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Abstract
Cardiac arrest and cardiopulmonary resuscitation (CA/CPR) increase the risk for affective
disorders in human survivors. Postischemic anxiety- and depressive-like behaviors have been
documented in animal models of CA/CPR; however, the stability of post-CA/CPR anxiety-like
behavior over time and the underlying physiologic mechanisms remain unknown. The
hypothalamic–pituitary–adrenal (HPA) axis and the corticotropin releasing factor (CRF) system
may mediate the pathophysiology of anxiety and depression; therefore, this study measured CA/
CPR-induced changes in CRF receptor binding and HPA axis negative feedback. Mice were
exposed to CA/CPR or SHAM surgery and assessed 7 or 21 days later. Consistent with earlier
demonstrations of anxiety-like behavior 7 days after CA/CPR, increased anxiety-like behavior in
the open field was also present 21 days after CA/CPR. On postoperative day 7, CA/CPR was
associated with an increase in basal serum corticosterone concentration relative to SHAM, but this
difference resolved by postoperative day 21. The Dexamethasone Suppression Test showed that
the CA/CPR group had enhanced negative feedback compared with SHAM controls at
postoperative day 21. Furthermore, there was a gradual increase in CRF1 receptor binding in the
paraventricular nucleus of the hypothalamus and bed nucleus of the stria terminalis, as well as a
transient decrease of both CRF1, and CRF2A receptors in the dorsal hippocampus. Therefore,
sustained changes in activity of the HPA axis and the CRF system after CA/CPR may contribute
to the postischemic increase in affective disorders.
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Introduction
Increased survival from cardiac arrest has created a growing patient population with unique
mental and physical challenges (Bunch et al, 2003; Paradis et al, 2002; The Hypothermia
after Cardiac Arrest Study Group, 2002). Several investigators have reported that cardiac
arrest and cardiopulmonary resuscitation (CA/CPR) survivors experience apathy (Reich et
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al, 1983), decreased quality of life (de Vos et al, 1999; Wachelder et al, 2009), dysfunctional
psychosocial behavior (Miranda, 1994; Sunnerhagen et al, 1996), and increased risk for
posttraumatic stress disorder (Ladwig et al, 1999). The underlying pathophysiology of these
postischemia anxiety-related behaviors is not yet fully understood but the phenomenon has
been reproduced in rodent models (Dhooper et al, 1997; Neigh et al, 2004) and is sustained
after the resolution of neurologic deficits (Albertsmeier et al, 2007), suggesting that there is
a robust and conserved neurobiologic mechanism. Aberrations in hypothalamic–pituitary–
adrenal (HPA) axis function may underlie a subset of both anxiety and depressive disorders
(Muller et al, 2004; Tsigos and Chrousos, 2002), and there is some evidence to suggest HPA
axis dysfunction after CA/CPR in mice (Neigh et al, 2005).

Although the effects of CA/CPR on HPA axis physiology are largely uncharacterized,
elevated postresuscitation cortisol has been documented in Patients who regained effective
circulation after CA/CPR (Hekimian et al, 2004) Cerebral damage after CA/CPR is
predominantly located in ‘watershed’ regions of the brain, including the hippocampus
(Bottiger et al, 1999; Kofler et al, 2004; Neigh et al, 2004; Sadowski et al, 1999; Weil et al,
2008), because of intensification of neuronal injury during the hyporeperfusion experience
of cardiovascular postresuscitation syndrome (Bottiger et al, 1997; Cerchiari et al, 1993;
Neumar et al, 2008). The hippocampus is a key regulatory region for HPA axis negative
feedback; therefore, damage from CA/CPR may disrupt negative feedback (Brown et al,
1999). As CA/CPR has been shown to induce neuronal damage in the hippocampus, the
effects of CA/CPR on HPA axis function were assessed in this study.

