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Labor and a vaginal delivery trigger changes in peripheral organs
that prepare the mammalian fetus to survive ex utero. Surprisingly
little attention has been given to whether birth also influences the
brain, and to how alterations in birth mode affect neonatal brain
development. These are important questions, given the high rates
of cesarean section (C-section) delivery worldwide, many of which
are elective. We examined the effect of birth mode on neuronal cell
death, a widespread developmental process that occurs primarily
during the first postnatal week in mice. Timed-pregnant dams were
randomly assigned to C-section deliveries that were yoked to
vaginal births to carefully match gestation length and circadian
time of parturition. Compared with rates of cell death just before
birth, vaginally-born offspring had an abrupt, transient decrease in
cell death in many brain regions, suggesting that a vaginal delivery
is neuroprotective. In contrast, cell death was either unchanged or
increased in C-section-born mice. Effects of delivery mode on cell
death were greatest for the paraventricular nucleus of the hypo-
thalamus (PVN), which is central to the stress response and brain-
immune interactions. The greater cell death in the PVN of C-section—
delivered newborns was associated with a reduction in the number
of PVN neurons expressing vasopressin at weaning. C-section-
delivered mice also showed altered vocalizations in a maternal sep-
aration test and greater body mass at weaning. Our results suggest
that vaginal birth acutely impacts brain development, and that al-
terations in birth mode may have lasting consequences.
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Avaginal birth is accompanied by extraordinary events for the
newborn, including marked hormonal changes, mechanical
stimuli associated with labor and delivery, exposure to a plethora
of microorganisms, and immune activation. All of these events
are altered or absent following a cesarean section (C-section)
birth. C-section delivery now accounts for approximately 30% of
all births in the United States and up to 50% in several other
countries (1). Although C-sections can be life-saving, they are
performed at a rate far exceeding the recommendations of the
World Health Organization (2), and human epidemiologic studies
demonstrate some health-related consequences. For example,
children born by C-section are at greater risk of developing met-
abolic and immune-related conditions, including type 2 diabetes,
asthma, celiac disease, and obesity (reviewed in ref. 3).

The perinatal period is characterized by crucial neuro-
developmental processes, but little is known about how birth, or
birth mode, affects the brain. Recently, differences in behavioral
and cognitive development have been reported in children de-
livered vaginally vs. those delivered by C-section (4-6), suggesting
an effect of birth mode on early brain development. These find-
ings are controversial, however, as it is difficult to control for all
confounding factors in a study of delivery mode in humans (7).
Emergency C-sections are associated with other birth complica-
tions, and elective C-sections, which compose an increasing per-
centage of all C-sections worldwide, are carried out before term
and scheduled at a time of day convenient for the doctor and
patient. In addition, C-section delivery is almost always associated
with maternal effects, including antibiotic treatment of the
mother, and alterations in breast milk and feeding schedules (7).
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Carefully controlled animal studies can in principle address
these limitations, but surprisingly few studies have been reported
to date. Previous studies have focused on neurochemistry in
adult animals born by C-section (8-10) or have examined a single
brain region (the hippocampus) in neonates (11, 12). A recent
study suggested that the timing of birth (i.e., gestation length)
may be more important than mode of birth per se (12).

Here we took a systematic approach by examining neuronal
cell death immediately before and after birth across many brain
regions in mice born vaginally or by C-section. Cell death is a
major developmental process occurring primarily during the first
postnatal week in mice (13, 14) that eliminates approximately
50% of the neurons initially generated (15). C-section births
were yoked to vaginal births to precisely match the total gesta-
tion length and circadian time (i.e., time of day) of delivery (S
Appendix, Fig. S1), and pups of both sexes were cross-fostered
and raised in mixed-group litters to minimize maternal effects.
We also investigated whether differential patterns of perinatal
cell death in vaginally-delivered and C-section—delivered off-
spring lead to long-term effects in a population of hypothalamic
neurons that regulates the brain’s stress and immune responses.
In addition, we examined the effects of birth mode on ultrasonic
vocalizations (USVs) following maternal separation (one of the
few behavioral tests that can be performed in neonates) and on
gross development before weaning.

