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Abstract

Male sex is an independent risk factor for long-term neurologic deficits in human preterm infants.
Using a chronic, sublethal hypoxia (CSH) mouse model of preterm brain injury, we recently
demonstrated acute brain volume loss with an increased male susceptibility to hippocampal
volume loss and hypomyelination. We now characterize the long-term, sex-specific effects of
CSH on cognition and brain growth. Neonatal mice were treated with CSH for 8 days, raised in
normoxia thereafter and underwent behavioral testing at 6 weeks of age. Behavioral assays
sensitive to hippocampal function were chosen. CSH-treated males had impairments in associative
learning, spatial memory and long-term social memory compared to control males. In contrast,
CSH-treated females were less impaired. Persistent reductions in hippocampal and cerebellar
volumes were found in adult CSH-treated males while regional brain volumes in CSH-treated
females were indistinguishable from controls. Similar to human preterm infants, males exposed to
hypoxia are especially vulnerable to short-term and long-term deficits in cognition and brain
growth.

INTRODUCTION

Long-term cognitive deficits are common adverse sequelae of preterm birth (1, 2).
Neuroanatomical differences in regional brain volume and myelination in preterm survivors
are increasingly recognized (3, 4). Male sex is a strong independent risk factor for adverse
cognitive and neuroanatomical outcomes in preterm infants, but the mechanism for their
vulnerability is unknown (1). While rodent models have been developed to study
mechanisms of preterm brain injury (5), few studies have looked at males and females
separately, limiting our understanding of sex-specific damage.
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To elucidate the mechanisms that protect the female developing brain or render males more
susceptible to damage, we are exploring sex-specific differences in a rodent model that
mimics neuroanatomical findings of preterm brain injury. Although many factors contribute
to preterm brain injury, cerebral hypoxia is important due to its frequency in the preterm
population from respiratory distress syndrome, chronic lung disease and hypotension (6). A
rodent model of chronic, sublethal hypoxia (CSH) has been shown to cause neuroanatomical
findings of diffuse brain volume loss, impaired myelination and ventriculomegaly, findings
that are strikingly similar to those seen in human preterm infants (7). Using this model, we
recently demonstrated sex-specific susceptibility to CSH, with males having greater
hippocampal volume loss and less myelination than females (8).

We hypothesized that CSH would also lead to sex-specific effects on long-term cognitive
development and brain growth, with greater impairment in males. To test this, we selected a
panel of behavioral assays to test learning, memory and social awareness to compare
cognitive development in control and CSH-treated mice. Long-term neuroanatomical
differences were analyzed at the conclusion of behavioral testing.

MATERIALS AND METHODS

Hypoxia

All experiments were approved by the Administrative Panel on Laboratory Animal Care at
Stanford University (Protocol #10829). Hypoxia treatment was carried out as described in
(8). C57BL/6 litters of 4 male pups, 4 female pups, a C57BL/6 dam and a CD-1 foster dam
were randomized to hypoxia or normoxia from P3-P11. The hypoxic litters with dams were
placed in a chamber where a continuous oxygen sensor and controller unit (Biospherix, New
York) adjusted nitrogen gas infusion rates to maintain a fraction of inspired oxygen (FiO2)
of 0.1. The normoxic litters remained in ambient air with a FiO2 of 0.21. On P11, the litters
in the hypoxia chamber were returned to ambient air. While there is a significant mortality
rate for pups in hypoxia, there is no sex difference in mortality. Litters were weaned at P21.

IntelliCage testing

Automated behavioral testing for the evaluation of learning and memory was conducted in
the IntelliCage (NewBehavior AG, Switzerland). Radiofrequency identification devices
(RFID, Datamars SA, Switzerland) were implanted subcutaneously for individual mouse
identification. The IntelliCage holds up to 16 mice and provides a group housing
environment with unrestricted food access but restricted water access limited to four
programmable testing corners. The mice enter testing corners via an opening large enough
for only one mouse. Heat sensors in the corners detect mouse entry and the RFID identifies
the specific mouse. Each testing corner has two programmable doors that can be open,
closed, or openable with a nosepoke to provide water access which is considered reward. A
programmable air puff is considered punishment. Above each door are programmable LED
lights of varying colors for choice discrimination. Corner visits, nosepokes, licks and visit
times were recorded.

