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Abstract
The present study was undertaken to test the hypothesis that dysregulation of the amygdala
contributes to the exaggerated autonomic response to stress in an animal model of essential
hypertension. Spontaneously hypertensive (SHR) and normotensive Wistar male rats were
chronically instrumented and exposed to 20 min of either air jet stress (AJS) or air noise alone
(CON). AJS induced a significant increase in both heart rate and arterial pressure that was greater
in the SHR. AJS induced a significant increase in c-Fos-like immunoreactivity (FLI) throughout
the caudal-rostral extent of the basolateral, medial, and central (CEA) subnuclei of the amygdala.
Differences in FLI between strains were localized to the rostral CEA and the SHR expressed
significantly less FLI. AJS also induced a significant increase in the number of corticotrophin
releasing hormone (CRH) positive neurons in the CEA. Differences between strains were
localized to the caudal CEA and the number of CRH-positive cells was significantly greater in the
SHR. The stress-induced increase in CRH-labeling in caudal CEA of the SHR was coupled to a
greater increase in FLI in the rostral locus coeruleus (LC) of the SHR versus the Wistar. AJS also
induced significant increases in FLI in several hypothalamus subnuclei, but no strain-related
differences were identified. These results suggest for the first time that dysregulation of CRH-
positive cells in the caudal CEA and reduced excitation and/or exaggerated inhibition of rostral
CEA neurons may contribute to the exaggerated cardiovascular response to stress in the SHR,
possibly through descending modulation of the rostral LC.
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INTRODUCTION
Individuals with hypertension often elicit exaggerated cardiovascular, hormonal, and
behavioral responses to stress (1,27). In humans, feelings of anxiety or fear have been
associated with activation of the amygdala. The amygdala is a complex structure in the
forebrain that has been linked to modulation of autonomic, neuroendocrine, and behavioral
responses to different types of stress, including internal stressors, such as hypotension or
inflammation, and external stressors, like physical restraint or fearful social contexts
(12,15,16,58,59). Autonomic and emotional responses to stressful situations have been
reported to be attenuated in individuals with lesions of the amygdala (2,62,74).
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Alternatively, individuals with exaggerated cardiovascular responses to stressful stimuli
show evidence of increased neuronal excitation within the amygdala which is correlated
with a predisposition for high blood pressure (25). As a result, it has been hypothesized that
dysregulation of the amygdala may predispose an individual to develop hypertension (36).

Three main subnuclei encompass the amygdala, including the lateral and basolateral
complex (BLA), the central nucleus (CEA) and the medial nucleus (MEA) of the amygdala
(40). In general, the BLA complex is thought to function as an integrator of incoming
sensory input and via an interneuronal system this subnucleus acts to modulate neuronal
excitation within the CEA (40). The CEA, in turn, sends projections to many important
nuclei throughout the brain, including the hypothalamus, locus coeruleus, parabrachial
nucleus, and periaqueductal gray (14,26,57,70,71), coordinating autonomic and behavioral
responses to stress. Finally, the MEA interconnects with both the BLA and CEA, but has
primarily been implicated in modulating the hypothalamic-pituitary-adrenal (HPA) axis
(42). Based on the high concentration of inhibitory interneurons within the amygdala, it has
been proposed that activation of the BLA by fearful or stressful stimuli may functionally
inhibit CEA and MEA inhibitory projection neurons, thereby disinhibiting distal target sites
(51,53). Yet, the exact conditions under which the CEA and MEA projection neurons are
excited or inhibited remain to be fully elucidated. Furthermore, many of the
neurotransmitters, such as corticotrophin releasing hormone (CRH), which can be found in
high concentrations within the amygdala, are known to have a powerful impact on neuronal
processing during stress (58,65). Yet, the role of these peptides in exaggerated stress
responses elicited in hypertensive individuals remains to be defined.

To date several lesion studies have exposed a role for the CEA (21,24) and the MEA (23) in
mediating augmented responses to stressful stimuli and the development of high blood
pressure in an animal model of essential hypertension, the spontaneously hypertensive rat
(SHR). Since the MEA and CEA are interconnected either directly or indirectly via feedback
from the HPA axis (27-29), the exact site for stress-related dysfunction within the amygdala
in this animal model remains to be identified. Indeed, to our knowledge no previous studies
have examined the pattern of neuronal activation within the amygdala of the SHR following
exposure to acute stress. Prior studies have only examined changes in c-Fos, an early marker
of neuronal activation, in the brainstem and the hypothalamus after acute stress in the SHR
versus normotensive rats (34,50). In those regions, some significant differences between
strains were identified; suggesting that strain related differences may also exist in the
amygdala. Furthermore, since CRH release from the CEA may modulate the response to
stress (12,43,58), it is surprising that the response of CRH neurons within the amygdala of
the SHR has also not been previously examined . Indeed, evidence indicating an alteration in
the regulation of CRH in other brain regions in the SHR raises the possibility that
dysregulation of CRH neurons within the amygdala could also contribute to exaggerated
responses to fearful stimuli in this hypertensive strain (28,30,38).