Results

Because males and females were included for all measures, we
initially considered sex as a factor in all analyses. However, an
effect of sex was found only for a single measure, and thus results
are reported for both sexes combined unless noted otherwise.

Significance

The rate of cesarean section (C-section) delivery worldwide far
exceeds the World Health Organization’s recommended rate.
C-section delivery has been linked to behavioral effects in the
offspring. This suggests effects on the brain, but human studies
are confounded by the medical complications, altered birth
timing, and maternal factors associated with C-section delivery.
We addressed these limitations in a carefully controlled study
in mice. Vaginally-born offspring exhibited an acute decrease
in cell death across the brain that was absent in C-section—-born
mice. C-section delivery also was associated with softer vocal-
izations, as well as with a reduction in at least one neuronal cell
type and increased body weight at weaning. Thus, birth mode
has acute effects on neurodevelopment that may lead to last-
ing changes in the brain and behavior.
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Greater Neuronal Cell Death After C-Section Delivery. Birth is both
stressful and inflammatory for the mammalian fetus and neonate
(16, 17). Thus, we first focused on the paraventricular nucleus of
the hypothalamus (PVN), which orchestrates the brain’s re-
sponse to stress and immune challenges. The PVN is known to
be strongly activated at birth in sheep (18), and we confirmed
this activation in mice (Fig. 14). Using immunohistochemistry to
detect activated caspase-3 (AC3), a marker of cell death, we
quantified the density of dying cells in the PVN at two timepoints
just before birth, embryonic day (E) 18.5 and E19.0 (mean ges-
tation length is 19.3 d for the C57BL/6 mice used here; ref. 19),
and at 3 h postnatally, postnatal day (P) 1, and P3 after a C-
section or vaginal delivery (SI Appendix, Fig. S1). We first
assessed the acute effects of birth on apoptosis. Vaginally-
delivered mice showed an abrupt decline in cell death between
E19 and 3 h postnatally that was absent in C-section—delivered
pups (Fig. 1B). As a result, cell death density in the PVN was
threefold higher in C-section—delivered mice compared with the
vaginally-delivered mice at 3 h postnatally (P < 0.0001).

In a second analysis, we used two-way ANOVA to determine
whether cell death varied significantly between the C-section and
vaginal groups over the three postnatal ages. There was both a
significant effect of birth mode (P = 0.001) and a birth mode-by-
age interaction (P = 0.014) on postnatal cell death in the PVN

A 3h P1
PVN ' :
cerl
i 3v
AHA
B €O in utero
2000, -O-Vaginal
@ Cesarean
> * %
g 15001 ' 1
5 * k%
©
£ 1000/
)
©
8 500]
/8
o— : :
© Q& QP

Fig. 1. (A) Immunohistochemistry for cFos (dark-stained cell nuclei), a
marker of neural activation, showing strong activation of the PVN (white
dotted lines) at 3 h (Left), but not 1 d (P1; Right), after a vaginal birth. 3V,
third ventricle. (Scale bar: 200 um.) (B) Cell death in the PVN (AC3* cells/mm?)
decreased abruptly following vaginal birth (E19 vs. 3 h; P < 0.05; down-
facing arrow), but not after C-section delivery. Across the three postnatal
ages, there was an effect of birth mode (asterisks over bracket, **P = 0.001),
with greater cell death following C-section delivery. In planned comparisons
for individual time points, cell death was greater in the C-section group at
3 h (***P < 0.0001) but not at P1 or P3. Gray shading indicates in utero
timepoints. Data are mean + SEM. n = 12 per group.
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(Fig. 1B), reflecting the fact that cell death was initially higher in
C-section—delivered mice but returned to levels characteristic of
vaginally-born mice by P3.