HPA axis activity also can be disrupted by changes in the corticotropin releasing factor
(CRF) circuits, the primary regulator in the central nervous system of the HPA axis. In
addition, CRF has been implicated in ischemia-induced changes in cerebral blood flow (De
Michele et al, 2005), blood–brain barrier permeability (Esposito et al, 2003), and cell death
(Stevens et al, 2003). Furthermore, CRF levels rise in the amygdala, hypothalamus,
hippocampus, and bed nucleus of the stria terminalis within hours of ischemia (Wong et al,
1995). Although CRF is known to change in response to ischemia, the effects of ischemia on
CRF receptor binding have not been characterized. Given the connection between CRF and
ischemia, the central role of CRF in the regulation of the HPA axis, and the contribution of
CRF to the pathophysiology of depression and anxiety, the experiments described here
sought to characterize the short- (7d) and long-term (21d) effects of CA/CPR on CRF
receptor binding.

The overall hypotheses tested are that (1) post-CA/CPR anxiety-like behavior is still present
21 days after insult and (2) CA/CPR alters HPA axis function. HPA axis assessments were
conducted at both acute (7d) and chronic (21d) timepoints to determine if post-CA/CPR
aberrations were transient or stable across time. A better understanding of the
neurophysiologic mechanisms of ischemia-induced affective disorders will guide the
development of more efficacious treatment strategies for this growing patient population.

Materials and methods
Animals

Adult male C57BL/6 mice (12 weeks) were housed individually in polycarbonate cages (28
cm × 17 cm × 12 cm) in rooms maintained on a 14:10 light:dark cycle (lights on at 0100 h
eastern standard time) at 20°C ± 4°C and relative humidity of 50% ± 5%. Tap water and
food (LabDiet 5001; PMI Nutrition; Brentwood, MO, USA) were available ad libitum
throughout the study. At the beginning of the experiment, mice were randomly assigned to
one of the following experimental groups: (1) SHAM surgery with 7d survival, (2) SHAM
surgery with 21d survival, (3) CA/CPR with 7d survival, or (4) CA/CPR with 21d survival.
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A total of 187 mice were used in the described studies. The sensitivity of the HPA axis to
behavioral testing, dexamethasone administration, and blood samples required that separate
cohorts of mice be used for the assessment of anxiety-like behavior at 21d survival,
dexamethasone suppression, and CRF binding. Specific samples sizes per group for each
study are detailed below.

Cardiac Arrest Procedure
The CA/CPR procedure used in this study has been described earlier in detail (Kofler et al,
2004; Neigh et al, 2004). Briefly, mice were anesthetized with 3% halothane in air,
intubated, and maintained on 1.5% halothane. A sterile PE10 catheter was inserted into the
right jugular vein for drug administration. Continuous monitoring of arterial blood pressure
was achieved through a blood pressure transducer (Columbus Instruments, Columbus, OH,
USA) connected to a right femoral artery cannula (Fine Science, Foster City, CA, USA).
Mice were ventilated with a tidal volume of 120 µL and a respiratory rate of 160 breaths per
minute (Columbus Instruments). Blood pressure (Figure 1) and temperature measurements
(rectal and temporal) were taken throughout the procedure. As established earlier, peripheral
hypothermia (27°C) was used to prevent organ damage (Kofler et al, 2004; Neigh et al,
2004). Head temperature was manipulated independently of body temperature through the
use of a double lumen coil that was placed around the head and filled with circulating water
to maintain a brain temperature of 37°C. To induce cardiac arrest, cold KC1 (50.0 µL, 0.5
M, 4°C) was injected through the jugular catheter and the mouse was detached from the
ventilator. Consistent with earlier work, at 7 mins 45 sees into the arrest period, the mouse
was reattached to the ventilator and ventilated on 100% oxygen, and at 8 mins after injection
of KC1, 8 µg of epinephrine (EPI) in 0.5 mL saline, warmed to 37°C, was injected through
the jugular vein catheter and chest compressions (approximately 300 per minute) were
initiated. Mice were maintained on 100% oxygen for 15 mins after initiation of spontaneous
circulation and then extubated, followed by the removal of catheters and suturing of wounds
(Kofler et al, 2004; Neigh et al, 2004). Rewarming was established with a combination of
heat lamp, heating pad, and circulation of warm water through a double lumen coil. The
rectal temperature probe and temporal probe provided a continuous readout of body and
head temperature. An injection of 0.75 mL of prewarmed lactated Ringers solution (37°C)
was administered subcutaneously immediately after the conclusion of the procedure. Mice
were placed in a clean cage on a thermal barrier for an additional hour before return to the
colony.