Due to the limited information describing how the different subnuclei of the amygdala
respond to acute stress in the SHR, the following investigation was undertaken to test the
hypothesis that both the CEA and the MEA of the SHR would demonstrate altered neuronal
responses to stress when compared to a normotensive strain.

MATERIALS AND METHODS
General Preparation

All experimental procedures were approved by the University of Florida Institutional
Animal Care and Use Committee and followed the NIH guidelines. Male SHR and
normotensive Wistar rats (10-12 weeks old; Charles River Laboratories, Wilmington, MA)
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were randomly assigned to one of two groups: air jet stress (AJS; n=14) or control (CON;
n=10). Animals were given a subcutaneous injection of Rimadyl (0.1 mg/kg, Pfizer Animal
Health, Exton, MD) and buprenorphine (0.05 mg/kg, Rickett Benckiser Pharmaceuticals,
Inc., Richmond, VA) 20 min prior to the induction of anesthesia. Animals were anesthetized
to a surgical level (2-4% isoflurane in 100% O2) and an incision was made on the ventral
surface of the hind-limb. Fat, nerves, and connective tissue were gently dissected from the
femoral vasculature and catheters (Braintree Scientific, Braintree, MA) directed toward the
abdominal aorta were placed into both the femoral artery and vein. Catheters were filled
with heparinized saline (100 IU/ml), plugged with obturators, and tunneled subcutaneously
to the nape of the neck, exiting between the scapulae, and secured in place with sutures. All
incisions were treated with triple antibiotic ointment (Alpharma USPD, Inc., Baltimore,
MD) and the animals received a subcutaneous injection of saline (2-3 ml) for fluid
replacement and were allowed to recover on a heating pad. An additional injection of
buprenorphine (0.02-0.05 mg/kg) was given before returning the animal to its home cage.

All animals were housed individually following surgery and were allowed 48 hours to
recover prior to experimentation. On the first day following surgery the animals were
brought to the lab, weighed, handled, and acclimated to the experimental container. The
acclimation period for all animals included a 50-60 min period of exposure to air noise
(~75-80 decibels) while resting in the experimental chamber. Following the acclimation
period, animals were returned to their home cages.

Experimental Protocol
All experiments took place between 8:00 AM and 1 PM. On the day of the experiment, the
exteriorized catheters were unplugged and connected to PE 50 tubing containing heparinized
saline (100 IU/ml). The animals were placed into the experimental chamber (Instech
Laboratories, Inc., Plymouth, MA) and the arterial catheter was connected to a calibrated
pressure transducer (Stoelting Inc., Wood Dale, IL) for continuous measurement of pulsatile
and mean arterial pressure (AP). The experimental chamber consisted of a circular container
(15 cm radius) with three tubes (~0.5 cm diameter) inserted into the wall of the chamber,
one tube every ~30 cm (equidistance around the circumference) at a height of approximately
~5 cm from the bottom of the chamber. The tubes were connected to a three-way valve
manifold for regulation of the air stream through each tube.