Baseline activity level—Testing started at 5 weeks of age. Water access was unrestricted
in all testing corners. The average visits to testing corners during light and dark cycles were
measured over 3 days.

Place learning and reversal testing—Testing started at 6 weeks of age. Water access
was restricted to two 1-hour-long drinking sessions per day. During these sessions, each

mouse was assigned one specific corner (place learning corner) where water was accessible
in response to a nosepoke. The percentage of nosepokes in each corner was measured for 4
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days (8 sessions). After 4 days, corners were reprogrammed for each mouse so water
became inaccessible in the place learning corner but became accessible in a different corner
(reversal corner). After the switch, the percentage of nosepokes in each corner was measured
for another 4 days (8 sessions). Nonparametric permutation test was performed to assess the
difference in the probabilities of nosepokes at 3 sessions after reversal between control and
hypoxic animals of both sexes.

Cued punishment testing—Testing started at 9 weeks of age. Water access was
restricted to two 1-hour-long drinking sessions per day. During the sessions, in all testing
corners, one door was transiently labeled with green LEDs and the other with yellow LEDs.
Half of the animals were assigned yellow as correct and green as incorrect; the other half
were assigned the opposite. A nosepoke at a door with the incorrect LEDs caused an air puff
while a nosepoke at a door with the correct LEDs allowed water access. LED light colors
above each door were switched every 30 minutes to eliminate place learning as a
confounder. The percentage of errors (nosepokes at the incorrect door) was measured for 7
days (14 sessions). Statistical analysis was performed using a generalized mixed effects
regression model to evaluate the difference in error rates between control and hypoxic
animals of both sexes. Mouse-specific random effect was included to account for within-
mice correlations. The regression analysis also adjusted for session variation.

Standard behavioral testing

Exploratory Activity in Novel Environment—Testing started at 17 weeks of age. The
Activity Chamber (Med Associates Inc., St. Albans) was used to assess general activity,
gross locomotor activity and exploratory behavior. Assessment took place in a 43.2 cm x
43.2 cm arena with infrared detectors within a sound-attenuating chamber under dim light.
The animal was placed in the center of the arena and allowed to move freely for 10 minutes
while being tracked by an automated tracking system. Ambulatory time, resting time and
distance moved were recorded.

Morris water maze (MWM) with delayed matching-to-place (DMP)—Testing
started at 17 weeks of age. The DMP water maze task was used to assess learning and
memory as described previously (9). A dark-colored tank (170 cm in diameter) was filled
with opacified water. Each day, each mouse was placed in the MWM at one of four
randomly selected locations and given up to 90 seconds to find a submerged platform. Once
the platform was found, the animal was allowed to remain on the platform for 10 seconds. If
the mouse failed to find the platform after 90 seconds, the animal was placed on the platform
for 10 seconds. 4 trials with an inter-trial interval of 8-12 minutes were conducted daily with
the platform in a fixed location. Each subsequent day for 6 days, the submerged platform
was moved to a new location and the 4 trials repeated. During each trial, the time to locate
the submerged platform (escape latency) was recorded. The mixed effect linear regression
analysis was performed in each sex to evaluate the difference in escape latency time savings
between trials 1 and 2 on days 2 through 7 between control and hypoxic animals. Mice and
day specific random effects were included to account for correlations.

Social testing

Testing started at 10 weeks of age. Due to the sex-specific design of the sociability assays,
only male mice were tested. Mice were individually housed 1 week before testing. Prior to
social memory testing, randomly-selected, individually-housed, C57BL/6 ovariectomized
female mice (OEF) were put into the home cages of test mice for 4 hours per day for 5-7
days to reduce sexual behavior. This test was conducted as described in (10), but modified
by adding a sixth trial. The same, never-before-met OEF was placed into the home cage of
the test mouse for four 1-minute trials with a 10-minute inter-trial interval. In the fifth trial, a
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novel OEF was introduced. In the sixth trial, the original OEF from trials 1-4 was
reintroduced as control. All trials were videotaped and analyzed for socialization time
(anogenital, perioral and body investigation). The mixed effect linear regression model was
used to compare socialization time between control and hypoxic animals for the first four
sessions. The Wilcoxen test was used for comparisons for the fifth and sixth sessions.