To evaluate whether the effects of birth mode were more
widespread, we examined 12 additional brain regions (Fig. 2),
focusing on areas linked to physiological functions likely to be
influenced by birth (e.g., feeding, thermoregulation, sleep, stress
response) and on regions where we had previously mapped the
timing of neuronal cell death in neonatal mice (14). As seen in the
PVN, vaginally-born pups had an abrupt decline in cell death
between E19 and 3 h postnatally in several regions, including the
lateral and principal bed nuclei of the stria terminalis (BNSTI and
BNSTDp, respectively), dentate gyrus (DG), lateral septum (LS),
lateral habenula (LHb), and dorsal raphe (DR) (Fig. 2). In con-
trast, cell death was either unchanged (in the BNSTI, BNSTp,
DG, and LS) or increased [in the LHb, DR, anterior hypothalamic
area (AHA), dorsomedial hypothalamus (DMH), paraventricular
nucleus of the thalamus (PVT), and ventromedial nucleus of the
hypothalamus (VMH)] in C-section—delivered offspring (Fig. 2).

Across the three postnatal ages, C-section-born mice had sig-
nificantly greater cell death than vaginally-born animals in the DG
(P = 0.007), CALl oriens (P = 0.01), BNSTp (P = 0.02), AHA
(P = 0.02), and DR (P = 0.004) (Fig. 2). A birth mode-by-
postnatal age interaction was found in the AHA (P = 0.0004),
DR (P = 0.03), DMH (P = 0.04), and LHb (P = 0.0008), in all
cases reflecting higher cell death in C-section-born mice at 3 h
postnatally and/or P1 but not at P3 (Fig. 2). In the BNSTI, there
was a similar interaction (P = 0.03), but planned comparisons were
not significant at any single age (Fig. 2). The effect of birth mode on
postnatal cell death was not significant in the LS, suprachiasmatic
nucleus (SCN), VMH, and PVT (Fig. 2). Thus, 9 out of 13 brain
regions showed greater cell death in neonatal C-section-born
mice, and no brain region showed the opposite pattern.

Altered Cell Death Following C-Section Delivery Is Not an Artifact of
CO, Exposure. It was possible that the differences in cell death
between vaginally-born and C-section-born mice was due to the
use of CO, for the C-section procedure. Newborn mice are re-
fractory to CO, (20) and are immediately responsive on C-section
delivery following maternal CO, exposure, with no apparent ill
effects. Nonetheless, to test the effects of CO, directly, we com-
pared cell death in mice born vaginally, those born by C-section
with CO, exposure as above, and those born by C-section with no
CO; exposure. We focused on the PVN at 3 h postnatally because
this is where we saw the greatest effect of C-section birth on cell
death (Fig. 1). Cell death in the two C-section—delivered groups
was virtually identical (Fig. 3), and in both cases greater than that
in vaginally-born mice (P = 0.02 for each comparison). Thus, the
effect of birth mode on cell death was replicated, and CO, ex-
posure of the dam had no effect on cell death in the offspring.

C-Section Birth Causes a Long-Term Change in the PVN. To de-
termine whether the transient difference in cell death between
vaginally-born and C-section-born mice caused long-lasting effects
in the brain, we examined total cell number and vasopressin cell
number in the PVN at weaning. In humans, vaginal birth is ac-
companied by a massive release of vasopressin that is not seen
following C-section birth (21-23). Based on stereologic cell counts,
we found no difference between the groups in total PVN cell
numbers at weaning (S Appendix, Fig. S2); however, there was a
significant 20% reduction in the number of cells immunoreactive
for vasopressin in the C-section—born mice (P = 0.001; Fig. 4).

