved in saline
on the day of the experiment.

RESULTS
LC Spontaneous Discharge Rate

The mean baseline discharge rate of all LC neurons for each
group was 1.9+ 0.1 Hz for MI (n=88), 2.2+0.2Hz for MG
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(n=10), 1.74+0.1 Hz for FO (n=58), 1.6+0.1 Hz for FE
(n=13), 1.84+0.1 Hz for FEP (n=13), and 1.94+0.1 Hz for
FI (n=16). These rates were not significantly different;
F(5,197) =14, p>0.1.

Sex Differences in LC Responses to Hypotensive Stress

Figure 1 shows the time-course of mean LC activity during
and after hypotensive challenge. LC activity was signifi-
cantly increased during nitroprusside infusion in all groups
of rats (p<0.05, paired Student’s t-test), although the
magnitude of LC activation in these MI rats obtained from
Charles River was less than that previously reported in MI
rats from Taconic Farms (Valentino et al, 1991; Curtis et al,
1994, 1995, 2001, 2002). This stress produced a substantially
greater activation of LC neurons of all female groups,
irrespective of hormonal status, compared to either MI or
MG rats (Group effect; F(5,68) =5.2, p<0.001, two way
ANOVA with repeated measures 0-12 min). In contrast, the
magnitude of poststress inhibition was comparable between
the male groups and FO, FE and FEP groups (F(4,40) =0.4,
p>0.1, two-way ANOVA with repeated measures 18-
24 min). (Note that the FI group was not included in this
statistical analysis because an insufficient number of
neurons maintained recording stability for a time greater
than 6 min poststress.) In concert with time-course findings,
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Figure | LC activation during hypotensive challenge is greater in female
vs male rats. The ordinate indicates LC discharge rate expressed as a
percentage of mean baseline rate. The abscissa indicates time (min) and the
arrow beneath ‘Nitroprusside’ indicates the time of i.v. infusion (0—15 min).
Shown are curves representing the time-course of the mean LC response
during and after nitroprusside infusion for Ml (n= 1623 cells), MG (h=8-
10 cells), FO (n=9-13 cells), FE (n=11-13 cells), FEP (n=7-13 cells),
and Fl (n=>5-10 cells) rats. Vertical lines represent + | SEM. Comparisons
of the time-course of LC responses over 0—12min showed a significantly
attenuated response in Ml (21 cells) compared to FO (I3 cells, Group
effect; F(1,32) =169, p<0.001), FE (12 cells, Group effect; F(1,31) =122,
p<0.005), FEP (10 cells, Group effect; F(1,29) = 18.1, p<0.001), and Fl
(nine cells, Group effect, F(1,28) =9.8, p<0.005) using two-way ANOVA
with repeated measures. Likewise, the response was attenuated in MG rats
compared to FO (Group effect; F(1,20) =8.8, p<0.01), FE (Group effect,
F(1,19)=54, p<0.05), FEP (Group effect, F(1,17) =8.8, p<0.0l), and FI
(Group effect, F(1,16) =5.1, p<0.05).
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Table | Maximum Magnitude of Hypotension and LC Activation in Males vs Females

Hypotension® (% decrease)

LC" (% increase)

Basal MAP° (mmHg) Basal LCY (Hz)

Ml (n=15)° (0.33 mg/ml) 514 |**
Ml (n=7) (0.5 mg/ml) 55+ |
MG (n=10) (0.33 mg/ml) 60+ |
FO (n=13) (0.33mg/ml) 57+
FE (n=13) (0.33mg/ml) 56+
FEP (n=13) (0.33mg/ml) 57+1

FI (n=10) (0.33mg/ml) 63+ 17

[443* 77+ 1 1.940.1
[244* 7842 20+03
[4+3* 7942 22402
3716 78+ | 1.740.2
40+8 8042 [.610.1
4248 7942 1.840.1
3147 8142 19403

*There were differences in the hypotensive response between groups, F(6,80) = 12.3, p <0.001. **MI compared to all groups, TFl compared to FE, FO, and MI; Scheffe

F-test.

There were differences in the LC response between groups, F(6,80) = 4.3, p<0.01. *Male groups and FO, FE, and FEP. Student’s t-test unpaired revealed differences

between male groups and FI (p <0.05).