At the beginning of the experiment both AJS and CON groups were exposed to a 90 min
baseline period of air noise (noise associated with 20 psi room air released from tubing
outside of the experimental chamber). For the AJS group, after 90 min of air noise, the
pressurized air was switched from being directed away from the chamber to being directed
into the chamber through one of three inflow tubes. The AJS protocol was separated into
two distinct periods: an initial 5 min period of random AJS (continuous stream of air
entering the chamber from random directions and at random durations) followed
immediately by a 15 min period of controlled AJS (the direction of the air flow was changed
randomly every min). For the CON group, the air noise was continued for another 20 min
following the baseline period. After the 20 min of AJS or a comparable noise control period,
the pressurized air was turned off and the rats were allowed to recover undisturbed for 90
min. At the termination of the experiment, all animals were deeply anesthetized with sodium
pentobarbital (80-100 mg/kg, i.v.) and transcardially perfused with heparinized saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH=7.2). Brains were
removed and soaked in 4% paraformaldehyde overnight followed by submersion in a 30%
sucrose solution for 48-72 hours. Prior to processing, a small cut was made along the rostral-
caudal extent of the right ventral surface of the brain to distinguish left and right sides. Next,
the tissue was frozen and sectioned (40 μm coronal slices).
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Immunohistochemistry
The sectioned tissue was soaked in phosphate buffered saline (PBS) for approximately 24
hours and then washed in 3% donkey serum and 0.4% Triton X in PBS (3%DS-T-PBS) for
one hour. The tissue was incubated overnight in rabbit anti-c-Fos antibody (1:2000 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA) diluted with 1% DS-T-PBS. The next day the
tissue was washed in 1% DS-T-PBS for one hour, incubated in donkey-anti-rabbit
biotinylated immunoglobulin G (Ig) antibody (1:500; Jackson Immuno Research, West
Grove, PA) for two hours, and then re-rinsed for 1 hour. The tissue was then incubated for
30 min in an avidin biotinylated-peroxidase tertiary molecule solution (ABC Vectastain Kit,
Vector Labs, Burlingame, CA). Following a final wash in 1% DS-T-PBS, the tissue was
stained with Vector SC according to manufacturer's instructions (Vector Labs) revealing the
c-Fos-like immunoreactivity (FLI) as gray/blue stain in the nucleus of the cell. The brain
tissue was then washed 1% DS-T-PBS (3×5 min) re-incubated in 3% DS-T-PBS for one
hour, followed by incubation in guinea pig anti-CRH (1:10,000; Peninsula Laboratories,
Inc., San Carlos, CA) for 12-24 hours (44). The tissue was rinsed in 1% DS-T-PBS for one
hour, incubated with donkey anti-guinea pig biotinylated Ig antibody (1:500; Jackson
ImmunoResearch) for two hours, re-rinsed for 1 hour, and then incubated for 30 min in ABC
solution, followed by a 1% DS-T-PBS rinse. Finally, the tissue was stained with 0.05%
diaminobensidine hydrochloride (DAB, Vector Labs) diluted in 2.5% ammonium sulfate
and H202 in 0.05 M Tris-HCL. Tissue was rinsed three times in PBS and mounted on slides
and dried. Slides were dehydrated and coverslipped.

Previous reports have demonstrated that pre-incubation of brain tissue with 20 μM of CRH
peptide eliminates all staining specific to the CRH antibody utilized in this study (4). In the
present study, additional negative controls (tissue processed in the absence of the primary
antibody) for both CRH- and c-FOS were performed on tissue samples from both strains. In
the absence of the primarily antibodies, no CRH or c-fos staining was identified.

Data analysis
For the cardiovascular data, heart rate (HR) was derived from the interval between
successive systolic peaks of pulsatile AP. Three time periods were analyzed, including
baseline, the treatment period (AJS or CON), and recovery. The baseline period was defined
as a 2 min average approximately 20 min prior to the treatment period when mean (MAP)
and HR remained steady for 5 min. During the treatment period, MAP and HR were
averaged over successive two min intervals following the onset of the treatment. Two
recovery time points, at 30 and 60 min from the onset of the treatment period were also
measured over 2 min blocks. The change from baseline (Δ) in MAP and HR was then
calculated for each animal. In addition, the area under the curve (AUC) was quantified
during the 20 min treatment period for both ΔMAP and ΔHR (average ΔMAP or HR × time)
to generate a single value during the treatment period per animal.

For immunohistochemical analysis, two slices per animal were imaged for each of the
following brain regions: rostral, middle, and caudal amygdala, rostral and caudal LC, the
arcuate nucleus (ARC), PVN, and dorsal medial hypothalamus (DMH). Brain regions were
identified by anatomical landmarks, such as fiber tracks and surface indentations, defined by
the Rat Stereotaxic Atlas (54). For the amygdala, the rostral extent was -1.6 to -2.1 mm, the
middle extent was -2.2 to -2.6 mm, and the caudal extent was -2.7 to -3.2 mm caudal to
bregma. The rostral and caudal regions of the LC were defined as -9.3 to -9.7 mm and -9.8
to -10.2 mm caudal to bregma, respectively. The ARC was identified between -3.1 and -3.3
mm caudal to bregma. The magnocellular (mPVN) and parvocellular (pPVN) subnuclei of
the PVN were identified between -1.7and -1.9 mm caudal to bregma. Finally, the DMH was
located between -2.8 and -3.1 mm caudal to bregma.
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Each brain region was imaged at 10-20x (Zeiss Axioskop; Axiovision software), imported
into Adobe Photoshop 7.0 and selected subnuclei were fit with a “mask” for cell counting.
“Masks” were standardized between animals by regional landmarks. All cell counts were
made from the left side of the brain. The criterion for FLI positive neurons was defined by
the presence of gray/blue stain localized within the cell's nucleus. CRH-positive cells were
identified by a brown color filling the cytosol and the axonal and dendritic processes of the
neuron. Cells were counted manually by an individual blinded to the treatment group. Cell
counts from the two slices of the same region were averaged to generate a single value per
region per animal.