The surgical preparations, anesthetic exposure, and temperature modulation described above
were similar for CA/CPR and SHAM operated mice, except that SHAM operated mice
received a 50.0 µL injection of isotonic saline instead of KC1 and a 0.5 mL injection of
isotonic saline instead of EPI. The SHAM operated mice did not experience CA/CPR and
were not exposed to anoxia, EPI, or chest compressions.

Behavioral Testing
Behavioral testing and scoring were performed during the dark phase by an experimenter
who was not aware of experimental assignment. The mice were tested once, 21 days after
CA/CPR (n = 7) or SHAM (n = 10) surgery. Behavioral testing 7 days after CA/CPR and
SHAM surgery has been reported earlier (Neigh et al, 2004).

Activity in an open field—Locomotor activity was assessed in Flex Field photobeam
activity systems (San Diego Instruments, San Diego, CA, USA). The apparatus was
enclosed in individual sound attenuating chambers equipped with a 15 W fluorescent white
light and ventilating fan that also provided masking noise. A clear Plexiglas insert (40 cm ×
40 cm × 37.5 cm) was fitted inside a metal frame consisting of 16 equally spaced infrared
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photocell detectors. The photocells were located 2 cm from the floor, along two adjacent
walls of the chamber. Interruptions in the infrared light sources by the experimental animal
were recorded. Beam breaks were converted to distance traveled (in cm). Data were also
analyzed to determine peripheral versus central activity (a 90 cm2 zone in the middle of the
apparatus). Rearing behavior was also tabulated. Locomotor activity was assessed during
60mins sessions once during the dark cycle.

Elevated plus maze—The elevated plus maze was used as a measure of anxiety-like
behavior (Pellow et al, 1985). The apparatus consisted of two open arms and two closed
arms arranged in a ‘ +’ orientation. The arms were 65 cm long and 5 cm wide. The walls
enclosing the closed arms were 15 cm high. The mouse was placed in the center of the
apparatus facing an open arm and the following measures were recorded: latency to enter
arms, duration of time spent in closed and open arms, and frequency of arm entries. The
5mins test was administered during the dark cycle.

Dexamethasone Suppression Test
The Dexamethasone Suppression Test was performed in separate cohorts of mice on
postsurgical day 7 or 21. After SHAM or CA/CPR surgery, mice were undisturbed. A blood
sample was collected from separate cohorts of mice at baseline (no injection), after
intraperitoneal injection of the vehicle (0.25 mL sterile isotonic saline; SHAM n = 6 for each
7d and 21d survival, CA/CPR n = 6 for each 7d and 21d survival), or after injection one of
three doses of dexamethasone (DEX; SHAM n = 6, CA/CPR n = 6 for each concentration
and for each 7d and 21d survival; low: 50 µg/kg; med: 100 µg/kg; or high: 200 µg/kg).
Blood samples were collected through the retro-orbital sinus 6h after injection. The samples
were centrifuged at 6,000 r.p.m. for 30mins at 4°C; sera were collected and stored at −80°C
until corticosterone concentrations were assessed with a radioimmunoassay. We conducted
the radioimmune assay following the [125I] double-antibody kit instructions (MP
Biomedical, Solon, OH, USA). The radioimmune assay is highly specific, crossreacting at
less than 1% with other hormones and a detection limit of 5ng/mL. The coefficients of
variation were <10%, and the intraassay variation was <4%. The standard curve was run in
triplicate and samples were run in duplicate. All samples within an experiment were run in a
single assay.

CRF Receptor Autoradiography
CRF receptor binding was determined in a separate cohort of mice. Serial coronal sections
(20 µm) of the mouse brains were prepared on a cryostat at −18°C, thaw-mounted onto
SuperFrost Plus slides (Fisher Scientific, Pittsburgh, PA, USA), and stored with Humi-Cap
desiccant capsules (United Desicants, Pennsauken, NJ, USA) at 80°C until the assays.
Receptor binding autoradiography for two CRF receptor subtypes, CRF1 and CRF2A, was
performed as detailed earlier (Skelton et al, 2000). Brain tissue was collected at two
timepoints, 7 days after either SHAM or CA/CPR procedure (SHAM n = 9, CA/CPR n = 10)
or 21 days after either SHAM or CA/CPR (SHAM n = 9, CA/CPR n = 10).