“There were no significant differences among basal MAP (mmHg) values, F(6,80) =0.5, p>0.1.
9There were no significant differences among basal LC spontaneous discharge rates (Hz), F(6,80) =09, p>0.1.
“This group of rats was separate from the group used in Figure |, and paired with M, receiving a higher concentration of nitroprusside (0.5 mg/ml).

the mean maximum LC activation elicited by hypotensive
stress was significantly greater in the female groups
compared to males (F(5,96) = 6.5, p<0.005) (see Figure 5).
However, the mean maximum poststress inhibition (not
shown) was not significantly different among the groups
(F(5,65) = 0.9, p>0.1).

Baseline MAP for all groups ranged between 60 and
92mmHg, and was not significantly different between
groups (F(5,96) =1.1, p>0.1) (Table 1). There were some
small, but statistically significant, differences in the
magnitude of hypotension elicited by nitroprusside bet-
ween the groups. For example, although the magnitude of
hypotension elicited in the MI group (Table 1) was
comparable to that reported in previous studies using
MI rats (Curtis et al, 1994, 2001), this was slightly less than
the peak hypotension produced in all female groups
(F(4,71)=11.7, p<0.005) or in MG rats in the present
study (p<0.005, unpaired Student’s ¢-test) (Table 1).
Within the female groups the hypotensive response to
nitroprusside was comparable for FO, FE, and FEP
(F(2,38) =0.2, p>0.1). However the hypotensive response
was slightly higher in FI (F(3,48) =7.5, p<0.005) (Table 1).
These small differences in the hypotensive response be-
tween female groups were not reflected in differences in
LC activation because this was similar across all female
groups (F(3,48) =0.4, p>0.1) (Table 1). Additionally, MG
rats had a hypotensive response that was comparable to FI
rats (p>0.1, Student’s t-test, unpaired), but, like MI rats, a
significantly reduced LC activation (Table 1). Nonetheless,
in a separate experiment, the concentration of nitroprusside
administered to MI rats was increased from 0.33 to 0.5 mg/
ml in an effort to produce a hypotensive response that was
equivalent to that produced in females. Table 1 shows that
the higher dose of nitroprusside administered to MI rats
produced a larger magnitude of hypotension compared to
the lower dose (p <0.05, Student’s t-test, unpaired) that was
equivalent to the FO, FE, and FEP groups (F(3,45)=0.7,
p>0.1). Importantly, normalizing the hypotensive response
did not impact on sex differences in the magnitude of
neuronal activation; that is, for a similar magnitude of
hypotension, the magnitude of LC activation recorded in
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female rats was greater than that recorded in MI rats
(Table 1).

Sex Differences in LC Responses to Exogenous CRF

As endogenous CRF mediates LC activation by hypotensive
stress (Valentino et al, 1991; Curtis et al, 2001), the effects
of CRF microinfusion into the LC on discharge rate were
compared. Complete CRF dose-response curves were
compared between MI and FO rats because there were no
differences in LC responses to hypotensive challenge
between FO, FE, and FEP. LC cells of FO rats were more
sensitive to exogenous CRF, as suggested by a 10-30-fold
shift to the left in the CRF dose-response curve generated in
FO rats compared to MI rats (Figure 2). Both the 3 and 30 ng
doses produced a greater magnitude of LC activation in FO
vs MI rats (Group effect, F(1,30) =8.2, p<0.01 for 3 and
30 ng, two-way ANOVA). Indeed, in MI rats 3ng CRF did
not produce a significant increase of LC discharge above the
mean baseline (p =0.4, paired Student’s t-test). Addition-
ally, LC neurons of FO rats were activated by 1ng CRF
(p<0.05, paired Student’s t-test), a dose that would have
failed to significantly activate LC neurons of MI rats
(Figure 2). A dose of CRF (3ng) that well discriminated
LC responses between MI and FO rats also activated LC
neurons of FI rats, and the magnitude of this activation was
greater than that seen in MI rats (p<0.01, unpaired
Student’s t-test) (Figure 2, filled diamond). Interestingly,
the magnitude of LC activation associated with hypotensive
stress in females (approximately 30% increase) would be
equivalent to that produced by a dose of CRF between 1 and
3ng. Based on the CRF dose-response curve generated in
MI rats, this same dose range would be associated with a
less than 10% increase in discharge rate (Figure 2), and this
corresponds well with the experimental observation of the
response to hypotension in the MI group (Figure 1).