The pattern of staining for CRH-positive neurons in the CEA was similar to previous reports
(4,44), including the relative absence of CRH-positive cell bodies in the rostral portion of
the CEA and the relative small number of positively CRH-stained neurons in the CON
animals (10-20 neurons/slice)(44). As a consequence, no CRH counts were obtained from
the rostral CEA. Furthermore, consistent with the observations of other investigators (16) no
cells were identified to co-label for both FLI and CRH in the CEA, thus co-labeling was not
quantified.

Statistical Analysis
All data are represented as mean±SEM. Cardiovascular data were analyzed using a three-
way analysis of the variance (ANOVA) with repeated measures comparing treatment groups
and strains against the designated time points (STATVIEW) In the absence of a time effect,
a two-way ANOVA comparing treatment and strain using the average ΔMAP or ΔHR over
time (AUC) value was used. The treatment and recovery periods were analyzed separately.
A two-way ANOVA was also used for comparing strain and treatment effects on
immunohistochemical data. For all analyses, when permitted post hoc comparisons were
made using either a Scheffe post hoc test or when multiple comparisons were permitted,
repeated unpaired t-tests were used with an adjustment of the significance level by the
Bonferroni test for multiple comparisons. Statistical significance was set at P<0.05.

RESULTS
Cardiovascular response to air jet stress

Prior to the onset of the treatment, during the 90 min air noise baseline period, MAP of the
SHR was significantly higher compared to the Wistar (162±3 vs. 115±2 mmHg,
respectively; [F(1,23)=137.58] ;P<0.001) and baseline HR of the SHRs was significantly
lower compared to the Wistars (350±7 vs. 385±13 beats/min, respectively;
[F(1,23)=5.47] ;P<0.01).

Figure 1 illustrates the typical cardiovascular response before, during, and immediately
following AJS for each rat strain. At the onset of AJS, AP increased in both strains; however
the increase was greater in the SHR. HR also increased rapidly at the onset of AJS and the
initial rise from baseline was greater in the SHR. Furthermore, as AJS continued, HR in the
Wistar rat gradually began to fall (Fig. 1A), followed by a slight rise at the end of AJS. In
contrast, during sustained AJS, HR in the SHR remained steady with only a slight decrease
near the end of the stress period (Fig. 1B). At the offset of AJS, MAP and HR gradually
returned to baseline in both strains.

Figure 2A demonstrates the average change from baseline for MAP and HR during the 20
min of AJS, the corresponding control period, and during the recovery. During the treatment
period a three-way ANOVA of the change in MAP from baseline (ΔMAP) identified a
significant interaction between strain and treatment [F(3,23)=10.8], but the effect of time
was not significant [F(4,76)=0.77]. For subsequent analysis, the average ΔMAP was
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calculated over the 20 min treatment period (AUC) and a two-way ANOVA identified a
significant interaction between strain × treatment ([F(3,23)=10.83]; P<0.004). Further
analysis identified that the average ΔMAP in the SHR during AJS (SHR-AJS, n=7; see
Figure 2B) was significantly greater than the average ΔMAP elicited in the Wistar during
AJS (W-AJS, n=7; [F(1,13)=31.11]; P=0.0001) and both CON groups (n=5/group;
[F(1,11)>26.5]; P<0.0005). The average ΔMAP in the W-AJS group, however, was not
significantly different from either CON group ([F(1,11)<1.85]; P>0.15). Comparisons
between the CON groups did not demonstrate any difference in average ΔMAP between
strains during the treatment period [F(1,9)=0.45]. Recovery points for all groups were not
significantly different from each other.

Statistical analysis of the change in HR (ΔHR) from baseline during the treatment period
also did not identify a significant effect of time [F(4,76)=0.48], however there was a
significant interaction between strain and treatment ([F(3,23)=5.3]; P=0.02). Subsequent
analysis of the average ΔHR during the 20 min treatment period (AUC; bottom Figure 2B)
identified a significant strain × treatment interaction [F(3,23)=5.34] and the average ΔHR of
the SHR-AJS group was significantly greater than that observed in the W-AJS group
([F(1,13)=7.89]; P<0.007) and both CON groups ([F(1,11)>12.01]; P<0.0007). The average
ΔHR for the W-AJS group was also significantly greater than the average ΔHR over 20 min
of both CON groups ([F(1,11)>5.55]; P<0.01). The CON groups did not exhibit any
noticeable ΔHR during the experiment and there was no significant difference between the
strains [F(1,9)=0.27]. During the recovery period, there was no significant difference in the
average ΔHR between all four groups.

