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Abstract

The prefrontal cortex undergoes dramatic, sex-specific maturation during adolescence.
Adolescence is a vulnerable window for developing mental illnesses that show significant sexual
dimorphisms. Gestational stress is associated with increased risk for both schizophrenia, which is
more common among men, and cognitive deficits. We have shown that male, but not female, rats
exposed to prenatal stress develop post-pubertal deficits in cognitive behaviors supported by the
prefrontal cortex. Here, we tested the hypothesis that repeated variable prenatal stress during the
third week of rat gestation disrupts peri-adolescent development of prefrontal neurons in a sex-
specific fashion. Using Golgi Cox stained tissue, we compared dendritic arborization and spine
density of prelimbic layer 11 neurons in prenatally stressed and control animals at juvenile (day
20), pre-pubertal (day 30), post-pubertal (day 56), and adult (day 90) ages (N=115). Dendritic
ramification followed a sex-specific pattern that was disrupted during adolescence in prenatally
stressed males, but not females. In contrast, the impact of prenatal stress on the female PFC was
not evident until adulthood. Prenatal stress also caused reductions in brain and body weights, and
the latter effect was more pronounced among males. Additionally, there was a trend towards
reduced testosterone levels for adult prenatally stressed males. Our findings indicate that, similar
to humans, the rat prefrontal cortex undergoes sex-specific development during adolescence, and
furthermore that this process is disrupted by prenatal stress. These findings may be relevant to
both the development of normal sex differences in cognition as well as differential male-female
vulnerability to psychiatric conditions.
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Introduction

Longitudinal neuroimaging studies have revealed that the prefrontal cortex (PFC) undergoes
significant sex-specific changes in volume during adolescence (Lenroot et al., 2007;
Raznahan et al., 2010; Raznahan et al., 2011). Differences between the adolescent and adult
brain are greatest in the frontal cortex (Sowell et al., 2004), and the post-adolescent
reduction in PFC volume has been positively correlated with 1.Q. (Shaw et al., 2006). We
have previously shown that the rat PFC also undergoes sex-specific, peri-adolescent changes
in PFC volume, which are due in part to a late wave of neuronal apoptosis (Markham et al.,
2007). Synaptic density in the PFC is also reduced between adolescence and adulthood in
both humans and rhesus macaques (Huttenlocher, 1979; Bourgeois et al., 1994). While
Golgi studies have made it clear that synaptic pruning occurs in the primate cortex over
adolescence (Boothe et al., 1979; Anderson et al., 1995), the finding of continued neuronal
apoptosis in the rodent cortex during adolescence (Nufiez et al., 2001; Markham et al., 2007)
raises the additional possibility that loss of neurons contributes, at least in part, to the post-
pubertal reduction in PFC synapses per unit volume of neuropil that is observed in primates.
Although the changes in rat PFC gray and white matter volumes during adolescence mirror
what is seen in humans (Markham et al., 2007), it is not known whether neurons in the rat
PFC undergo a similar process of peri-adolescent synaptic pruning. Furthermore, although
previous studies have documented sex differences in dendritic spine density and/or dendritic
complexity in the adult PFC (Kolb and Stewart, 1991; Markham et al., 2001), no study has
followed sex-specific dendritic development in the PFC across multiple ages. Potential sex-
specific changes in these measures are important to study, because they could contribute to
the sex-specific changes in PFC volume and PFC-supported cognition that occur during
adolescence in both humans and rodents (Shaw et al., 2006; Lenroot et al., 2007; Markham
et al., 2007; Markham et al., 2010).

Sex-specific patterns of peri-adolescent PFC development are also relevant to the
neurobiology of psychiatric illnesses. For instance, schizophrenia is more prevalent among
men (Aleman et al., 2003; McGrath et al., 2004), it typically emerges in late adolescence
(Angermeyer and Kuhn, 1988; Hafner et al., 1998), and PFC pathology is implicated in the
cognitive deficits associated with the illness (reviewed by Beneyto and Lewis, 2011). It is
possible that estrogen is protective for women, given that illness onset is somewhat earlier
for men, and that earlier puberty is associated with delayed onset among girls (Hafner et al.,
1998; Cohen et al., 1999; Markham, 2012). Essentially, however, it remains puzzling why a
psychiatric illness with neurodevelopmental origins does not fully emerge until adolescence,
and why men are more likely to develop this illness than women. An increased
understanding of the mechanisms underlying normal brain maturation during adolescence,
and how these processes differ between males and females, can contribute to the body of
work attempting to address this important question.

Gestational stress has been consistently associated with both impaired cognitive
development (Buitelaar et al., 2003; Laplante et al., 2004; Bergman et al., 2007; Entringer et
al., 2009) and an increased risk for schizophrenia (reviewed by Koenig et al., 2002;
Markham and Koenig, 2011). Some studies confirm that gestational stress-induced cognitive
deficits are at least partially mediated by prenatal cortisol exposure (Bergman et al., 2010;
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Davis and Sandman, 2010). Beyond the link with glucocorticoid exposure, the
neurobiological mechanisms underlying the relationship between gestational stress,
cognitive impairment, and psychiatric illness are not well understood. Because the majority
of excitatory synapses occur on dendritic spines and the plasticity of these structures,
including their sensitivity to stress hormones during adulthood, is well established
(Markham and Greenough, 2004; McEwen et al., 2012), several studies have used rodent
models to test the impact of gestational stress on dendritic complexity and spine density.
Prenatal stress alters dendritic complexity and spine density of pyramidal neurons in several
brain regions that support cognition (Weinstock, 2011). The greatest number of studies has
focused on the hippocampus, where prenatal stress reduces both dendritic complexity and
spine density in adult male offspring (Hosseini-Ishiwata et al., 2005; Sharifabad and
Hadinedoushan, 2007; Martinez-Tellez et al., 2009; Bustamante et al., 2010; Suenaga et al.,
2012). Examination of females and males at other ages has sometimes upheld this pattern
(Fujioka et al., 2006; Hayashi et al., 1998; Jia et al., 2010), while other studies have reported
either no change in these measures or even increases in spine density, depending on the
hippocampal subarea (Martinez-Tellez et al., 2009; Bock et al., 2011; Mychasiuk et al.,
2012).