C-Section-Born Pups Have Decreased USV Amplitudes. Newborn
mice emit ultrasonic distress calls when isolated from their dams
and littermates. This behavior reaches a peak at the beginning of
the second postnatal week (24) and may provide a measure of
affective development (25, 26). We conducted an isolation test
on P9 and found reduced call amplitude in C-section—born mice
(P =0.02; Fig. 5). In agreement with a previous report on newborn
rats (27), there was also a sex difference in call amplitude, with
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Fig. 2. Cell death (AC3* cellssmm?3) decreased abruptly following vaginal birth in the DG, BNSTp, BNSTI, LS, DR, and LHb (A-F, down-facing arrows indicate
significant decline between E19 and 3 h postnatally; P < 0.05 for all), but increased following a C-section birth in the DR, LHb, AHA, DMH, VMH, and PVT (E-J,
up-facing arrows; P < 0.05 for all). Asterisks over brackets indicate a significant effect of birth mode on cell death across all postnatal ages (A, B, E, G, K; *P <
0.04; **P < 0.007). No effects were seen in the SCN (L). Asterisks above symbols indicate significant post hoc comparisons (following a significant interaction)
for single timepoints (*P < 0.04; ***P = 0.0006). Gray shading indicates in utero timepoints. Data are mean + SEM. n = 9-12 per group.

males emitting softer calls (P = 0.02; Fig. 5). There was no effect
of birth mode on the number, duration, or frequency of USVs.

Birth Mode Influences Body Weight Gain but Not Other Measures of
Gross Development. There was no difference in body weight at
birth between pups born vaginally and those delivered by C-section
(SI Appendix, Fig. S34). However, C-section-born mice had gained
more weight than vaginally-born mice by the time of weaning,
leading to a significant effect of birth mode (P = 0.05) and a birth
mode-by-age interaction (P = 0.004) on body weight gain (Fig. 6).
The timing of eye opening, a measure of general physical matura-
tion, was not affected by birth condition, and overall forebrain size
at weaning, a global measure of brain development, also was
equivalent in the two groups (SI Appendix, Fig. S3 B and C).

Discussion

Previous studies examining the acute effects of birth mode on
brain development have reported a change in gene expression in
hippocampal neurons (11) and a transient effect on the mor-
phology of hippocampal pyramidal cells (12) in animals born by
C-section. Here we examined 13 widespread brain regions and
found effects of birth mode on a fundamental neurodevelopmental
process; in many brain regions, vaginally-born offspring had an acute
decrease in cell death shortly after birth that was absent in pups

Castillo-Ruiz et al.

delivered by C-section, whereas in other regions, cell death did not
change relative to prenatal levels in vaginally delivered pups, but
increased in those delivered by C-section. Although the method we
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Fig. 3. Increased cell death following C-section delivery is not an artifact of
CO, exposure. Compared with vaginally-born neonates, C-section-born mice
had increased cell death in the PVN at 3 h after birth, regardless of CO, use for
the C-section procedure. *P = 0.02. Data are mean + SEM. n = 11-12 per group.
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Fig. 4. C-section birth reduced the number of vasopressin neurons in the
PVN of weanlings. **P = 0.001. Data are mean + SEM. n = 8-12 per group.

used to assess cell death did not allow us to determine the pheno-
type of the labeled cells, previous research suggests that the majority
of cells positive for AC3 in the neonatal mouse brain are dying
neurons, as described in detail previously (14). C-section birth was
also associated with fewer vasopressin neurons in the PVN and in-
creased body weight at weaning, as well as with changes in distress
calls during the neonatal period.

Effects of Birth on Cell Death. Cell death in many brain regions
decreased abruptly following vaginal birth. To our knowledge, this
effect has not been reported previously, and it suggests that labor
and vaginal delivery trigger as-yet unidentified mechanisms that
inhibit cell death. Remarkably, C-section—born mice never showed
the decline in cell death immediately after birth, with brain regions
showing either no change or increased cell death at 3 h after birth.
Our results do not reflect developmental age or circadian differ-
ences between groups, because C-section-born and vaginally-born
mice were carefully matched for gestational age and time of birth.

A vaginal birth is a complex event, and it will be important to
tease out the mechanism(s) underlying the effects seen here. Labor
and delivery are accompanied by hormonal surges, hypoxia, intense
squeezing of the head associated with expulsion of the fetus, and
colonization of the newborn by maternal microbes. Vaginal birth
triggers a massive release of vasopressin in newborn humans and
rats (22, 23, 28, 29). Vasopressin levels in the cerebrospinal fluid
are closely correlated with plasma levels in human newborns (30,
31), suggesting concomitant central (i.e., brain) and peripheral
release. Because vasopressin is neuroprotective in vitro (32) and
suppresses neuronal network activity in newborn rat and guinea
pig brains (33), the spike in vasopressin may protect the brain
from excitotoxicity at birth. Importantly, a much smaller increase
in vasopressin is seen following a C-section birth (21-23, 28), at
least in humans. This may explain why the decreased cell death
seen in many brain regions after vaginal delivery was absent fol-
lowing C-section delivery.