Changes in FLI and CRH staining in the amygdala following AJS
Visual representation of three subnuclei along the rostral-caudal extent of the amygdala
evaluated is shown in Figure 3A. As shown in Figures 3B-D, in general AJS induced a
significant increase in FLI changes in all three subnuclei of the amygdala. Statistical
analysis of changes in FLI in both the MEA and BLA did not identify any strain effect in the
rostral, middle, or caudal divisions [F(3,23)<1.4], however, there was a significant treatment
effect in the caudal (Fig. 3B&C), middle, and rostral divisions ([F(1,23)>25.21]; P<0.001;
see Table 1). Similarly, in the caudal (Figure 3D, left panel) and middle CEA (Table 1) only
a significant treatment effect was identified [F(1,23)>5.26]. In the rostral CEA (Figure 3D,
right panel) however, both a significant treatment effect (AJS induced a significant increase
in FLI above CON; [F(1,23)=30.56]; P<0.001) and a significant strain effect ([F(1,23)=5.14;
P<0.03) were identified. The strain effect in the rostral CEA was associated with a lower
level of FLI in the SHR versus the Wistars overall.

In addition to changes in FLI, AJS also induced a significant increase in the number of
CRH-positive neurons in the caudal and middle CEA in both strains ([F(1,23)>7.41];
P<0.01; Figure 4). In general, the number of CRH-positive neurons was greater in the SHR
following AJS compared to the Wistar, however, statistical analysis only identified a
significant effect of strain in the caudal CEA ([F(1,23)=8.72]; P<0.008).

Changes in FLI in LC and the hypothalamus following AJS
Figure 5A depicts the typical pattern of FLI cells observed in the rostral LC of a SHR and
Wistar following AJS. AJS induced a significant increase in FLI in both the rostral and
caudal LC relative to CON ([F(1,23)>36.13]; P<0.0001). In the caudal LC, there was no
effect of strain on FLI ([F(1,23)=1.78]; P>0.2) following AJS. In the rostral LC, however,
there was a significant interaction between strain and treatment [F(3,23)=12.04]. Further
analysis identified that there was a greater increase in FLI in the rostral LC in the SHR-AJS
group compared to the W-AJS, SHR-CON, and W-CON groups ([F(1,11)>23.4]; P<0.001).
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FLI in the W-AJS group was also significantly greater than FLI in the W-CON and SHR-
CON groups (([F(1,11)>32.07]; P<0.001). No significant difference in FLI between strains
was observed between the CON groups (([F(1,9)=0.11]; P>0.7).

Figure 6 illustrates the effect of AJS on FLI levels in the hypothalamus. In all regions
analyzed, a significant effect of treatment on FLI was identified [F(1,23)>14.37], but no
significant strain differences were found ([F(1,23)<1.69];. For example, in both the
magnocellular and parvocellular regions of the PVN, AJS induced a significant increase in
FLI compared to CON groups ([F(1,23)=14.37] and [F(1,23)=24.36]; P <0.0001,
respectively; Fig. 6A). In the DMH and the ARC, there was also a significant increase in
FLI in the AJS groups compared to the CON groups (Fig. 6B, [F(1,23)=57.29] and
[F(1,23)=26.36], respectively; P<0.0001).

DISCUSSION
The present study was undertaken to identify for the first time differences in the response
pattern of neurons in the amygdala following exposure to an acute stressor in the SHR
versus a normotensive control. Three new findings were identified. First, AJS induced
significant increases in FLI along the rostral-caudal extent of all three subnuclei of the
amygdala evaluated in both the SHR and Wistar rats compared to controls. Contrary to our
original hypothesis, however, the only strain-related difference in FLI was localized to the
rostral CEA and in this instance FLI was significantly lower in the SHR versus the Wistar.
Furthermore, no strain-related differences were identified in the MEA as originally
hypothesized. Second, our results identified for the first time that the number of CRH-
positive cells in the CEA were significantly greater in the SHR compared to the Wistar and
this difference was localized to the caudal CEA. Finally, associated with the very select
changes in both FLI and CRH staining in the CEA of the SHR, we identified a parallel
increase in FLI in the rostral LC that was significantly greater in the SHR following AJS.
This association between altered neuronal patterning in the CEA and LC of the SHR is
intriguing since there is a well characterized anatomical interconnection between CRH
neurons in the CEA and neurons in the rostral pole of the LC that has been proposed to be
involved in the stress response (69,70). Coupled with the exaggerated cardiovascular
response to acute stress observed in the SHR, these results raise the new possibility that
stress-related autonomic dysregulation in hypertension may involve abnormal regulation of
CRH-positive neurons in the CEA with descending interconnections to the rostral LC
(10,35).