LC CRF-R Immunoreactivity

To determine whether sex differences in LC sensitivity to
CRF were due to differences in CRF receptor protein levels,
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Figure 2 LC neurons of female rats are sensitized to CRF. CRF dose—
response curves for LC activation generated in FO vs MI. The abscissa
indicates the dose of CRF (ng, log scale). The ordinate indicates the
maximum percent increase produced by a dose of CRF expressed as
percentage increase over the mean rate determined 4—6 min prior to CRF
microinfusion. Each point is a mean of 5-10 cells. Vertical lines represent
+SEM. For CRF doses 3 and 30ng, LC activation in FO was significantly
greater compared to Ml (Group effect, F(1,30) =82, p<0.0l, two-way
ANOVA). LC activation by 3ng CRF was greater in FI compared to Ml
(p<0.01, unpaired Student’s t-test).

these were quantified in punches of LC tissue by Western
blot analysis. Figure 3 shows representative Western blots
of CRF receptor and actin immunoreactivity. The mean
CRF-R:actin ratio was greater in FO vs MI rats (p <0.05,
unpaired Student’s t-test). Consistent with this, densito-
metric analysis of CRF receptor immunofluorescence
revealed higher levels of CRF receptor in sections of FO vs
MI rats (Figure 4).

Sex Differences in LC Neurons in Rats with Stress
Experience

The mean baseline discharge rates of LC neurons in MI
(1.940.1, n=49), MG (1.840.2, n=15), FO (1.9+0.1,
n=41), FE (1.740.1, n=34), and FEP (1.710.1, n=10)
24 h after swim stress were not significantly different across
groups [F(4,148)=0.4, p>0.1]. In line with previous
reports (Curtis et al, 1999), the basal rates for the different
groups after swim stress were comparable to the unstressed
groups (Group effect: F(1,4)=0.01, p>0.1). Thus, prior
exposure to swim stress does not alter LC spontaneous
discharge rate recorded 24 h later.

Prior exposure to swim stress increased LC activation by
hypotensive challenge in both MI and MG rats, such that the
responses were comparable to those of the FO and FEP
groups (F(3,50) =1.2, p>0.1) (Figure 5). Thus, swim stress
appeared to abolish sex differences in LC responses to
hypotensive stress. Although swim stress did not alter the
magnitude of LC activation by hypotensive stress in FO or
FEP rats, it had a uniquely inhibitory effect in FE rats, which
exhibited a diminished response to hypotensive challenge
compared to all other groups exposed to swim stress
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Figure 3 LC tissue from FO has higher levels of CRF-R compared to
tissue from M, as indicated by Western blots. Representative Western
blots of CRF-R and actin in the same subjects. Blots were first probed for
CRF-R, stripped, and re-probed for actin. The numbers below the blots are
the mean CRF-R: -actin ratios determined from 10 FO and nine MI, and
numbers in parentheses indicate number of subjects per group; *p <0.05.
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Figure 4 CRF-R immunoreactivity is denser in the LC in female vs male
rats. The top panels show TH immunoreactivity in sections from a female
and male rat. The image is inverted from a fluorescent image. The bottom
panels show the same section visualized to detect CRF-R immunoreacti-
vity as described in Methods. The arrowheads point to cells of the
mesencephalic trigeminal nucleus. The arrows point to same neurons in
both top (TH) and bottom (CRF-R) panels to show representative TH-
labeled cells that also stain for CRF-R. v =fourth ventricle. The numbers
below the images are the mean density determined from 10 sections from
each of three rats for each group. *p <0.05, unpaired Student's t-test.

(F(4,60) =2.7, p<0.05) (Figure 5). Interestingly, the max-
imum poststress LC inhibition (not shown) was similar
between FO, FE, and FEP rats (F(2,19) =0.8, p>0.1).