Image Analysis
Images on film from receptor autoradiography assays were digitized with a CCD-72
(DAGE-MTI, Michigan City, IN, USA) image analysis system equipped with a camera
(Nikon, Tokyo, Japan) using MCID software (Imaging Research, Inc., St Catherine’s, ON,
Canada). Optical densities were calibrated against [I125] standards for receptor
autoradiography. Density of CRF receptor binding was calculated for distinct anatomic
regions as defined by Paxinos and Watson (1986) in each brain slice by subtracting the
neutral background density from the specific signal. For each animal, brain region, and
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assay four to eight individual measurements were averaged to produce a single value for that
animal. Measurements made by two independent ‘blinded’ observers for each animal were
indistinguishable in the final results.

Data Analysis and Statistics
Blood pressure, head temperature, and body temperature were compared using two-way
repeated measures ANOVA assessing the effects of time and surgery. Post hoc analysis was
used to further distinguish among groups, and all differences were considered statistically
significant if P < 0.05, unless the assumptions of normality or equal variance were violated.
If these assumptions were violated, then a was adjusted to P < 0.025 for initial analyses and
P < 0.01 for post hoc analyses to correct for the increased likelihood of type I error (Keppel,
1991). This conservative adjustment in P-value was necessary for the analysis of blood
pressure and temporalis temperature; the data for the SHAM and CA/CPR groups met the
assumption of equal variance at baseline and reperfusion, but during the 8 mins arrest
period, cessation of blood flow substantially decreased variation in the CA/CPR group
(approaching 0 variance for the blood pressure measure), in turn necessitating a
compensatory adjustment of P-value as indicated by Keppel (1991) and described in earlier
studies (Kofler et al, 2004; Neigh et al, 2004). Serum corticosterone concentrations, CRF
receptor binding, total surgery time, behavioral parameters, and neuronal damage were
assessed using one-way ANOVA. Data are presented as the mean ± s.e.m.

Results
The CA/CPR Procedure Suspended Blood Pressure for 8 mins

As established earlier (Neigh et al, 2004), the described procedure produced a mean femoral
blood pressure of less than 5 mm Hg (limit of detection, see Figure 1A) and respiration
ceased during the cardiac arrest period. EPI and CPR restored blood pressure and
respiration. Mean blood pressure was lower in the CA/CPR groups as compared with the
SHAM groups during the arrest period and higher than the SHAM groups during the
reperfusion period (F51,765 = 273.42, P < 0.05). There were no differences in peri-surgical
blood pressure between the 7d and 21d survival SHAM groups or between the 7d and 21d
survival CA/CPR groups (P > 0.05). Although not shown in Figure 1, earlier work has
established that blood pressure returns to baseline levels among CA/CPR groups within 30
mins of resuscitation (Neigh et al, 2004). Although CA/CPR groups had higher temporalis
temperatures and lower body temperatures during arrest and reperfusion than SHAM
controls (Figure 1B, temporalis temperature F51,765 = 29.89, P < 0.05; Figure 1C, rectal
temperature F51,765 = 9.962, P<0.05), regional body temperatures did not differ by more
than 2°C between SHAM and CA/CPR groups at any one timepoint and there were no
differences between the 7d and 21d CA/CPR mice or the 7d and 21d SHAM mice (Figures
1B and 1C). There were also no significant differences in surgical time between SHAM and
CA/CPR procedures (P > 0.05). Body mass did not differ between mice in the SHAM (25.03
± 0.20 g) and CA/CPR groups (25.18 ± 0.15 g; P > 0.05). The SHAM groups had a 100%
survival rate. The survival rate was 64% for 7d survival CA/CPR group and 63% for the 21d
survival CA/CPR group.