Maternal oxytocin levels also surge during labor, and in slice
cultures of the perinatal rat hippocampus, oxytocin orchestrates
a transient excitatory-to-inhibitory switch in GABA signaling
that may protect neurons (34, 35). The extent to which maternal
oxytocin reaches the fetal brain is not clear, however (36, 37),
and oxytocin may actually worsen metabolic indicators of hyp-
oxia when administered to full-term rat dams or directly to
newborn pups (38). Hypoxia accompanies parturition regardless
of birth mode but is greater following a vaginal delivery than
after C-section delivery (39). Because hypoxia is typically asso-
ciated with the death of neurons (40), and we saw less cell death
in vaginally-delivered pups compared with C-section—-delivered
pups, hypoxia itself seems unlikely to account for our findings.

Differences in microbial colonization at birth could contribute to
differences in cell death between vaginally-born and C-section-born
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mice. The microbiota that colonize human newborns differs by birth
mode (41, 42; but see ref. 7), which we posit could have rapid effects
on brain development. We recently found that neuronal cell death
differs within hours of birth in mice born into a germ-free vs. a
conventional environment (43). Similarly, perinatal rats show in-
creased expression of cell death genes in the brain at 2-8 h after
exposure to lipopolysaccharide, a component of bacterial cell walls
(44, 45). Microbial invasion at birth is associated with the release of
inflammatory cytokines (17), and vaginally-born and C-section-born
subjects have differing blood cytokine levels (46, 47). Because cy-
tokines can cross the blood-brain barrier and in turn induce cell
death and/or neuroprotection (48-50), this could also be a mecha-
nism for influencing cell death in a birth mode-dependent manner.

Long-Term Effects of Birth Mode on the Brain and Behavior. Given
the high rate of C-section deliveries worldwide (1), it is important to
understand how birth mode affects the developing brain, and
whether any of the changes seen have enduring consequences. As
adults, rats delivered by C-section have altered dopaminergic func-
tion and receptor levels for excitatory amino acids in the brain, as
well as behavioral changes in response to stress (8, 10, 51). These
findings are important because they establish the long-term neural
effects of C-section delivery, but they leave open the question of
what developmental processes are affected. We observed effects of
birth mode on cell death that had normalized by P3. Although the
death of a cell is an irreversible process, and in that sense is per-
manent, it is possible that compensatory changes occur at later ages.
To address long-term effects, we analyzed the PVN at weaning
and found that C-section-born mice had fewer vasopressin-
immunoreactive neurons compared with vaginally-born mice.
Like most neuronal cell types, vasopressin neurons are pruned by
developmental cell death (52), and birth mode may modulate this
process. The lack of effect on total PVN cell number may reflect
the fact that vasopressin cells are only one of many cell types in the
PVN and suggests that the effects of birth mode on cell death are
cell-type specific. An important question is whether effects are
specific to the magnocellular or parvocelluar populations of
vasopressin neurons in the PVN, which project to the posterior
pituitary or within the central nervous system, respectively. How-
ever, subdivisions of the mouse PVN are less distinct than those of
the rat PVN (53), and we could not distinguish between cell types
in the present study. We also cannot rule out the possibility that
vasopressin expression, not cell death, is affected by C-section
delivery. In fact, neonatal stress alters vasopressin expression in
the adult PVN (54). Since by several markers, vaginal birth is more
stressful for the fetus than C-section birth (16), birth mode may
program vasopressin expression during the perinatal period.
Vasopressin is involved in sociality, the immune response, and
the stress axis, among other functions (55). Interestingly, a greater
risk of autism (4), impaired immune responses (56), and damp-
ening of the stress response (57) have been linked to C-section
birth in humans. In addition, a change in vasopressin cell number
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Fig. 5. C-section-born mice emitted USVs of lower amplitude than vaginally-
born mice (*P = 0.02). In addition, males showed lower USV amplitude than
females (*P = 0.02). dB, decibels. Data are mean + SEM. n = 4-6 per group.
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body weight at weaning (P23). ***P = 0.0009. Data are mean + SEM. n = 10—
15 per group.