The poststress inhibition was overall similar between
groups (F(4,39)=23.3, p>0.1). However, a selective
comparison revealed a somewhat greater magnitude of
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Figure 5 Sex differences in LC responses to stress are not apparent in
rats with a history of prior swim stress. Bar graph representing the mean
maximum LC activation during nitroprusside infusion in rats without a
history of swim stress, or rats that were exposed to swim stress 24 h prior
to LC recording. The ordinate indicates percent increase in LC discharge
rate in Ml (n =38 cells for no stress and |5 cells for swim), MG (n= 10 cells
for no stress and 15 cells for swim), FO (n= 13 cells for no stress and | |
cells for swim), FE (n= 13 cells for no stress and 10 cells for swim), FEP
(n=13 cells for no stress and 10 cells for swim), and FI (=10 cells).
Vertical lines represent + | SEM. In rats with no history of swim stress,
the maximum LC activation was significantly less in both male groups
compared to each female group (¥*p<0.0I, unpaired Student's t-test).
#<0.05, unpaired Student’s t-test compared to FO, FEP, and MI.

poststress inhibition in MI compared to MG rats (p <0.05,
unpaired Student’s t-test).

Consistent with its impact on LC responses to hypoten-
sive challenge, prior swim stress negated sex differences in
LC responses to CRF. Figure 6a shows CRF dose-response
curves generated in MI and FO rats 24h after swim
stress. There were no differences in the response to CRF
(0.3-30ng) between FO and MI groups (Group effect:
F(1,56) =0.04, p=0.8). As swim stress decreased the
magnitude of LC activation by hypotensive challenge
uniquely in the FE group, a CRF dose-response curve
was also generated in this group (Figure 6a). There
were no differences in the response to CRF (1-30ng)
among MI and FO or FE rats (Group effect: F(2,68) =0.3,
p=0.8).

Figure 6b compares CRF dose-response curves in MI and
FO rats that had stress experience to those that did not.
Note that low doses of CRF (1 and 3 ng) that would not be
effective in previously unstressed MI rats (p>0.1, paired
Student’s t-test for 3 ng) produced a statistically significant
activation in MI rats 24 h after swim stress (p <0.02, paired
Student’s t-test). In contrast, the 30 ng dose had similar
effects in both groups (p>0.1, unpaired Student’s t-test).
This stress-induced sensitization of LC neurons to low
doses of CRF confirms previous studies in male rats
(obtained from Taconic Farms) with a history of swim
stress or shock experience (Curtis et al, 1995, 1999). The
sensitization is apparent as a shift to the left in the low-dose
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Figure 6 Prior swim stress differentially regulates LC sensitivity to CRF in
male vs female rats. (a) CRF dose—response curves generated 24 h after
swim stress in Ml rats (MI/SS, n="5-12 cells), FO (FO/SS, n=6-10 cells),
and FE (FE/SS, n=4-12 cells). Note the overlap between CRF dose—
response curves in all groups. (b) CRF dose—response curves in FO (circles)
and Ml (squares) generated 24h after swim stress (open symbols) are
plotted with curves generated in same groups, with no prior stress history
(filled symbols) (see Figure 2). Note that swim stress shifts the CRF dose—
response curve of male rats, but not female rats, to the left. The net effect is
that low doses of CRF will have comparable effects in both groups.

range of the CRF dose-response curve compared to that
generated in male rats with no prior stress history
(Figure 6b). In contrast, LC neurons of FO were not
sensitized to CRF. Rather, there was a trend for a slight shift
to the right in the CRF dose-response curve generated in FO
rats after swim stress, although this was not statistically
significant (F(1,40) =1.1, p=0.3, two-way ANOVA over 1-
30 ng doses) (Figure 6b). The net effect of prior stress was to
render LC neurons of male and female rats equally sensitive
to CRF and this translated to a comparable magnitude of LC



activation elicited by an acute challenge (ie hypotension,
Figure 5).

DISCUSSION

Previous studies documented an increased responsiveness
of the HPA axis in female vs male rats (Kitay, 1961;
Critchlow et al, 1963; Le Mevel et al, 1979; Seale et al, 2004).
The present study is the first to demonstrate that, in parallel
with the HPA axis, the brain NE system of female rats is
more responsive to certain stressors. Moreover, this study
provided evidence for substantial sex differences in CRF
regulation of the LC-NE system that likely underlie sex
differences in stress responsiveness of LC neurons. This
included greater levels of CRF receptor protein in the LC,
increased neuronal sensitivity to CRF and differential
regulation of CRF-LC interactions by prior stress in female
vs male rats. Unlike the sex differences in HPA axis
responsivity, which have been attributed to circulating
hormones (Burgess and Handa, 1992; Miller et al, 2004;
Seale et al, 2004), sex differences in LC sensitivity were
independent of adult hormonal status. Given the role of the
LC-NE system in arousal and attention (Aston-Jones et al,
2000), the present results predict that the expression of
these aspects of the stress response will be enhanced in
females. This sexually dimorphic response could play a role
in the increased prevalence of stress-related disorders, such
as PTSD, functional pain syndromes, and depression in
females (Chang and Heitkemper, 2002; Carter-Snell and
Hegadoren, 2003; Kuehner, 2003). Finally, the finding that a
prior history of stress sensitizes LC neurons of male (Curtis
et al, 1995, 1999), but not female, rats to CRF implies sex
differences in CRF receptor signaling in the LC and its long-
term regulation.