Comparatively few studies have examined the impact of prenatal stress on the PFC.
Although these studies have demonstrated sensitivity of PFC neurons to gestational stress in
immature animals of both sexes (Murmu et al., 2006; Muhammad and Kolb, 2011;
Mychasiuk et al., 2012), it is not known whether prenatal stress exerts a persistent sex-
specific impact on dendritic complexity of these neurons. Michelsen et al. (2007) did
quantify spine density in adult rats, but found no impact of prenatal stress (although they did
report a reduced ratio of mushroom type spines). This study did not include females and was
further limited by the fact that the subjects had all been exposed to prior behavioral testing
(of an unspecified nature), experience which could have interacted with the effect of
prenatal stress to impact spine morphology and/or density. Of the studies to date that have
investigated the impact of prenatal stress on PFC neuronal morphology, none has followed
development of these neurons over more than one time point, and none has tested whether
the sex-specific impact of prenatal stress on dendritic complexity persists into adulthood.
(Although one study did examine both sexes during adulthood, for some reason males and
females were never compared in the same statistical analysis (Suenaga et al., 2012)).
However, information is scant regarding maturation of PFC neurons even under normal
developmental conditions. For instance, although significant sex differences exist in both
PFC-supported cognition and peri-adolescent changes in PFC gray and white matter volume
in both rats and humans (Lenroot et al., 2007; Markham et al., 2007; Christakou et al., 2009;
Markham et al., 2010; Rubia et al., 2010), the possibility that PFC neurons may follow sex-
specific patterns of development has not previously been examined in any species. From a
public health perspective, this is an important question to address, given the striking sex
differences that exist for psychiatric conditions known to involve PFC dysfunction,
including schizophrenia, depression, and risk for suicide and drug abuse (Aleman et al.,
2003; Kessler, 2003; McGrath et al., 2004; Forum on Child and Family Statistics, 2009).

We have previously shown that repeated variable prenatal stress during the third week of
rodent gestation reorganizes the hypothalamic-pituitary-adrenal axis, brain development,
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and behavior of post-pubertal male offspring in ways that are consistent with what is
observed in schizophrenia (Kinnunen et al., 2003; Koenig et al., 2005; Lee et al., 2007;
Markham et al., 2010). Recently, we demonstrated that male, but not female, rats exposed to
prenatal stress develop post-adolescent deficits in cognitive behaviors supported by the PFC,
such as working memory and behavioral flexibility (Markham et al., 2010). In rats, the
prelimbic area of the medial PFC (area 32) supports many cognitive abilities that are
disrupted in schizophrenia, including those we have shown to be disrupted in prenatally
stressed adult male rats (Ragozzino et al., 1999; 2002; Holmes and Wellman, 2009;
Markham et al., 2010). Based on a number of criteria including cytoarchitectonic features
and connectivity with the mediodorsal nucleas of the thalamus, there is general consensus
that the rodent medial PFC represents the primate PFC (although rodents do not possess an
exact anatomical homologue to the primate dorsalateral PFC) (e.g., Uylings et al., 2003).
Therefore, the present study was designed to test the hypothesis that sex-specific, peri-
adolescent development of the PFC is disrupted by repeated variable prenatal stress. We
chose to examine PFC pyramidal neuron morphology because sex-specific patterns of PFC
pyramidal neuron maturation have not previously been examined in any species, and
because these neurons consistently show abnormalities in schizophrenia (Garey et al., 1998;
Glantz and Lewis, 2000; Kalus et al., 2000; Broadbelt et al., 2002; Black et al., 2004).

Materials and Methods

Subjects

Male and female Sprague-Dawley rats, exposed either to prenatal stress (PS) or control
conditions, were examined at one of four postnatal ages: day 20, 30, 56, or 90. Our selection
of ages was based on their relationship to the hormonal events of rodent puberty, as
reviewed by Ojeda and Urbanski (1994), as well as their comparison with human stages of
development, which has also been nicely reviewed elsewhere (Andersen, 2003; Sisk and
Zehr, 2005). Because the age of puberty onset is more variable in humans compared to rats
and moreover has been occurring at increasingly younger ages over the last century (DiVall
and Radovick, 2008), we list comparisons with human stages of development rather than
exact ages in years. For both humans and rats, puberty is defined as the point at which
sexual maturity is reached, whereas adolescence is defined more broadly as the period of
time between childhood and adulthood. Postnatal day 20 is a juvenile and pre-adolescent
timepoint because it precedes the rise of serum gonadal hormones; it corresponds roughly to
young childhood in humans. Serum gonadal hormones begin to rise around postnatal day 25
but day 30 is still prior to puberty in both sexes, so we refer to the period between days 20
and 30 as early adolescence. We refer to the period between days 30 and 56 as late
adolescence (relative to the earlier period between days 20-30) because it encompasses the
onset of puberty for both females (defined as first estrus and marked by vaginal opening,
occurs ~day 38) and males (marked preputial separation, occurs ~day 40-45, followed ~10
days later by the appearance of mature spermatozoa in the vas deferens) (Clegg, 1960;
Korenbrot et al., 1977; Ojeda and Urbanski, 1994). Day 56 old rats are post-pubertal, and
the period between days 56 and 90 is considered comparable to young adulthood in humans.
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A total of 115 subjects were included in this experiment, with 6-8 per treatment/sex/age
condition (Control males: day 20 (n=8), day 30 (n=6), day 56 (n=7), day 90 (n=8); Control
females: day 20 (n=8), day 30 (n=8), day 56 (n=8), day 90 (n=7); PS males: day 20 (n=7),
day 30 (n=6), day 56 (n=7), day 90 (n=7); PS females: day 20 (n=7), day 30 (n=7), day 56
(n=8), day 90 (n=6)). Animals were housed in same-treatment/sex/age groups of 2—3
beginning at weaning (day 25). Following the standard for studies of prenatal treatment
effects, only one animal per sex/age condition was included from each litter (Holson and
Pearce, 1992). Animals were maintained on a 12:12 hour light/dark cycle (lights on 0700).
Food (Harlan Teklad 7012) and water were available ad libitum. All procedures conformed
to guidelines for animal research established by the NIH, and were approved by the
University of Maryland — Baltimore IACUC.