Post-CA/CPR Anxiety-Like Behavior Is Persistent
Locomotor activity was similar for CA/CPR and SHAM operated mice that were tested 21d
after surgery (Figure 2; 5,801 ± 305 counts and 5,380 ± 286 counts, respectively, P > 0.05).
Increased anxiety-like behavior, as demonstrated earlier Id and 7d post-CA/CPR (Neigh et
al, 2004) was still evident at the 21d timepoint. When observed in an open field, mice that
underwent CA/CPR spent less time in the center of the arena than SHAM operated mice
(10.4% ± 0.6% and 13.3% ± 0.9%, respectively, t15 = 2.29, P < 0.05). In addition, mice that
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underwent CA/CPR spent less time in the open arms of the elevated plus maze than SHAM
operated mice (48.2% ± 6.5% and 64.2% ± 3.9%, respectively, t15 = 2.21, P < 0.05), despite
a similar number of total arm entries (SHAM = 8.7 ± 0.7 entries and CA/CPR = 8.0 ± 0.9
entries, P > 0.05).

CA/CPR Alters Basal HPA Axis Activity and Enhances Negative Feedback
Basal serum corticosterone concentrations increased in mice that underwent CA/CPR (84.2
± 8.0 ng/mL), as compared with SHAM operated mice (43.9 ± 7.0 ng/mL) 7d after the
procedure (see Figure 3; F4,51 = 3.34, P < 0.05); however, these differences resolved by 21d
post-CA/CPR (P > 0.05, compared with 21d SHAM). At the 7d timepoint, mice in the CA/
CPR group failed to exhibit the typical corticosterone response to handling and injection,
which could be considered a mild stressor. Specifically, injection of isotonic saline resulted
in a significant increase in corticosterone concentration relative to basal concentrations
among mice in the SHAM (91.2 ± 8.2 ng/mL versus 43.9 ± 6.9 ng/mL; q = 6.9, P < 0.05)
but not CA/CPR groups (79.1 ± 8.9ng/mL versus 84.2 ± 8.2 ng/mL q = 0.60, P > 0.05). At
the 21d timepoint, both the CA/CPR and SHAM group responded to saline injection with a
significant increase in serum corticosterone concentration relative to basal concentrations
(SHAM: 39.5 ± 7.0 ng/mL versus 104.1 ± 7.0ng/mL; q = 9.2, P < 0.05; CA/CPR: 38.8 ± 8.4
ng/mL versus 70.8 ± 7.4 ng/mL q = 4.0, P < 0.05); although among the saline treated mice,
those that experienced SHAM surgery had significantly higher corticosterone concentrations
than those that underwent CA/CPR (SHAM = 104.0 ± 7.0 ng/mL; CA/CPR = 71.0 ± 7.0 ng/
mL, q = 33.30, P <0.05).

Dexamethasone-induced suppression of the HPA axis is also altered after CA/CPR (Figure
3). On day 7, dexamethasone suppression of endogenous corticosterone is apparent in both
SHAM and CA/CPR mice and appears to be similar in magnitude (P > 0.05). However, by
2Id after surgery, mice that underwent CA/CPR exhibit an enhanced suppression of
corticosterone after dexamethasone administration as compared with SHAM operated mice.
Enhanced negative feedback is evident at the low (50 µg/kg; SHAM = 68.1 ±7.0 ng/mL;
CA/CPR = 6.2 ± 7.8 ng/mL; F4,88 = 6.5, q = 8.3, P < 0.05) and middle dose (100 µg/kg;
SHAM = 37.0 ± 6.4ng/mL; CA/CPR = 7.5 ± 7.0 ng/mL; q = 4.4, P < 0.05), but not at the
highest dose of dexamethasone tested (200 µg/kg; SHAM = 4.4 ± 6.7 ng/mL; CA/CPR = 6.2
± 6.7ng/mL; P > 0.05).