Brain sectioning

Brains were harvested following intracardiac perfusion with 4% paraformaldehyde. Brains
were fixed overnight and dehydrated in 30% sucrose with 0.01% sodium azide. Sagittal
sections of 50 m thickness were obtained using a sliding microtome. Every 5 section was
mounted on a slide.

Volume analysis

Brain sections obtained at 20 weeks of age were stained with cresyl violet. Sections were
imaged using a Leica DFC280 camera on a Leica stereoscope. Cortex, hippocampus and
cerebellum areas were measured for each section using ImageJ (NIH, Bethesda), multiplied
by section thickness and added to determine regional volumes. A linear regression model
was used to compare regional brain volumes between control and hypoxic animals.
Comparisons were made on absolute volumes within each sex and for clarity graphed
relative to male normoxic volumes.

Cell proliferation

RESULTS

On P11, 5 mg/kg 5-bromodeoxyuridine (BrdU) was injected intraperitoneally. Brains
sections were obtained at 6 weeks of age. Immunohistochemistry was done on free-floating
sections using 1:1000 anti-BrdU (Abcam, Cambridge) and anti-NeuN antibodies (Abcam,
Cambridge). Immunostaining was visualized on a Nikon E800 microscope. All BrdU+ cells
within the dentate gyrus were counted for each section and divided by the dentate gyrus area
to calculate BrdU+ cell density. The t-test was used to compare the BrdU+ cell density
between control and hypoxic animals for each sex.

98 mice (57 males, 41 females) were tested in three cohorts (IntelliCage only, IntelliCage
+Activity Chamber+MWM/DMP, social testing). In all cohorts, as noted previously (7, 8),
hypoxic mice weighed significantly less than controls immediately after hypoxia (data not
shown). However, as in prior studies, gradual somatic catch-up growth was seen.

Baseline activity

In the IntelliCage, visits to testing corners and circadian patterns of exploratory activity were
no different between control and hypoxic animals (Figure 1A). In the Activity Chamber, no
differences were seen in baseline activity as measured by ambulatory duration, resting
duration and distance moved (Figure 1B-D). This is consistent with published data reporting
greater locomotor activity in young CSH-treated animals that disappeared by 6 weeks of age
(12).

Place learning and reversal of place learning

Location memory was tested with place learning and reversal tasks in the IntelliCage (Figure
2). Place learning was assessed by measuring the percentage of nosepokes in the place
learning corner over serial drinking sessions. Over the first eight sessions, no difference in
place learning was seen between control and hypoxic mice in either sex. All groups showed
an increase percentage of nosepokes in the water-accessible place learning corner over time
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and a corresponding decrease in the water-inaccessible reversal corner. After water access
was changed to the reversal corner following session 8, all groups showed a decline in the
percentage of nosepokes in the water-inaccessible place learning corner and a corresponding
increase in the water-accessible reversal corner. However, reversal of place learning was
significantly slower in hypoxic males than controls (Figure 2A, sessions 10-11). No delay in
reversal of place learning was seen in hypoxic females compared to controls (Figure 2B).
Eventually, both hypoxic and control males achieved the same percentage of nosepokes at
the reversal corner, implying a deficit in the speed of reversal of place learning but not in the
eventual ability to learn the reversed location. Impairment in reversal of place learning is
considered to be a sensitive test for hippocampal dysfunction (12, 13). Deficits with place
learning can be seen with major neurotoxic (14), traumatic (15) or ischemic (16)
hippocampal lesions but were not detected in this model.

Cued punishment

Associative learning was tested with the cued punishment task in the IntelliCage (Figure 3).
Associative learning was considered impaired in animals with greater percentages of
punished, errant nosepokes. Error rates in both hypoxic and control mice decreased to less
than chance by the first session. However, hypoxic males consistently made a higher
percentage of errant nosepokes (Figure 3A), with an odds ratio of 1.89 (p<0.05). Hypoxic
females also seemed to make more errant nosepokes compared to controls (Figure 3B) but
were less significantly affected than males, with an odds ratio of 1.5 (p=0.14).