Repeated Variable Prenatal Stress

Timed pregnant females arrived from Charles River Laboratories (Raleigh, NC) on day 2 of
gestation and were individually housed. On days 14-21 of gestation, dams were exposed to
a repeated variable stress paradigm according to our previously published protocol
(Kinnunen et al., 2003; Koenig et al., 2005; Lee et al., 2007; Markham et al., 2010). The
stressors used in this paradigm were: (1) restraint for one hour, (2) exposure to a cold
environment (4°C) for six hours, (3) overnight food deprivation, (4) prevention of sleep
during the light (inactive) portion of the cycle for 90 minutes, (5) 15 minutes of swim stress,
and (6) social stress induced by overcrowded housing conditions during the dark (active)
phase of the cycle. Two to three stressors were administered daily in a randomized order.
Following delivery, litters remained undisturbed until weaning. Some litters contributed
offspring to more than one experiment, so the total number of dams contributing offspring to
this experiment was 28 (12 PS and 16 Control). Similar to what we have previously shown
(Lee et al., 2007; Markham et al., 2010), repeated variable prenatal stress did not impact
litter size (Control: 12 £ 0.3 pups, PS: 11.5 + 0.7) or sex ratio (Control: 1.3, PS: 1.2 males:
females).

Radioimmunoassay

Animals were weighed prior to sacrifice by rapid decapitation. Trunk blood was collected,
and the serum fraction stored at —80°C until analysis (all samples run in the same assay).
Serum 17p-estradiol and total testosterone levels were assayed in animals using Coat-a-
Count Radioimmunoassay kits (Siemens Diagnostics).

Golgi Cox Histology

Tissue histology followed our previously published protocol (Markham and Juraska, 2002;
Markham et al., 2005). Whole brains were removed, weighed, and immersed in Golgi-Cox
solution. Beginning one week later, tissue test slices were taken to verify that neurons were
well filled (Figure 1). Brains were coronally blocked at the optic chiasm, and the two parts
dehydrated separately (with acetone and ether immersion), then embedded in celloidin and
coronally sectioned at 160 um using a sliding microtome. Free-floating sections were
developed according to (Glaser and Van der Loos, 1981) and mounted onto slides. Tissue
was coded and anatomical measurements were conducted blind to the animal’s group.
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Pyramidal neurons in layer 111 of the prelimbic cortex (Vogt and Peters, 1981; Zilles, 1985)
that met the following criteria were selected for measurement: 1) completely filled with the
stain, 2) unobscured and 3) not truncated by the section. Neurons were drawn (625X) using
a microscope equipped with a camera lucida (see Figure 2A for representative drawings
from Control males). Typically eight neurons per animal (minimum of six) were drawn in
their entirety. Dendritic complexity was estimated by Sholl ring analysis (Sholl, 1956), in
which a grid of concentric rings (spaced 20um apart) is placed over the drawing of the
dendritic field and the number of intersections between dendrites and rings is counted. The
number of primary dendrites was also recorded. Distance between the soma and the pial
surface was measured for each neuron, and average distance was then compared across
groups. Because prefrontal volume continues to change over postnatal development
(Markham et al., 2007), a significant effect of age on this measure was anticipated (F3 gg=
34.2, p<.01 x 10712; day 20 (256 + 5um) < d30 (290 * 5um) p<.000001, day 30 = day 56,
day 56 (293 + 4um) < day 90 (322 + 5um) p<.0001). PS did not influence this measure,
however, indicating that neurons were sampled from equivalent laminar depths across
treatment groups. To evaluate group differences in the amount of dendritic material
according to location, the data were broken down into proximal, middle, and distal regions,
based on the average arbor extent observed for adult neurons.

Dendritic segments (>20 um long) were selected for measurement of spine density from the
same neurons from which dendritic complexity was estimated (16—-20 measurements per
animal; apical and basilar trees analyzed separately) (see Figure 2B for representative
pictures from Control males). Segments were traced at 1562.5X, and the total number of
dendritic spines visible along both sides of the segment was counted. Each measurement of
spine density was taken from a segment that was approximately 1 um thick and remained in
a single plane of focus. Basilar spine density was measured on 3°-5° centrifugal order
terminating dendrites and apical measurements were taken from 1° centrifugal order
terminating dendrites. Soma diameter was also measured for each neuron.

Photomicrographs of Golgi impregnated neurons were taken using a Zeiss Axioplan
microscope equipped with an Olympus DP70 camera and operated under the guidance of
Olympus DP Controller image acquisition software. Images were saved as high resolution
tiff files and were cropped to size and adjusted for brightness, contrast, and noise (using
despeckling and sharpening filters) using Adobe Photoshop software. Each image of
dendritic spines in Figure 2 was compiled from a stack of images taken through regular focal
intervals using Helicon Focus software. The multi-paneled Figure 2 was constructed using
Adobe Illustrator software.