could also be related to body weight. In this study, C-section—
born pups gained significantly more weight than those born
vaginally, which is consistent with a recent finding in mice (58),
as well as with reports of higher body mass index and higher rates
of obesity in humans born by C-section (59, 60). The mecha-
nism underlying this effect is unknown. However, food intake
is suppressed when vasopressin neurons in the PVN are activated
(61), and thus a reduction in vasopressin neuron number could
contribute to increased weight gain. In fact, in a post hoc analy-
sis, we found that the number of vasopressin cells in the PVN
was negatively correlated with the percent increase in body
weight at weaning across the animals in this study (R = —0.5;
P =0.02).

C-section-born pups also emitted calls of lower amplitude (i.e.,
softer calls) in a maternal separation test. Chiesa et al. (12)
reported no effect of birth mode on USVs of mice but did not
measure call amplitude. Interestingly, call amplitude may be the
most salient call feature inducing maternal responses in mice (62).
Differences in distress cries also have been reported between
vaginally-born and C-section-born human newborns, with reduc-
tions in cries and time to calm down in the latter (57, 63).

Conclusions

We have found that birth mode alters neonatal brain development
and behavior, as well as body weight gain at weaning in mice.
Because cell death sculpts neural networks throughout the brain,
the widespread effects of C-section delivery on developmental cell
death suggest that birth mode may influence diverse neural pro-
cesses. C-section delivery has been associated with emotional,
attentional, and sleep disturbances in human infants and young
children (64, 65). Our findings identify a mechanism that could
underlie the effects of birth mode on the brain and behavior.

Methods

Animals. Adult C57BL/6 mice were obtained from our breeding program or
purchased from The Jackson Laboratory. Mice were maintained in a 12-h:12-h
light:dark cycle with ad libitum access to food and water. All procedures were
approved by Georgia State University’s Institutional Animal Care and Use
Committee and performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals.

Timed Pregnancies and Delivery Mode. Timed pregnancies (n = 32) were
generated by pairing animals within 1 h of lights off and removing males at
1-2 h after lights on. Brain tissue from offspring was collected at two pre-
natal (E18.5 and E19) and four postnatal (3 h, P1, P3, and P23) ages.

For the E18.5 and E19 timepoints, dams were anesthetized with 2% CO, and
rapidly decapitated. An abdominal incision was made to expose the uterine
horns, and fetuses were extruded and weighed, and their brains were col-
lected. Next, beginning on the evening of E18, we performed hourly checks of
the remaining dams under red light. When the first dam had vaginally de-
livered one pup, a dam showing no signs of labor was selected at random and

Castillo-Ruiz et al.

C-sectioned as described above. In this way, vaginal and C-section deliveries
were matched for gestation length and circadian time of delivery.

C-section—-delivered newborns were stimulated to breathe by cleaning
membranes from their muzzles and gently prodding their bodies with a
sterile cotton-tipped applicator. Pups born vaginally were removed from
dams within 1 h after the appearance of the first pup. All pups were placed
with littermates on a heating pad kept at +32 °C until 3 h postnatally, when
brains from a subset of pups were collected. The remaining pups were
marked with tattoo ink to indicate delivery mode, and 6-8 pups were ran-
domly assigned to each of 11 foster dams. Pups were killed on P1, P3, or P23,
with all collections performed at 4-6 h after lights on.

Effects of CO,. We established additional timed pregnancies and monitored
for vaginal deliveries as described above. When one dam gave birth, a dam
showing no signs of labor was selected at random for C-section either after
CO, exposure (as above) or after rapid decapitation with no exposure to
CO,. Pups from 11 litters were collected after a 3-h survival period, as above.