CA/CPR Alters CRF Receptor Binding in a Region-Specific and Time-Specific Manner
A complete summary of the observed changes in CRF receptor binding after either 7d or 21d
of recovery from CA/CPR or SHAM surgery are depicted in Tables 1 and 2. As all binding
assays were run simultaneously, the data from the 7d and 21d SHAM groups were collapsed
into one SHAM control group for the CRF receptor binding, after establishing that there
were no statistical differences in expression between these two timepoints. CA/CPR causes a
gradual increase in CRF1 receptor binding in the paraventricular nucleus of the
hypothalamus (PVN), as compared with a similar timepoint in the SHAM group, which was
statistically significant by 2Id after surgery (F2,29 = 4.70, P < 0.05). CRF2A receptor binding
in the PVN initially decreased after CA/CPR (7d after surgery), but was elevated by 21d
after surgery (F2,29 = 6.80, P < 0.05) as compared with SHAM operated mice. CRF1 binding
in the bed nucleus of the stria terminalis showed a pattern similar to the PVN with a slight
increase 7d after CA/CPR, which was significant by 21d following the procedure as
compared with SHAM operated mice (t23 = 2.50, P < 0.05). The cingulate cortex showed the
opposite pattern, a trend toward decreased CRF1 binding 7d after CA/CPR, that became
significant by 21d, as compared with SHAM operated mice (F2,18 = 4.70, P < 0.05). There
were no CA/CPR-induced changes in CRF1 binding in either the basolateral or central
amygdala (P > 0.05). CRF2A binding was transiently decreased in the basolateral amygdala
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at 7d (F2,35 = 4.82, P < 0.05), but not 21d (P > 0.05) after the CA/CPR procedure, and
binding in the central nucleus was decreased, as compared with SHAM operated mice, at
both 7d and 21d after CA/CPR (F2,22 = 4.51, P < 0.05). A transient decrease in the dorsal
hippocampus of both CRF1 and CRF2A binding occurred in the CA/CPR mice as compared
with SHAM controls (F2,35 = 4.44, P < 0.05; F2,33 = 5.21, P < 0.05). A transient decrease in
CRF1 binding in the septum was documented 7d (t13 = 2.53, P < 0.05), but not 21d, after the
CA/CPR procedure (P > 0.05).

Discussion
People who survive cardiac arrest are plagued by persistent affective disorders and have
difficulty with social integration. Indeed, as many as 3 years after cardiac arrest, 30% of
survivors report anxiety and nearly 75% report low social participation (Wachelder et al,
2009). In addition, high levels of anxiety are associated with increased risk of sudden
cardiac death (Albert et al, 2005). Compared with depression, relatively few clinical studies
have addressed the topic of anxiety after recovery from cardiac arrest or cardiopulmonary
bypass (Ladwig et al, 1999; Murphy et al, 2008; Vingerhoets et al, 1995; Wachelder et al,
2009). The underlying pathophysiologic causes remain unknown but may involve
dysfunction in the HPA axis (Hekimian et al, 2004; Yin et al, 2007). This study shows that
CA/CPR in mice is associated with persistent alterations in anxiety-like behavior and
changes in HPA axis regulation that may contribute to the development of anxiety.

An important step in establishing a physiologic mechanism involves developing an animal
model that produces long-term anxiety-like behavior after cardiac arrest. Anxiety-like
behavior after CA/CPR has been reported in mice (Kofler et al, 2004; Neigh et al, 2004,
2005) and rats (Dhooper et al, 1997) within days of resuscitation. Although some other
models of global cerebral ischemia have produced increased anxiety-like behavior (Ishibashi
et al, 2006; Yan et al, 2007), others have failed to do so (Bantsiele et al, 2004; Plamondon
and Khan, 2005). Most of these studies suffer the limitation of examining anxiety soon after
ischemia. This study extends our earlier work reporting the presence of anxiety-like
behavior after a short-term recovery, within 7d of the procedure (Neigh et al, 2004), and
provides evidence that anxiety-like behavior is still evident 21d after CA/CPR (Figure 2).
Thus, CA/CPR-induced increases in anxiety-like behavior persist well beyond the ischemic
event.

CA/CPR also alters several aspects of HPA axis function, including (1) a transient increase
in basal corticosterone concentrations (Figure 3), (2) sensitization of negative feedback on
the HPA axis (Figure 3), and (3) a dynamic change in CRF receptor binding (Tables 1 and
2).