Statistical Analyses

Average measurements were calculated for each subject, so the N equaled the number of
subjects (not the number of measurements). One animal was dropped from the branching
portion of the experiment due to an insufficient number of neurons that met criteria, and
spine density measurements could not be collected from three subjects because slide
thickness prevented desired tissue resolution. Two animals generated insufficient trunk
blood to permit RIA analysis. Separate 2x2x4 (treatment, sex, age) Analyses of Variance
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were conducted for each outcome measure. Analyses examining regional changes in
dendritic complexity also included the within subjects factor of dendritic location (2x2x4x3
Analyses of Variance). Due to our previous finding of a sex difference in spine density on
neurons in prefrontal layer V (Markham et al., 2001), we chose to analyze development of
spine density in layer 111 in males and females separately here. Rather than conducting post
hoc analyses for all possible pairwise comparisons, analysis was limited to the following
planned pairwise comparisons: between-age comparisons within a given treatment/sex
condition, and between treatment/sex conditions within a given age. Post hoc analyses were
conducted using I-matrix contrast statements in SPSS. All analyses were conducted using
SPSS statistical software (version 17.0), and p<0.05 was considered significant.

Brain and Body Weight

Both brain (F3 gg= 140.3, p<0.01 x 10733) and body (F3 g9= 1936.2, p<0.01 x 10786) weight
increased with age, and males had greater brain (F1 g9= 23.1, p<0.00001) and body (F1 g9=
597.9, p<0.01 x 1044) weight compared to females (Table 1). The sex difference in body
weight became greater with increasing age (age by sex interaction: F3 gg= 193.1, p<0.01 x
10738), while there was no change in the magnitude of the sex difference in brain weight
across ages.

PS reduced brain weight by ~3% in both sexes (F1 g9= 5.7, p<0.02) (Table 1). Body weight
was also reduced by PS (F1 g9= 15.9, p<0.001) (Table 1). This treatment effect interacted
with age (F3 g9= 5.4, p<0.002), such that differences between Control and PS animals were
greatest at day 90 (males: p<0.001, females: p<0.02). There was also a trend towards an
interaction between treatment and sex (F1 go= 3.5, p<0.063), such that PS males showed
more than twice the reduction in body weight (~9%) that was exhibited by PS females
(under 4%), relative to same-sex controls.

Serum Gonadal Steroid Levels

As expected, females had higher circulating levels of estradiol compared to males (F1 g7=
18.4, p<0.0001), especially as adults (sex by age interaction F3 g7= 6.5, p<0.001) (Table 2).
Among Control females, a significant increase in serum estradiol was observed early in
adolescence (day 20 < day 30, p<0.03); in fact, at day 20 estradiol levels were actually
higher in Control males compared to Control females (p<0.003). Interestingly, PS females
also showed higher levels of serum estradiol compared to Control females at day 20
(p<0.004), and also similar to males, they did not show a change in estradiol levels between
days 20 and 30. Both Control and PS males showed reduced serum estradiol levels between
days 56 and 90, although this reduction only approached significance for Control males
(p<0.06).

Circulating levels of testosterone increased with postnatal age (F3 97= 19.2, p<0.01 x 1077).
As expected, males had higher testosterone levels compared to females (Fq 97= 69.2, p<0.01
x 10710), but only as adults (sex by age interaction F3 g7= 20.4, p<0.01 x 1077) (Table 2).
Interestingly, while both Control (p<0.02) and PS (p<0.001) males showed the expected
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increase in serum testosterone levels between days 30 and 56, PS males showed a trend
towards an uncharacteristic reduction in circulating testosterone levels between days 56 and
90 (p<0.053).

Dendritic Complexity

Apical dendritic tree complexity increased dramatically with age (F3 gg= 61.4, p<0.01 x
10719 (Figures 2, 3). A significant interaction of treatment and sex (F1,08= 4.3, p<0.04) and
a more robust three-way interaction of treatment, sex, and age (F1 gg= 4.7, p<0.004) were
also found to impact apical tree complexity. Post hoc analyses revealed sex-specific patterns
of apical dendritic maturation (see Figure 3). In males, normal development was
characterized by a gradual increase in dendritic complexity over the entire adolescent period,
with no further refinement during young adulthood (Control males: day 20 < day 30
(p<0.04); day 30 < day 56 (p<0.006); day 56 = day 90). Normal female development was
characterized by a near doubling of dendritic complexity early in adolescence, followed by a
trend towards further growth during young adulthood (Control females: day 20 < day 30
(p<0.00001); day 30 = day 56; day 56 < day 90 (p<0.06)). Females’ more dramatic increase
in complexity during early adolescence resulted in a trend towards a sex difference at day 30
(Control females > Control males p<0.053), which did not persist after the period of growth
observed in males later in adolescence. In males, PS disrupted the pattern of apical dendritic
development such that it no longer resembled control male development, resembling instead
the maturation pattern observed in control females (PS males: day 20 < day 30 (p<0.0001);
day 30 = day 56; day 56 < day 90 (p<0.08)). Also similar to control females, prenatally
stressed males showed greater dendritic complexity than control males at day 30 (p<0.02).
Peri-adolescent maturation of the apical tree was not disrupted in females exposed to PS, but
this group failed to show continued maturation of apical dendrites during young adulthood
(PS females: day 20 < day 30 (p<0.001); day 30 = day 56 = day 90). At day 90, this resulted
in lower dendritic complexity for PS females relative to both Control females (p<0.01) and
PS males (p<0.03).