Cardiovascular response during AJS exposure in the SHR
In the present study, we used a model of AJS that did not involve restraint. This model was
developed based on recent evidence suggesting that patterns of brain activation, particularly
in the amygdala, are dependent on the type of stressor applied, either psychological or
physical (15,24). Most AJS models previously used to evaluate the stress response in the
SHR compared to normotensive strains have utilized some method of restraint while
exposing the animals to AJS. Since restraint is likely to be interpreted as a form of physical
stress, those methods may have potentially complicated the results by testing multiple forms
of stressful stimuli simultaneously (21,24,46). We also conditioned the rats to the air noise
component of AJS prior to testing to prevent any added effects induced by audiogenic stress
(46,49). With the former precautions, the SHR responded to the AJS with a greater elevation
in MAP and HR from baseline compared to the Wistar. Other stressors applied to the SHR,
such as noise and alerting stimuli, have also been shown to elicit cardiovascular responses
comparable to those generated by our AJS model (31,52) suggesting that our results
primarily reflect an exaggerated response to an acute psychological stressor, similar to what
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one might experience when suddenly frightened by an acute, novel or threatening stimulus
such as speaking in public for the first time or during a near-miss vehicle collision.

FLI in the amygdala following AJS in the SHR
Based on previous lesion work (24), in the present study it was hypothesized that AJS would
induce a different pattern of FLI in the CEA of the SHR compared to the Wistar rat.
Accordingly, AJS elicited significant increases in FLI in both the SHR and Wistar along the
caudal-rostral extent of the CEA and a strain-related difference was identified in the rostral
CEA. Somewhat unexpected however, this strain-related difference in FLI included a
significantly lower number of FLI neurons in the SHR versus Wistar. Since previous reports
suggest that FLI in the CEA increases in response to elevations in MAP (9,41), it is unlikely
that this difference between strains in the rostral CEA is related to differences in pressure-
related feedback (ie., baroreceptor afferent input) to the amygdala. Alternatively, our
observation raises the possibility that the exaggerated autonomic stress response in the SHR
may be related to a change in the overall balance of excitation/inhibition within the CEA
during stress. For example, several studies have demonstrated that psychological stressors
can actually reduce FLI levels in the CEA, while physical stressors generate the opposite
response (16,32,56). Indeed, when baseline levels of FLI are elevated by amphetamine
administration the addition of an external stressor has been reported to reduce FLI in the
CEA (15). Accordingly, it has been proposed that activation of the inhibitory interneurons
within other subnuclei of the amygdala (ie., BLA (40)) by fearful or stressful stimuli may act
to inhibit CEA inhibitory projection neurons thereby disinhibiting distal target sites (51,53).
Unfortunately, the neurochemical content of neurons activated by AJS projecting to the
CEA were not characterized in the present study, but our results raise the possibility that
GABAergic inhibition in the CEA may be exaggerated in the SHR and this elevated
inhibition, specifically in the rostral CEA, contributes to the exaggerated stress response
observed in hypertension, possibly via elevated disinhibition of autonomic control nuclei.

In addition to dysregulation of the CEA, we had hypothesized that AJS would induce a
different pattern of FLI in MEA of the SHR compared to the Wistar. This hypothesis was
based on data which have demonstrated both a reduction in baseline blood pressure
following destruction of the MEA in the SHR (23) and attenuation of the cardiovascular
response to restraint stress following chemical blockade of the MEA (39). Furthermore,
activation of the MEA in response to stress has been linked to hormone release and there is
evidence that the HPA axis may be dysregulated in the SHR (17,18,29). Yet, in the present
study no strain-related differences in FLI were observed in the MEA of the SHR versus the
Wistar following AJS exposure. Indeed, the pattern of FLI induced in the MEA of the SHR
in response to AJS was similar in magnitude to that previously reported following
psychological stress exposure for two normotensive strains, the Spague Dawley and Wistar
rats (16,17). Thus, despite evidence of the MEA's possible role in stress, the results of the
present study do not implicate the MEA (or the BLA) in playing a unique role in the
exaggerated cardiovascular response to stress typically observed in the SHR.