Mean basal corticosterone concentration was significantly higher among CA/CPR than
SHAM operated mice on postsurgical day 7, but not on postsurgical day 21 (Figure 3).
These data confirm and extend earlier work showing that CA/CPR elevates basal
corticosterone concentration and attenuates the corticosterone response to a restraint stressor
(Neigh et al, 2005). Data from this study suggest that the rise in basal corticosterone
concentrations after CA/CPR is transient, because by 21 days, basal corticosterone
concentrations are similar for SHAM and CA/CPR groups. Furthermore, over time CA/CPR
increases the sensitivity of the HPA axis to dexamethasone-induced suppression of
circulating corticosterone concentrations (Figure 3), a measure of HPA axis negative-
feedback regulation. On postsurgical day 7, both the CA/CPR and SHAM groups exhibit the
expected dose-dependent decrease in serum corticosterone after treatment with
dexamethasone, and values at each concentration of dexamethasone are similar for the two
groups. In contrast, on postsurgical day 21, the SHAM group exhibits the expected dose-

Neigh et al. Page 7

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2013 November 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dependent decrease in corticosterone concentration after treatment with dexamethasone,
whereas the CA/CPR group exhibits maximal suppression at even the lowest dose;
corticosterone concentrations are significantly lower for the CA/CPR than SHAM group
after treatment with 50 and 100 µg of dexamethasone. At the highest dose of dexamethasone
(200 µg), the corticosterone concentrations of the CA/CPR and SHAM groups are similar.
The delayed onset of enhanced HPA axis negative feedback, and resolution of the elevated
basal corticosterone, may indicate that negative feedback is enhanced to compensate for the
elevated basal concentrations of corticosterone that manifest soon after CA/CPR. In fact,
adrenal insufficiency shortly after CA/CPR in humans is associated with a higher rate of
death because of septic shock (Hekimian et al, 2004), suggesting that an optimal amount of
cortisol may be beneficial after CA/CPR. The long-term implications of prolonged, robust
increases in glucocorticoids after ischemia are unknown but our data suggest that the
negative feedback on the HPA axis may change in response to the ischemia-induced
elevations in glucocorticoids. To our knowledge, dexamethasone suppression has not been
assessed after CA/CPR in the human population.

The CA/CPR-induced changes in basal corticosterone concentrations, which precede
alterations in negative feedback, may be a manifestation of ischemia-induced changes in
CRF neurotransmission. CRF mRNA is rapidly upregulated in the ischemic cortex and
amygdala (Wong et al, 1995), and extracellular CRF is elevated in the paraventricular
nucleus of the hypothalamus, amygdala, hippocampus, and cortex after cerebral ischemia
(Khan et al, 2004). In turn, CRF influences cerebral blood flow, vascular permeability, and
cell death (De Michele et al, 2005; Khan et al, 2004; Stevens et al, 2003). Indeed, ischemia-
induced neuronal loss is attenuated when CRF antagonists are administered (Charron et al,
2008; Wong et al, 1995). Studies of ischemia in CRF1 and CRF2A knockout mice indicate
that CRF1 is an important mediator of ischemic injury (Stevens et al, 2003). The reduction
in CRF1 and CRF2A receptor binding in the hippocampus observed 7d after CA/CPR in this
study (Tables 1 and 2) may be a compensatory response to the increase in CRF that others
have reported (Khan et al, 2004; Wong et al, 1995). At postsurgical day 21, the CA/CPR
group had more CRF1 binding in the paraventricular nucleus of the hypothalamus and the
bed nucleus of the stria terminalis than the SHAM group. These changes in CRF physiology
are consistent with changes documented in other anxiety models (Dunn and Berridge, 1990),
and may contribute to the anxiety-like behavior documented 21d after CA/CPR (Figure 2).

Neurons, microglia, and astroglia express both CRF1 and CRF2A receptors, and activation of
the CRF1 receptor in particular influences the inflammatory response and the extent of
neuronal damage that results from focal ischemia (Stevens et al, 2003). Modulation of CRF
neurotransmission after cerebral ischemia can also influence behavior; administration of the
CRF1 receptor antagonist CP154, 526 either shortly before or after global ischemia
attenuates the increase in locomotor activity that typically appears 4 to 7d after global
ischemia, without altering neurodegeneration (Plamondon and Khan, 2006). Whether the
changes in CRF1 and CRF2A binding observed in this study reflect alterations in neurons,
microglia, astroglia or a combination of these cell types, and how these changes affect
neuronal survival and inflammation after CA/CPR requires further study.