The amount of dendritic material differed according to location along the apical tree (F2 196=
439.2, p<0.01 x 10~79; middle > proximal > distal for all groups). In addition to the
interactions that were expected for this analysis given the above results for total apical
dendritic complexity (treatment x sex (F1 gg= 3.6, p<0.06); treatment x sex x age (F3 gg= 4.5,
p<0.005)), there was also a significant interaction between location and age (Fg 106= 8.6,
p<0.01 x 1075) and a three-way interaction between location, treatment, and sex (F2,106=
4.0, p<0.02). In Control males (Figure 4A), significant growth was limited to the middle
portion of the apical tree throughout adolescence (day 20 < day 30 (p<0.02); day 30 < day
56 (p<0.003)), whereas Control females showed dramatic growth in all three locations early
in adolescence (day 20 < day 30: proximal p<0.001, middle p<0.001, distal p<0.002), but no
further changes in dendritic complexity during late adolescence (day 30 = day 56 for all
locations) (Figure 4B). Although all groups showed an increase in distal dendritic
complexity between days 56 and 90, this growth was only significant for Control females
(day 56 < day 90 (p<0.004)). The sex-specific pattern of apical dendritic tree maturation
resulted in Control females having more complexity than control males in the middle portion
of the apical tree at day 30 (p<0.03). The pattern for PS males resembled that of Control
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females early in adolescence, with growth occurring along all locations of the apical
dendritic tree (day 20 < day 30: proximal p<0.002, middle, p<0.007, distal, p<0.02) (Figure
4C). However, PS males actually showed a significant reduction in complexity of proximal
branches late in adolescence (day 30 > day 56 (p<0.02)), with the result being that at day 56
they had significantly less proximal dendritic complexity than control males (p<0.05). The
reduction in proximal branches for PS males during late adolescence was somewhat offset
by an increase in complexity in the middle portion of the apical tree during this time (day 30
< day 56 (p<0.055)). The growth pattern of PS females resembled that of Control females
throughout adolescence (growth between days 20 and 30 for all locations: proximal p<0.02,
middle p<0.005, distal p<0.05; no further growth between days 30 and 56) (Figure 4D).
During young adulthood, however, PS females underwent a reduction in proximal dendritic
complexity (day 56 > day 90 (p<0.04)) which was somewhat offset by a nonsignificant
increase in distal branches. This latter increase was not of the magnitude shown by Control
females, which resulted in PS females showing less dendritic complexity in the distal
portion of the apical tree at day 90 (p<0.05).

Basilar dendritic complexity also increased with age (F3 9g=43.7, p<0.01 x 10715) (Figure
5A). Normal maturation of basilar dendritic complexity followed sex-specific patterns
similar to those observed for the apical tree; i.e., gradual maturation for males (Control
males: day 20 < day 30 (p<0.02); day 30 < day 90 (p<0.04)), contrasted with females’
pattern of an early adolescent increase followed by later maturation during young adulthood
(Control females: day 20 < day 30 (p<0.002); day 30 = day 56; day 56 < day 90 (p<0.03).
Both PS males and females showed the normal increase in basilar dendritic complexity
between days 20 and 30 (p<0.001 for both), but only males showed a trend for continued
dendritic growth after that (days 30 vs 56 p<0.07).

The amount of dendritic material differed according to location along the basilar tree
(F2,106= 4165.2, p<0.01 x 107158; proximal > middle > distal for all groups). Age-dependent
growth depended on location (location x age interaction (Fg 196= 38.0, p<0.01 x 10727,
although there were no further interactions between location and either treatment or sex.
Therefore, the data from all four sex/treatment groups were combined to allow comparisons
between ages (Figure 5B). Early in adolescence, increases in dendritic complexity were
observed at all locations of the basilar tree (day 20 < day 30: proximal (p<0.0001), middle
(p<0.01 x 1078), distal (p<0.000001)). Minimal increases in complexity were observed
during late adolescence, which only approached significance in the distal portion of the tree
(day 30 < day 56 (p<0.06)). Significant growth continued during young adulthood in both
the middle (p<0.01) and distal (p<0.02) portions of the basilar tree.

Number of Primary Basilar Dendrites

There were no main effects or interactions for this measure; all groups had 4-5 primary
basilar dendrites.

Soma Diameter

The average soma diameter increased with age (F3 9= 7.9, p<0.04), with the largest increase
during late adolescence: 15.1 + .2 um (day 20), 15.7 £ .2 um (day 30), 17.1 £ .2 ym (day
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56), 16.6 £ .2 um (day 90) (mean + SEM) (day 20 < 30 (p<0.05), day 30 < d56 (p<0.00001),
day 56 = day 90). Soma diameter was not affected by sex or PS.

Dendritic Spine Density

PS did not alter dendritic spine density in either sex. For both dendritic tree fields, spine
density was robustly impacted by postnatal age (apical: F3 gg= 7.2, p<0.001; basilar: F3 g6=
F=7.0, p<0.001). Spinogenesis on the apical tree was limited to early adolescence for both
sexes (day 20 < day 30, females p<.02, males p<0.001) (Figure 6A). On the basilar tree,
however, sex-specific patterns of spine density maturation were evident (Figure 6B). Males
showed a robust increase in basilar spine density between days 20 and 30 (p<0.001)
followed by no further changes in spine density. In contrast, spinogenesis during early
adolescence in females (day 20 < day 30, p<0.01) was followed by spine pruning late in
adolescence (day 30 > day 56 p<0.01). This resulted in a significant sex difference in basilar
spine density during young adulthood (day 56 males > females p<0.02).

Discussion

Our findings demonstrate that maturation of pyramidal neurons in the PFC continues very
late in postnatal development, and that a major period of dendritic growth and synaptic
refinement in this region coincides with adolescence, a period of vulnerability for
development of psychiatric illness. Additionally, we show for the first time that normal peri-
adolescent maturation of PFC pyramidal neurons follows sex-specific patterns, a finding
which may be relevant to sex differences in psychiatric illnesses that emerge during
adolescence such as schizophrenia, depression, and drug abuse (Angermeyer and Kuhn,
1988; Hafner et al., 1998; Kessler, 2003; Forum on Child and Family Statistics, 2009).
Considerable dendritic ramification of PFC neurons occurred during adolescence in both
sexes, but earlier for females compared to males, consistent with their relatively earlier
timing of puberty. The location of peri-pubertal refinement also differed between the sexes,
with females showing dendritic ramification across all regions of the apical arbor and males
showing the most dramatic growth in the middle portion of the apical tree. Both sexes
showed pre-pubertal increases in spines, but only females showed evidence of post-pubertal
spine pruning. Collectively, these findings indicate that adolescence is an important time for
maturation of the PFC, and may suggest a role for pubertal hormones in normal sex-specific
PFC development, a possibility that warrants direct testing in future experiments.