Morris water maze

Spatial learning and working spatial memory were tested with the MWM (Figure 4). The
MWM is a well-validated method to assess spatial memory (12). In the DMP variation of
the MWM, the submerged platform is relocated every day, specifically testing working
spatial memory by measuring time savings from trial 1 to trial 2 over multiple days and
platform locations. In the first trial, there was no difference in escape latency between
control and hypoxic animals as expected. However, hypoxic males had longer escape
latencies in subsequent trials, suggesting spatial learning deficits (Figure 4A, left). Time
savings between trials 1 and 2 (Figure 4A, right) were greater in controls compared to
hypoxic males, approaching statistical significance (34.8 s vs. 18.9 s, p=0.09). Hypoxic
females appeared to have slightly longer escape latencies in subsequent trials compared to
controls, although the effect was less pronounced (Figure 4B, left). Time savings between
trials 1 and 2 (Figure 4B, right) were not significantly greater in controls compared to
hypoxic females (18.1 s vs. 11.7 s, p=0.50).

Social testing

Sociability, social recognition, preference for social novelty and social memory were
assessed using a modified 5-trial social memory test (Figure 5). A high socialization time
was seen in both groups in trial 1, implying that sociability was unaffected. When the same
OEF was reintroduced in trials 2-4, socialization time declined in both groups, implying
intact social recognition and memory. When a novel OEF was introduced in trial 5,
socialization time increased in both groups, implying intact preference for social novelty.
With reintroduction of the original OEF, a decrease in socialization time was seen in both
groups. However, hypoxic males had a lesser decline in socialization time (5.5 s vs. 14.4 s,
p=0.08), suggesting long-term social memory impairment.

Brain volume analysis

Regional brain volumes (cerebrum, cerebellum and hippocampus) were measured in a
subset of mice after behavioral testing. In our previous work (8), mice exposed to hypoxia
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experienced a 31% reduction in cortical volume and a 40% reduction in cerebellar and
hippocampal volume at P11. In particular, sex-specific differential volume loss in the
hippocampus was seen (43% reduction in males, 36% reduction in females). By 20 weeks of
age, cortical volumes in hypoxic males and females recovered completely compared to sex-
matched controls (Figure 6A). However, hippocampal volumes remained 25% smaller
(p<0.01) and cerebellar volumes remained 23% (p<0.01) smaller in hypoxic males
compared to controls (Figure 6B-C). In contrast, hypoxic females recovered hippocampal
and cerebellar volumes to control levels.

Cell proliferation

In a separate group of mice, BrdU was injected intraperitoneally on P11 to assess the effect
of hypoxia on cell proliferation in the hippocampus. Proliferation in the hippocampus was
decreased in the dentate gyrus following CSH (Figure 6D). BrdU+ cell density is reduced in
hypoxic males compared to controls, approaching statistical significance (p=0.08). BrdU+
cell density also appears slightly decreased in hypoxic females compared to controls,
although this was not statistically significant (p=0.45).

DISCUSSION

The CSH rodent model closely mimics preterm brain injury. In preterm infants, chronic,
low-grade cerebral hypoxia has been correlated with adverse neurodevelopmental outcomes
(17). This cerebral hypoxia is simulated by exposing mice pups to CSH from P3-P11, a
period of mouse brain development matching the third trimester in humans. Brain volume
loss, reduced subcortical white matter, ventriculomegaly (7) and disorganization of white
matter tracts (11) are seen in both CSH-treated rodents and in preterm humans. Male mice
exposed to CSH were particularly susceptible to hippocampal volume loss and
hypomyelination when measured immediately after hypoxia (8). Here, we present the first
study on long-term, sex-specific effects of CSH on neurobehavioral outcomes and brain
volume recovery.