Sex Differences in LC Activation by Hypotensive Stress

The LC-NE system is activated by diverse challenges, many
of which also activate the HPA axis. While HPA activation is
ultimately responsible for the diverse effects of corticoster-
oids, LC-NE activation is thought to facilitate increased
arousal, alterations in attention, and to impact on memory
during stress (Valentino and Van Bockstaele, 2005). Parallel
activation of both systems during stress could be a means
for coordinating endocrine and cognitive limbs of the stress
response. Hypotensive challenge is one physiological
stressor that activates both the HPA and LC-NE systems
(Plotsky, 1985; Svensson, 1987), and engagement of the LC-
NE system during this challenge is necessary for the
associated arousal response (Page et al, 1993). The finding
that the same magnitude of hypotension elicited a more
robust excitation of LC neurons of female compared to male
rats demonstrates that this system shows similar sex
differences in stress responsivity as the HPA axis. Although
sex differences in morphological characteristics of the LC
(Luque et al, 1992; Babstock et al, 1997; Pinos et al, 2001)
and regulation of TH transcription (Thanky et al, 2002)
have been documented, this is the first report of sex-related
differences in LC neuronal activity in the rat.

A reliable component of the LC response to hypotensive
stress is a poststress neuronal inhibition that is mediated by
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endogenous opioid release within the LC (Curtis et al,
2001). This has been hypothesized to facilitate return of LC
activity to prestress baseline levels. The finding that the
magnitude of poststress inhibition was comparable in all
groups indicates that the attenuated excitation in males was
not due to excessive opioid inhibition.

Sex Differences in LC Activation by CRF

Previous studies demonstrated that LC activation during
hypotensive challenge is mediated by CRF release within the
LC (Valentino et al, 1991; Curtis et al, 1994). Therefore, sex
differences in this response could reflect differences in
either CRF release (presynaptic effect) or in the postsynap-
tic response to CRF. The finding that the magnitude of the
leftward shift of the CRF dose-response curve in females vs
males could completely account for the difference in
response to hypotensive challenge indicated that the
underlying basis for the sex differences lies with post-
synaptic sensitivity to CRF.

Immunohistochemical detection of CRF-R using either
Western blot or slide-mounted sections suggested sex
differences in CRF-R levels. This was not well reflected in
the comparison of CRF dose-response curves, which would
be predicted to have different plateaus. However, due to
solubility limitations of the peptide, complete dose-
response curves with true plateaus could not be generated,
so that maximum effects could not be compared. Addition-
ally, the interpretations of studies using these immunohis-
tochemical approaches are limited by the sensitivity and
specificity of the antiserum. In this regard, the antisera used
in this study was directed against CRF-R1, but crossreacts
with CRF-R2, so that sex differences in CRF-R levels could
reflect differences in either receptor.

Sex Differences in HPA vs LC Sensitivity to Stress

Two noteworthy distinctions between sex differences in
HPA and LC stress responses relate to (1) hormone
dependence and (2) presynaptic vs postsynaptic target.
Although sex differences in HPA sensitivity appear to be
hormone-dependent (Kitay, 1961; Critchlow et al, 1963; Le
Mevel et al, 1979; Seale et al, 2004), sex differences in LC
sensitivity to stress are independent of adult hormonal
status. Sex differences in the LC response could arise from
direct organizational actions of hormones on expression of
CREF-R or components of the CRF-R signaling pathway in
LC neurons during development. Alternatively, sex hor-
mones may exert organizational effects on CRF expression
in cells that project to the LC and thereby indirectly affect
CREF-R expression in LC neurons. In this vein, estrogen-
dependent organizational effects on CRF mRNA expression
in paraventricular hypothalamic neurons have been re-
ported (Patchev et al, 1995). These are one source of CRF
that can impact on the LC (Reyes et al, 2005).