Late Maturation of the PFC

The PFC is one of the last structures in the brain to mature. During adolescence, gray matter
in most cortical regions shows an inverted U-shaped trajectory, with pre-adolescent
increases followed by post-adolescent decreases (Giedd et al., 1999; Lenroot et al., 2007;
Raznahan et al., 2010). PFC areas are the last to complete this trajectory (Giedd et al., 1999;
Lenroot et al., 2007; Raznahan et al., 2010). Consequently, differences between the
adolescent and adult brain are greatest in the frontal cortex (Sowell et al., 2004).
Additionally, maturation of cerebral energy metabolism in the PFC lags behind other
cortical areas, and patterns of cerebral blood flow in the frontal cortex do not reach those of
the adult until late adolescence (Chugani et al., 1987; Chugani and Phelps, 1991; Chiron et
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al., 1992). Likewise, the period of synaptic pruning occurs later in the human PFC compared
to both visual and auditory cortices (Huttenlocher, 1979; Huttenlocher and de Courten,
1987; Huttenlocher and Dabholkar, 1997).

The rat PFC also undergoes significant maturation over adolescence. In addition to the post-
adolescent loss of neurons and accompanying reduction in gray matter volume mentioned
earlier, there is significant refinement of afferent neurotransmitter systems, reduced
projections to the basolateral amygdala, pruning of dopamine receptors, dramatic changes in
dopamine modulation of PFC interneurons, and evidence of continued myelination during
adolescence (Leslie et al., 1991; Benes et al., 1996; Andersen et al., 2000; Markham et al.,
2007; Tseng and O’Donnell, 2007; Cressman et al., 2010; Heng et al., 2011). Our findings
indicate that dendritic ramification of layer 1l pyramidal neurons in the PFC continues in
both sexes until postnatal day 90. By comparison, dendritic branching in both the rat visual
and somatosensory cortices reaches adult levels much earlier (Juraska and Fifkova, 1979;
Juraska, 1982)(Eayrs and Goodhead, 1959; Petit et al., 1988). Therefore, our findings
support the nation that, similar to the human PFC, the rat PFC may have a relatively
protracted period of maturation compared to other cortical areas.

Peri-adolescent Synaptic Pruning

Post-pubertal synaptic pruning has been well documented in both humans and monkeys,
including in the prefrontal, motor, inferotemporal, visual, and somatosensory cortices
(Huttenlocher, 1979; Boothe et al., 1979; Huttenlocher and de Courten, 1987; Zecevic et al.,
1989; Zecevic and Rakic, 1991; Missler et al., 1993; Bourgeois and Rakic, 1993; Bourgeois
et al., 1994; Anderson et al., 1995; Huttenlocher and Dabholkar, 1997; Elston et al., 2009).
Findings have been less consistent in other species. In the rat somatosensory cortex, spine
density on basilar branches of layer 111 pyramidal neurons is reduced between late
adolescence (43 days) and adulthood (four months) (Wise et al., 1979). However, in layer V,
only spines on the apical tree are pruned during adolescence; basilar spine density is stable
after day 20 (Galofre and Ferrer, 1987; Petit et al., 1988). In the rat visual cortex, spine
density was found to be reduced on the apical shaft of pyramidal neurons in both layers Il
and V between days 30-90 (Miller, 1981). A subsequent study, however, revealed that the
developmental pattern varied within a cortical layer and depended not only on the dendritic
tree (apical vs. basilar) but also on dendritic location (bifurcating vs. terminating); i.e., some
spine populations showed pre-adolescent synaptogenesis, some showed post-adolescent
pruning, some showed both, and still others showed no changes over adolescence (Juraska,
1982). This kind of variability between cell populations is evident in the rabbit cortex as
well; some dendritic populations show the pattern of pre-pubertal increase followed by post-
pubertal decrease in spine density, whereas others reach adult levels before adolescence
(Murphy and Magness, 1984)(McMullen et al., 1988).

In the present study, the most common pattern we found for layer I11 pyramidal neurons in
the PFC was that spine density increased before day 30 and then remained stable thereafter.
Only basilar dendrites in females showed a reduction between days 30 and 56, and this
effect, though significant, was modest (an approximate 13% reduction). The dendritic
population from which we sampled was exclusively terminating dendrites, and the stability
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of spine density in post-pubertal ages is consistent with previous findings for terminating
dendrites in the rat visual cortex (Juraska, 1982). Combined with our finding that layer IlI
PFC neurons continue to ramify rather than retract over adolescence, our data indicate that
excitatory synapses are not pruned from the terminating dendrites of these cells. However,
given the significant variability in the pattern of effects for different dendritic locations that
has previously been observed, the possibility remains open that spines on neurons in another
cortical layer within this region, or indeed on bifurcating branches or along the apical shaft
of these same cells, could undergo pruning during adolescence.

Sex Differences in Dendritic Maturation in the PFC

Some of the most interesting findings to emerge from this study involve sex differences.
Rather than manifesting as adult sex differences in total dendritic complexity or spine
density, the most obvious sex differences in layer I11 PFC neurons emerged in the pattern of
dendritic ramification during adolescence. Considerable dendritic ramification of PFC
neurons occurred during adolescence in both sexes, but the most intense period of growth
occurred earlier for females compared to males. Furthermore, only females showed
continued significant dendritic growth during adulthood, and this took place on both apical
and basilar trees. For males, there was a gradual increase in dendritic complexity between
days 30 and 90 but the comparison between days 56 and 90 was not significant for either the
apical or basilar tree. The absence of sex differences in either dendritic complexity or spine
density during adulthood is somewhat surprising, given our previous finding that neurons in
layer V of the male rat PFC are more complex than those of females and have greater spine
density (Markham et al., 2001). Because layer I1/111 neurons in the prelimbic cortex have
previously been reported to be equivalently complex between males and females during
adulthood (Kolb and Stewart, 1991), it appears that neurons in layer V of the PFC show
greater male-female differences in size during adulthood than neurons in layer 111. Although
estimates of dendritic complexity are equivalent for adult males and females, the impact of
sex was reflected in other ways. Consider that, in addition to the differences in timing, the
location of refinement also differed between the sexes, with females showing dendritic
ramification across all regions of the apical arbor and males showing the most dramatic
growth in the middle portion of the apical tree. Given the considerable refinement in afferent
and efferent connections, as well as neurotransmitter systems, that is occurring in the PFC
during adolescence (discussed above), it seems likely that functional differences between
male and female layer 111 neurons exist that cannot be appreciated from the perspective of
estimates of aggregate complexity and spine density.