Choice of Cell Death Marker. We used immunohistochemistry for AC3 to label
dying cells. Caspase-3 is initially present in an inactive form and is cleaved (ac-
tivated) in cells undergoing apoptosis. Although activation of caspase-3 has been
seen in some situations in the absence of cell death, the vast majority of AC3*
cells in the neonatal rodent central nervous system colabel with other markers
of apoptosis and are neurons (66, 67). In addition, virtually all AC3* cells are
eliminated in the brains of perinatal mice lacking the pro-death gene Bax (13).

Brain Collection and Immunohistochemistry. Brains were fixed in 5% acrolein
for 24 h and then transferred to cryoprotectant solution at —20 °C until
sectioning. Brains were coronally frozen-sectioned into four 40-um series for
perinatal animals (E18.5, E19, 3 h postnatally, P1, and P3) and three 30-um
series for weanlings (P23). Sections were processed for detection of AC3
(E18.5, E19, 3 h postnatally, P1, and P3) or vasopressin (P23 only) as reported
previously (13, 14, 43). AC3-labeled tissue was counterstained with thionin.

Quantification of AC3 Labeling. Slides were scanned using a Hamamatsu
Nanozoomer slide scanner (Hamamatsu Photonics). Aperio Image Scope
software (Leica Biosystems) was used to draw contours around areas of in-
terest, and the number of AC3* cells within each contour was recorded. AC3
labeling was expressed as a density (AC3* cells per mm?3), and all analyses
were performed by investigators blinded to experimental condition.

We analyzed 13 brain regions that are reliably identifiable in the newborn
brain based on thionin staining. These included telencephalic, hypothalamic,
thalamic, epithalamic, and midbrain regions. The CA1 oriens and the DG were
defined as described previously (14). For the LS, we included sections from the
point at which the corpus callosum connects at the midline to the point at
which the medial septum disappears. For the DR, we included sections from its
most rostral appearance to the point at which the interfascicular part of the
DR disappears. All sections were included for all other regions of interest.

Total and Vasopressin Cell Numbers in the PVN. Brain sections of mice at P23
were stained with thionin. Stereologic cell counts were made using Stereo
Investigator software (MBF Biosciences), using the optical fractionator function
(counting frame, 25 pm x 25 pm; sampling grid, 80 pm x 80 pm). We also used
Stereo Investigator to count the total number of vasopressin cells in the PVN.

Forebrain Size and Eye Opening. Forebrain size was determined as described
previously (43). For eye opening, pups were monitored twice daily for sep-
aration of the eyelid margins. The day of eye opening was considered
the day at which a pup had opened both eyes.

Maternal Separation Test. We recorded USVs during separation from the dam
and littermates on P9. Dams were removed at 15-30 min before testing (ap-
proximately 6 h after lights on), and cages containing all littermates were placed
on a heating pad maintained at +32 °C. Individual pups were then placed in a
glass dish containing bedding material in a recording chamber heated to 32 °C.
A microphone was positioned 21.5 cm from the pup, and USVs were recorded
for 3 min after which pups were returned to their littermates. USV analysis was
performed using Avisoft SAS Lab Pro (Avisoft Bioacoustics) as described pre-
viously (68). We identified all USVs of at least 5-ms duration with frequencies of
50-80 kHz, in accordance with previous studies in postnatal mice (25).

Data Analyses. One-way ANOVA was used to evaluate acute effects of birth as

well as potential effects of anesthetic exposure on cell death. Two-way
ANOVA was used to evaluate postnatal group differences in cell death,
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USVs, and body weight. When applicable, ANOVA was followed by Fisher’s
least significant difference post hoc tests. The t test was used to evaluate
group differences in regional volume, total and vasopressin cell number in
the PVN, forebrain size, and day of eye-opening. Data transformations and
nonparametric tests (Kruskal-Wallis test followed by Dunn’s tests) were
performed as necessary (this applied only to cell death data).
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