CRH labeling in the CEA following AJS in the SHR
The only prior evidence regarding dysregulation of neuronal CRH levels in the SHR has
been localized to the PVN. Previous investigators have identified that basal CRH mRNA
levels in the PVN of the SHR are either lower or not different compared to a normotensive
strain (28,30). During restraint, however, CRH mRNA expression in the PVN has been
shown to increase more in the SHR compared to normotensive controls (38). Increased
expression of CRH in the PVN in response to acute stress has been hypothesized to be
related to the altered regulation of HPA axis implicated in the SHR (29). The present study
is the first to evaluate CRH protein levels in the amygdala of the SHR and the results
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demonstrate that similar to the PVN, CRH expression in the CEA is significantly elevated in
response to AJS and neuronal CRH expression is greater in the caudal CEA of the SHR
compared to the Wistar strain. Although there is strong evidence that modulation of CRH
expression in the amygdala can occur in response to acute stress (33) and is critical for both
the behavioral expression of fear (33,37) and autonomic responses to both stressful (72) and
non-stressful stimuli (73), additional studies are needed to fully evaluate how stress-induced
changes in CRH protein expression in the CEA contribute to the exaggerated autonomic
response to stress reported here in the SHR.

FLI in the locus coeruleus following AJS
CRH neuronal activity in the CEA has been implicated in regulating output from the CEA to
the brainstem (6) and there is evidence that descending input from CEA-CRH neurons to the
LC mediates stress-related excitation of LC area neurons in normotensive animals
(12,13,70). Furthermore, CRH microinjected into the LC has been reported to increase
neuronal discharge and cortical norepinephrine release (61,68). The LC core has a dense
population of noradrenergic neurons that either project rostrally to the forebrain or caudally
to the spinal cord (45,55). Lesion and microinjection studies have demonstrated that the
caudal portion of the LC is active during hypotension. The rostral component appears to be
primarily active during psychological stress (3,8), but is not activated by peripherally-
induced increases in blood pressure (9,41). In the present study, the rostral LC demonstrated
a marked increase in FLI in the SHR-AJS group that was significantly greater than that
induced in the W-AJS or both CON groups. The increased FLI in the rostral LC of SHR that
we observed in response to AJS suggests that hyper-arousal of the LC, leading to increased
noradrenergic release in the forebrain (7,48), may also play an important role in the
exaggerated stress-like behaviors associated with hypertension.

There are acknowledged alterations in both the anatomy and activity of LC neurons in the
SHR, including reduced basal neuronal discharge, decreased α-2 adrenergic receptor
sensitivity (19,20,47), and reduced GABAergic secretion following intravenous infusion of
norepinephrine (35,60). In one previous study, only modest increases in FLI in the LC were
identified following air puff stress in the SHR compared to another normotensive control,
the WKY rat (50). In that study, however, single puffs of air were used to induce stress,
compared to the 20 min of continuous AJS used in the present study, thus the difference in
the intensity of the stress between studies may explain the more robust difference in
neuronal activation within the rostral LC exhibited in the SHR versus the Wistar in the
present study. Together, the increase in CRH expression in the CEA and FLI in the rostral
LC in our study suggest that the relationship between these two brain regions may be
critically linked to the exaggerated cardiovascular reactivity in the SHR during stress.

FLI in hypothalamic structures following AJS
Finally, the pattern of FLI in three hypothalamic regions known to be involved in stress-
related responses, the DMH, ARC, and PVN was evaluated (67). Interestingly, similar
increases in FLI in both the Wistar and SHR were observed following AJS. Since all three
hypothalamic subnuclei have been implicated in mediating autonomic responses to stress,
and the response to AJS was exaggerated in the SHR, it was unexpected that similar changes
in FLI would be observed in both the Wistar and the SHR (22,50,63,64). Moreover, several
previous studies have demonstrated significant increases in FLI in the hypothalamus and the
brainstem in response to AJS combined with restraint in the SHR when compared to another
normotensive strain, the Wistar-Kyoto (WKY) rat (34,38,50). Thus, results of the present
study suggest that the capacity for neuronal activation in the hypothalamus during AJS in
the absence of physical restraint may be relatively normal in the SHR when compared to a
different normotensive strain. Indeed, one methodological consideration to be taken into
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account in the interpretation of the present results is the fact that the majority of previous
studies investigating the impact of stress on regional brain activation in the SHR have
utilized the WKY as a normotensive control (11,15,66). In the present study, we chose to
use the Wistar as a control, over the traditional WKY, based on evidence that the WKY
strain may be hypo-responsive to stressful stimuli compared to other normotensive strains
(5,12).