Sex-specific Impact of Prenatal Stress

We also found evidence for sex differences in the vulnerability to prenatal stress, consistent
with what we have previously found and what others have reported using different prenatal
stress paradigms (Bowman et al., 2004; Richardson et al., 2006; Weinstock, 2007; 2011).
Prenatal stress disrupted maturation of the apical dendritic tree during adolescence in males,
but not females. Prenatal stress can disrupt the late prenatal (E18-19) testosterone surge
(Ward and Weisz, 1980; Ward et al., 2003), so consequently brain regions that are normally
masculinized during this time, such as sexually dimorphic nuclei of the hypothalamus and
the spinal cord, are disrupted by co-occurring prenatal stress (Anderson et al., 1985;
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Anderson et al., 1986; Grisham et al., 1991). In contrast to fetal testosterone levels, early
postnatal levels of testosterone are not altered by prenatal stress (Ward et al., 2002; Bowman
et al., 2004), and our findings indicate that serum levels of testosterone are also normal in
prenatally stressed male rats during adolescence. Therefore it is not clear whether sex
differences that normally develop postnatally are affected by changes in prenatal
testosterone. For instance, sex differences in the medial amygdala which normally develop
in the early postnatal period are impervious to the reduction in late prenatal testosterone
caused by maternal stress (Kerchner et al., 1995). On the other hand, prenatal stress can
mute sex differences in cerebral cortical asymmetries (Fleming et al., 1986). In any case
there would appear to be more at work in the prenatally stressed male PFC than simply an
impaired process of masculinization, since dendritic development in these animals showed
some patterns not observed in controls of either sex (such as loss of proximal dendrites).

Females exposed to prenatal stress showed normal patterns of development during
adolescence, but during adulthood failed to show the continued dendritic ramification
observed in control females. Although speculative, this could be relevant to the delayed
onset for schizophrenia that is observed for women (Hafner et al., 1998). Some evidence
suggests that estrogen may be protective against schizophrenia, and that women with the
illness suffer from hypoestrogenism; similarly, men with schizophrenia often show lower
than normal levels of testosterone (reviewed in Markham, 2012). Our findings support a
potential role for prenatal stress in the latter finding; as adults, prenatally stressed males
showed a trend towards lower than normal testosterone levels. Finally, prenatal stress
resulted in a small but significant reduction in brain weight as well as a reduction in body
weight that was evident earlier in males. A similarly small and consistent reduction in brain
volume is evident in post-mortem tissue from individuals with schizophrenia, and is also
detected in neuroimaging studies of first-episode patients (Harrison et al., 2003; Steen et al.,
2006), suggesting both that reduced brain weight is a persistent feature of the illness and that
it is not a consequence of antipsychotic drug treatment. Furthermore, reduced body weight
during childhood and adolescence is predictive of schizophrenia (Wahlbeck et al., 2001).
Therefore, our findings may speak to the neurodevelopmental origins of schizophrenia and
the greater male vulnerability to this psychiatric illness.

Our previous work using this paradigm has suggested a greater vulnerability of males to
prenatal stress, reflected in phenotypes that are relevant to schizophrenia (reviewed by
Markham, 2012). For instance, male rats exposed to prenatal stress show a greater response
to amphetamine and have exacerbated deficits in social behavior, compared to prenatally
stressed females (Koenig et al., 2005; Markham et al., 2009)(Lee et al., 2007; Markham et
al., 2008). We have also found that males are more vulnerable to prenatal stress-induced
impairments in cognitive abilities, particularly those supported by the PFC (Markham et al.,
2010). Importantly, we have found that prenatal stress-induced behavioral abnormalities
either initially appear or are magnified following puberty (Koenig et al., 2005; Markham et
al., 2010). In adulthood, stress-induced changes in PFC pyramidal neuron morphology are
associated with deficits in PFC-supported tasks (lzquierdo et al., 2006; Liston et al., 2006);
therefore, disrupted peri-adolescent maturation of PFC neurons in prenatally stressed males
may partially underlie the functional deficits we have observed in post-pubertal males, but
not females, exposed to prenatal stress (Markham et al., 2010). Importantly, our previous
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behavioral work has generally been conducted in 56-day-old animals; therefore, the
potential impact of repeated variable prenatal stress at later ages, such as day 90 (when
neurons in the female PFC reflect changes), is not known at this time.

Prenatal Stress and Dendritic Morphology in the PFC

A few previous studies have examined the impact of prenatal stress on dendritic complexity
in the rat PFC. Murmu and colleagues (2006) reported reduced dendritic complexity in
prenatally stressed males, but not females, at 23 days of age, whereas our (20 day old)
animals did not show this effect. The cell populations differed between the two studies
differed both in terms of PFC subregion and layer; therefore what is most striking is the
similarity in the overall pattern of results between the studies, with males being more
affected by prenatal stress than females. Kolb’s group (Mychasiuk et al., 2012) examined
the same cell population as we did and, similarly, did not find an impact of prenatal stress on
branching complexity in juvenile (21 day old) animals. In a very recent study, Suenega et al.
(2012) examined three subregions of the adult PFC and reported reduced apical dendritic
complexity on several Sholl rings in the prelimbic cortex of the prenatally stressed male.
However, each Sholl ring intersection appears to have been analyzed using a separate t-test
(resulting in hundreds of individual comparisons, seven of which reached significance), and
males and females were never compared in the same statistical analysis, making conclusions
from this study intriguing but difficult to interpret.