Given the established role of HPA axis pathology in depressive and anxiety disorders
(Tsigos and Chrousos, 2002), and the increased incidence of affective disorders in CA/CPR
survivors (Ladwig et al, 1999; Wachelder et al, 2009), we sought to establish whether CA/
CPR caused long-term changes in the HPA axis. The data presented here show that there is a
transient increase in basal corticosterone concentrations after CA/CPR, which resolves
between 7d and 21d after injury and may reflect changes in CRF neurotransmission, which
have been documented earlier to occur after ischemia (De Michele et al, 2007; Wong et al,
1995). Furthermore, augmented negative feedback regulation of the HPA axis manifests by
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21d after injury. The enhanced sensitivity to negative feedback after CA/CPR is intriguing
and warrants additional work to determine whether persistent anxiety after resuscitation is
causally related to the observed changes in the HPA axis. Together, the data presented here
show dynamic changes in the HPA axis after CA/CPR and a concomitant increase in
anxiety. Better understanding of the pathology that underlies post-CA/CPR behavioral
changes will ultimately lead to better treatments of the unique mental and physical disorders
of CA/CPR survivors. In addition, the continued remodeling of the HPA axis showed in this
study highlights the importance of studying long-term physiologic and behavioral changes
after ischemia beyond the initial recovery period.
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Figure 1.
Mean blood pressure (mm Hg), temporalis temperatures, and rectal temperatures for both
SHAM and CA/CPR surgical groups. Values are expressed as mean ± s.e.m. After catheter
placement, mice were observed for 10 mins to establish a baseline blood pressure. KCI was
then injected into the jugular catheter of CA/CPR mice and monitoring continued. Blood
pressure dropped to a nondetectable range within 60 sees of KCI injection. Mice were
resuscitated with ventilation, chest compressions, and epinephrine after 8 mins of
cardiopulmonary arrest. (A) Compared with SHAM operated mice, mean blood pressure
was reduced by the cardiac arrest procedure, and after resuscitation mean blood pressure
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was transiently elevated (P < 0.05). There were no differences in mean blood pressure
between mice that underwent cardiac arrest and cardiopulmonary resuscitation (CA/CPR)
and were euthanized at 7 or 21 days after resuscitation (P > 0.05). (B) Temporalis
temperature was used as an index of brain temperature and although temperature differed
from that of SHAM operated mice (P < 0.05), there were no differences between the CA/
CPR groups (P > 0.05). (C) Core body temperature decreased during both the SHAM and
CA/CPR procedures as compared with basal body temperatures (P < 0.05).
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Figure 2.
After a 21d recovery period, mice were tested for anxiety-like behavior in the elevated plus
maze (A–C) and open field (D–F) during their dark cycle. Locomotor activity did not differ
between SHAM and CA/CPR operated mice in the elevated plus maze (A) or the open field
(D). (B) Anxiety-like behavior was shown by a decrease in time in the open arms entries in
the CA/CPR group when compared with SHAM operated mice (mean ±s.e.m., *indicates P
< 0.05). (C) However, there was no group difference in percent open arm entries. (E)
Central tendency in the open field was also decreased in CA/CPR mice when compared with
SHAM operated mice (mean ± s.e.m., *indicates P < 0.05). (F) There was no group
difference in rearing frequency in the open field.
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Figure 3.
Separate cohorts of mice were assessed for dexamethasone suppression at the 7d and 21d
recovery timepoints. Seven days after CA/CPR, mice had elevated baseline corticosterone
concentrations when compared with SHAM operated mice (mean ± s.e.m., P < 0.05). After a
21d recovery period, baseline corticosterone concentrations were not different between
surgical groups (P > 0.05), but the response to dexamethasone was enhanced, such that CA/
CPR operated mice exhibited a suppression of corticosterone concentrations at doses that
did not suppress corticosterone in SHAM operated mice (50 and 100 µg; mean ± s.e.m., P <
0.05). *indicates P < 0.05 as compared with SHAM and & indicates that P < 0.05 as
compared with group baseline.
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