Several studies suggest that increased sensitivity of the
HPA axis in females is related to induction of CRF
transcription by estrogen receptor complex. The CRF
promoter contains sites at which agonist-bound estrogen
receptor complexes can affect transcription (Vamvakopou-
los and Chrousos, 1993). More recently, estrogen receptor
p-isoforms were found to be colocalized with CRF in a
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population of paraventricular hypothalamic neurons in rat
and to regulate the CRF promoter in transfected cells (Miller
et al, 2004). These findings are consistent with the idea
that estrogen effects on CRF transcription (effects that are
presynaptic to the pituitary) are related to the sexually
dimorphic HPA response. The sexually dimorphic LC
response described here differs from the HPA response in
that it involves an increased postsynaptic response to CRF
rather than increased CRF expression or release. None-
theless, as some paraventricular hypothalamic CRF neurons
project to the LC (Reyes et al, 2005), sex differences in CRF
release in the LC that are not detected by the end points
used in this study are also possible.

Sex Differences in Stress-Induced Regulation of CRF-LC
Interactions

Prior exposure to stress (eg repeated footshock, repeated
intraperitoneal saline injections, or a single exposure to
swim stress) results in relatively long-term changes in LC
sensitivity to CRF that are apparent as a change in the shape
of the CRF dose-response curve from sigmoidal to biphasic
(Curtis et al, 1995, 1999; Valentino and Van Bockstaele,
2005). Thus, LC neurons become sensitized to low doses of
CRF and less sensitive to high doses. Although the cellular
mechanisms underlying this type of dose-response curve
shift have yet to be elucidated, pharmacological modeling
suggested that this could result from binding to multiple
sites or engagement of multiple signaling pathways (Curtis
et al, 1999). This effect was reproduced in the present study
only in male rats. The differential regulation of CRF
postsynaptic responses by prior stress history is noteworthy
and implies sex differences in CRF receptor structure and/
or intracellular signaling mechanisms that transduce stress-
related plasticity. As would be predicted, the selectively
enhanced response of LC neurons to low doses of CRF
translated to an enhanced response to hypotensive stress,
such that LC neurons of male and female rats were now
equally responsive. It is noteworthy that swim stress shifts
the low-dose end of the male CRF dose-response curve to a
position that matches the dose-response in females. It is
possible that the basal state of the CRF-R in females is
comparable to the stress-sensitized state in males.

Prior stress exposure had a unique effect on FE rats that
was expressed as a decreased sensitivity of LC neurons to
hypotensive challenge. This could not be attributed to a
differential response to CRF, implying a selective inhibitory
effect on CRF release during the hypotensive challenge. As
the CRF that activates LC neurons during hypotensive
challenge derives from the central nucleus of the amygdala,
it may be speculated that prior stress sets up a condition
whereby estrogen can regulate CRF expression in amygdalar
neurons that project to the LC (Curtis et al, 2002).

Clinical Implications

The higher incidence of depression and other stress-related
disorders in females implies an increased sensitivity of
stress-related systems or substrates. To date, the focus has
been on elements of the HPA axis. Although there is
substantial evidence for such a sexual differentiation in
HPA sensitivity in rats (Kitay, 1961; Critchlow et al, 1963;
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Le Mevel et al, 1979; Seale et al, 2004), this distinction is less
clear in humans. Indeed, certain studies suggest that HPA
drive is greater in males compared to females under certain
conditions (Kirschbaum et al, 1999; Kudielka et al, 1998;
Seeman et al, 2001; Traustadottir et al, 2003). The present
findings demonstrate sex differences in another system that
is engaged by stress, the brain norepinephrine system,
which modulates cognitive aspects of the stress response.
Increased stress sensitivity of this system could translate to
elevated or inappropriate arousal, disruption of attention,
and hypervigilance. Given that the LC-NE system has
been implicated in depression, PTSD, and other stress-
related disorders, sex differences in the stress sensitivity
of this system could contribute to the prevalence of these
diseases in females. Importantly, because CRF analogs
are being developed for use in psychiatric disorders,
potential sex differences in CRF receptor function that may
impact on the efficacy of these agents need to be taken into
consideration.
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