Conclusion
The results of the current study provide new information regarding the role of the amygdala
in the SHR following exposure to novel unrestrained AJS. Of the three subnuclei of the
amygdala analyzed only the CEA demonstrated strain-related differences. Strain-effects
included a greater increase in CRH labeling in the caudal CEA of the SHR compared to the
Wistar rat that was coupled to significantly lower levels of FLI in the rostral CEA of the
SHR. Local application of CRH in the CEA has been shown to elicit tachycardia and has
been hypothesized to involve local inhibitory pathways (73), thus these two observations
suggest that the exaggerated autonomic response to stress typically observed in the SHR
may be related to both elevated CRH release, either locally or to efferent projection sites,
and an exaggerated local inhibition which may be linked to disinhibition of descending or
ascending autonomic control regions. Parallel to these strain specific changes in the CEA,
we also identified an elevation of FLI in the rostral LC in the SHR compared to the Wistar
after AJS. Since CRH containing CEA neurons target the rostral LC, this observation raises
the possibility that the exaggerated autonomic response stress in the SHR may also be linked
to dysregulation of CRH input from the CEA to the rostral LC. These observations provide a
possible target for future investigations into the treatment for exaggerated stress responses in
hypertension.
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Figure 1. Recording of arterial pressure (AP) and heart rate (HR) from a single unrestrained
male Wistar (A) and SHR (B) rat before, during, and immediately following exposure to
unrestrained AJS
Gray and white horizontal bar represents the 20 min duration of air jet stress (AJS),
including an initial 5 min of randomly directed AJS (white) and 15 min of sustained AJS in
which the direction of air changes in 1 min intervals (gray). The total recording represents
35 min.
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Figure 2. Change from baseline for mean arterial pressure (MAP) and heart rate (HR) in
response to air jet stress (AJS) or noise control (CON) between SHR and Wistar rats
A. Two min averages of ΔMAP and ΔHR for each group during (20 min) and after (30 and
60 min) the treatment period. W-CON (n=5), W-AJS (n=7), SHR-CON (n=5), and SHR-
AJS (n=7). B. Area under the curve for ΔMAP and ΔHR during the treatment period. #
indicates significance between individual strain and treatment groups identified (P<0.01).
W=Wistar; SHR=Spontaneously hypertensive rat; AJS=air jet stress; CON=control group.
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Figure 3. Increases in FLI in the central, basolateral, and medial subnucleui of the amygdala
following AJS
A.) Visual representation of the caudal, middle, and rostral subdivisions of the amygdala
evaluated from a single rat. Circular outlines define approximate location of each
subnucleus. Black bar represents 50 μm. B.) Average number of FLI-positive neurons in the
caudal BLA. C.) Average number of FLI-positive cells in the caudal MEA. D.) Average
number of FLI-positive neurons in the caudal and rostral CEA. *indicates significant
treatment effect (P<0.03); # indicates significant strain effect (P<0.03). FLI=fos-like
immunoreactivity; CEA=central nucleus of the amygdala; BLA=basolateral nucleus of the
amygdala; MEA=medial nucleus of the amygdala; OC=optic tract.
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Figure 4. Increases in the number of CRH-positive cells in the CEA following AJS
A.) CRH staining in the CEA representing both the W-AJS and SHR-AJS groups. Black bar
represents 100 μm. B.) Number of CRH-positive cells in the caudal CEA. C. Number of
CRH-positive cells in the middle CEA. * indicates significant treatment effect (P<0.01). #
indicates significant strain effect (P<0.008). CEA= central nucleus of the amygdala;
CRH=corticotropin releasing hormone.
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Figure 5. Pattern of FLI in the locus coeruleus (LC) following AJS
A.) Images of rostral LC from individual animals following AJS. Black bar represents 100
μm. B.) Number of FLI in the caudal LC. C.) Number of FLI in the rostral LC. *P<0.007
indicates significant treatment effect (both strains combined). # indicates significance
between individual strain and treatment groups indentified (P<0.001). SCP=superior
cerebellar peduncle; 4V=fourth ventricle.
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Figure 6. Pattern of FLI in the hypothalamus following AJS
A.) Number of FLI positive cells in magnocellular PVN (mPVN) and parvocellular PVN
(pPVN). B.) Number of FLI positive cells in the DMH. C.) Number of FLI positive cells in
the arcuate nucleus. *P<0.05 indicates significance between treatment groups (both strains
combined). PVN=paraventricular nucleus; DMH=dorsomedial hypothalamus.
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