The behavioral testing performed was prompted by our observation of greater hippocampal
volume loss in males following CSH (8). The role of the hippocampus in associative
learning is increasingly appreciated (18) and its role in spatial memory and spatial
information processing is well-established (12, 19). Our behavioral assays were selected
specifically to test these functions. We used the IntelliCage, a recently developed behavioral
screening tool that has been used to detect cognitive impairments related to hippocampal
damage (20). With the IntelliCage, programmable delivery of cues, reward and punishment
combined with automated tracking of individual mice allows for multiple behavioral assays
to be done on a large cohort of mice simultaneously. Environmental conditions affect
standard behavioral testing (21) but the IntelliCage requires minimal handling and training.
Mice live in a natural, enriched, social environment, reducing anomalous behaviors related
to individual housing needed for certain tests (22). Automated data collection increases
throughput, reducing the time and cost of behavioral screening. Using the IntelliCage, we
detected greater long-term impairments in reversal of place learning and associative learning
in males, suggesting that males subjected to CSH are not only more susceptible to short-term
hippocampal injury, but also to long-term hippocampal dysfunction.

Although the IntelliCage has been used in several studies (20, 23), its use in this model is
novel. To validate the IntelliCage results, we performed MWM testing, a standard
behavioral assay for hippocampus-dependent spatial learning and memory. Consistent with
IntelliCage results, greater deficits were again seen in males exposed to CSH on the MWM.

Pediatr Res. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Lan et al.

Page 7

Social testing was included since mounting evidence suggests that preterm infants,
particularly males, are at risk for socialization abnormalities (2, 24). Sociability, social
recognition and short-term social memory were unaffected. The lack of a difference in most
measures of social testing may reflect an inability of our assay to detect subtle social
deficits, particularly social deficits that are often subjective in human studies (25). Most
rodent studies demonstrating significant social deficits have involved knockout mice (10,
26), extreme models whose phenotypes may not be replicated by our model. Long-term
social memory appeared impaired in hypoxic males consistent with hippocampal
dysfunction.

In this study, long-term hippocampal and cerebellar volume loss persisted only in CSH-
treated male. Cell proliferation in the hippocampus was attenuated in CSH-treated males,
which may explain in part their inability to recover hippocampal volume. Our data suggests
a link between decreased hippocampal size and impaired long-term hippocampal-dependent
cognitive function. However, IntelliCage and MWM testing can be affected by changes in
brain regions beyond the hippocampus. VVolumetric analysis suggests that cerebellar damage
may also be involved in the persistent male deficits. Cortical damage is less likely to
contribute since cortical volumes recover by adulthood, although recovery of volumes may
not equate to recovery of function. This cortical volume recovery is consistent with data
describing catch-up cortical growth (7) and enhanced cortical neurogenesis (27) after CSH.
Prior work showed a brisk proliferative response to CSH in the cortical subventricular zone
(27), in contrast to our observation of decreased proliferation in the post-CSH hippocampus.
Regional differences in cell proliferation in CSH-treated males may explain why cortical
volumes recover while hippocampal volumes remain reduced in adulthood. The inability of
males to completely recover from cerebellar volume loss was unexpected; no sex differences
were seen in cerebellar volume loss in our prior study (8). From observation, hypoxic males
and females have erratic, jittery movements shortly after hypoxia. These movements become
less noticeable over time and are not observed by adulthood, suggesting recovery of gross
cerebellar function, if not cerebellar volume.

It is interesting that in very low birth weight human infants imaged by MRI at 15 years of
age, males had less hippocampal and cerebellar white matter than females (28), similar to
our mice. Strikingly, in that same study, hippocampal and cerebellar white matter volumes
were correlated with cognitive and perceptual functions. While we did not observe long-
term differences in myelination using histological methods (data not shown), other work has
reported DTI abnormalities in adult male mice exposed to CSH (11).

Behavioral studies are often performed on male mice only because effects of potential estrus
on behavior are unknown. However, testing for sex differences necessitates study of both
sexes. By co-housing females which suppresses estrus cycles (29) and comparing hypoxic to
control females, we reduced the potential estrus cycle confounding effects. The neglect of
sex-specific analysis in neuroscience research has recently been criticized (30). Our results
demonstrate the need to study the effects of brain injury in a sex-specific manner in order to
identify male risk factors or female protective factors that could lead to targeted therapeutic
modalities. Our study demonstrates the relative ease and importance of sex comparisons.

Although sex differences are noted in many diseases and model systems, the mechanism
underlying the differences remains unclear. Sex differences may be related to different sex
steroid exposure or receptor expression between males and females or to differential
temporal development the male versus female brain, thus shifting the timing of susceptibility
(31). Lastly, sex differences may be due to yet-unidentified genetic differences from sex
chromosomes (32).
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We have established the viability of the CSH mouse model for sex-specific
neurodevelopmental outcome studies. Furthermore, we have demonstrated the utility of
novel (IntelliCage) and standard (MWM) behavioral assays as methods to test the effects of
preterm brain injury in animal models. This model can be utilized to develop and test
potential neuroprotective strategies tailored to the sex-specific requirements of vulnerable
preterm infants.
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Figurel. Activity levels

(A) Hypoxia does not affect the number of IntelliCage corner visits in light and dark cycle.
n=28 (MC=7,MH=7,FC=8,FH=6). (B,C,D) Hypoxia does not affect ambulatory duration,
resting duration or distance moved in the Activity Chamber. n=28
(MC=4,MH=10,FC=5,FH=9). White=MC, black=MH, gray=FC, hatched=FH.
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Figure 2. IntelliCage place lear ning and rever sal

(A) In males, hypoxia does not affect place learning but delays reversal of place learning.
(B) In females, hypoxia does not affect place learning or reversal of place learning. n=57
(MC=12,MH=17,FC=13,FH=15). O: normoxia/place learning corner; B:hypoxia/place
learning corner, A: normoxia/reversal corner; A:hypoxia/reversal corner. * p<0.05.
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Figure 3. Cued punishment

(A) Males exposed to hypoxia make a significantly higher percentange of errant nosepokes
than controls (OR 1.89, 95% CI: [1.05-3.39], p<0.05). (B) Females exposed to hypoxia are
less affected than males. (OR 1.50, 95% CI: [0.89-2.55], p=0.14). n=56
(MC=11,MH=17,FC=13,FH=15). [J: normoxia; l: hypoxia.
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Figure4. Morriswater maze

(A) Males exposed to hypoxia have longer escape latencies in subsequent trials and less time
savings between trial 1 and trial 2 than controls (18.9 s vs. 34.8 s, p=0.09). (B) Females
exposed to hypoxia are less affected than males (11.7 s vs. 18.1 s, p=0.50). n=28
(MC=4,MH=10,FC=5,FH=9). O: normoxia; W: hypoxia.
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Figure5. Social testing

The standard pattern of high socialization time (trial 1) followed by decreased socialization
time (trials 2-4) and increased socialization time with a novel OEF (trial 5) demonstrates
intact short-term social memory and preference for social novelty in both groups.
Reintroduction of the original OEF in trial 6 reveals that hypoxic males have less decline in
socialization time than controls, suggesting impairment of long-term social memory (5.5 s
vs. 14.4 s, p=0.08). n=14 (MC=7,MH=7). O: normoxia; M: hypoxia.

Pediatr Res. Author manuscript; available in PMC 2013 January 17.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Lan et al.

Page 16

A 129

11l

Figure 6. Brain section analysis
(A) Cortical volumes in hypoxic animals have recovered to control levels. (B) Hippocampal
volumes in adult hypoxic males remain significantly smaller than controls (MH 0.75 vs. MC
1, p<0.01) while hippocampal volumes in hypoxic females recover. (C) Cerebellar volumes
in adult hypoxic males remain significantly smaller than controls (MH 0.77 vs. MC 1,
p<0.01) while cerebellar volumes in hypoxic females have recovered. n=21
(MC=4,MH=7,FC=4,FH=6). (D) BrdU+ cell density in the dentate gyrus of hypoxic males
is reduced compared to controls (p=0.08). BrdU+ cell density in the dentate gyrus of
hypoxic females trends toward reduction compared to controls but is not significant
(p=0.45). (E-F)BrdU immunostaining in the dentate gyrus of normoxic (Nx) and hypoxic
(Hx) male hippocampus at 4x. Scale bar = 500 pm. n=16 (MC=3,MH=5,FC=3,FH=5).
Volumes and cell densities normalized to male controls. White=MC, black=MH, gray=FC,
hatched=FH.
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