Our finding that prenatal stress does not have a lasting impact on dendritic spine density in
the PFC is consistent with the results of Michelsen et al. (2007) in adult male rats, and the
present study extends this finding to females. In contrast, Kolb’s group has recently reported
an increase in PFC spine density among juvenile (21 day old) prenatally stressed animals of
both sexes (Mychasiuk et al., 2012), while in an earlier study they reported a reduction in
this measure for adult (80 day old) animals (Muhammad and Kolb, 2011). Importantly, in
addition to the strain of rats used, both the nature and the timing of the stress paradigm used
differ greatly between our studies and those conducted by Kolb’s group. Repeated versus
variable prenatal stress paradigms are known to induce very distinct behavioral and
neuroendocrine phenotypes in offspring (e.g., Koenig, 2006; Richardson et al., 2006), and
differences in the timing of an environmental insult during gestation are known to result in
widely disparate outcomes for offspring as well (Meyer et al., 2006). Additionally, in our
study pregnant dams were shipped from a supplier on gestational day 2, whereas in the
above studies they were bred in-house. Although both control and stressed dams were
shipped for our study, it is nevertheless possible that an interaction occurred between the
early stress of shipping and the later stress administered in our laboratory.

The present study is unique in several important ways. It is the first study to have followed
the impact of prenatal stress across more than one postnatal age in any neocortical region.
Additionally, the possibility that PFC dendritic maturation may follow sex-specific patterns,
under either normal conditions or in response to a developmental insult such as prenatal
stress, has not previously been examined in any species. Finally, no prior study has directly
tested whether a sex-specific impact of prenatal stress on dendritic complexity in the PFC
persists into adulthood. (In the only other study to examine dendritic ramification in the
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adult PFC, males and females were never compared in the same statistical analysis (Suenaga
etal., 2012)).

Summary

In summary, the key novel findings of this study are 1) that PFC neurons undergo significant
maturation during adolescence, 2) this process is sex-specific, and 3) prenatal stress disrupts
adolescent development of the male, but not female PFC, whereas changes in the female
PFC do not emerge until adulthood. Our findings of sex-specific development of the PFC
during adolescence compliment the growing pediatric neuroimaging literature, which
indicates that the human PFC undergoes sex-specific changes in volume during adolescence
(e.g., Sowell et al., 1999; Lenroot et al., 2007). Volumetric changes in the PFC during
adolescence have been related to cognitive ability (Shaw et al., 2006). Thus, it is possible
that sex differences in PFC neuronal development during adolescence contribute to the
development of sex differences in PFC-supported cognition (Christakou et al., 2009; Rubia
et al., 2010) as well as sex differences in psychopathology (Kessler, 2003; Forum on Child
and Family Statistics, 2009). Furthermore, it is significant that adverse prenatal events such
as prenatal stress can alter peri-adolescent development of the PFC, because pathology of
this region has been linked to psychiatric illnesses that often emerge during adolescence,
including schizophrenia. It is not known why men are more likely to develop schizophrenia
than women, but some epidemiological work suggests that a sex difference in the
vulnerability to prenatal stress may be partially accountable (van Os and Selten, 1998). In
support of this notion, our findings indicate that post-adolescent deficits in PFC-supported
cognition (Markham et al., 2010) and, now, peri-adolescent maturation of PFC neurons are
disrupted in males but not females exposed to prenatal stress.
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Figure 1.
A Golgi Cox stained pyramidal neuron in the medial PFC, showing multiple dendritic

branches (scale bar = 50pm) and dendritic spines (B; scale bar = 5um).
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Figure 2.

Reconstructions of Golgi-impregnated pyramidal neurons in layer |11 of the medial PFC (A),
and images showing dendritic spines on segments located on the apical tree of these neurons
(B), taken from each of the four Control male age groups. Scale bar = 50um (A) or =5um

(B).
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Apical Dendritic Maturation
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Figure 3.

Peri-adolescent maturation of apical dendritic complexity on layer 111 pyramidal neurons in
the medial PFC follows a sex-specific pattern in control (C) animals that is disrupted by
prenatal stress (PS) (**treatment by sex by age interaction, p<0.01). Mean number of Sholl
ring intersections for each group + standard errors of the mean are shown. Lines indicate
significant age-related changes. *day 30 Control males < Control females (p<0.053) and <
PS males (p<0.02). #day 90 PS females < Control females (p<0.01) and < PS males
(p<0.03).
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Figure4.
Apical dendritic ramification according to dendritic location relative to the soma: proximal

(20-120um), middle (140-240um), and distal (>260um)) in control (A,B) and prenatal stress
(PS) (C,D) animals of both sexes. Mean number of Sholl ring intersections for each group +
standard errors of the mean are shown. Lines indicate significant age-related changes. *day
30 Control females > Control males (p<0.03). # day 56 PS males < Control males (p<0.05).
& day 90 PS females < Control females (p<0.05).
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Figureb5.

Peri-adolescent maturation of basilar dendritic complexity on layer 111 pyramidal neurons in
the medial PFC follows a sex-specific pattern in control (C) and prenatally stress (PS)
animals. Mean number of Sholl ring intersections for each group + standard errors of the
mean are shown. (A) total intersections, (B) intersections by dendritic location: proximal
(20-60um), middle (80-120um), distal (>140um). For (B), data from all four sex/treatment
groups were collapsed for best presentation of the age x location interaction. Lines indicate
significant age-related changes.
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Figure®6.
Peri-adolescent maturation of dendritic spine density on the apical (A) and basilar (B)

dendritic trees of layer 111 pyramidal neurons in the medial PFC takes place primarily during
early adolescence. Group means + standard errors of the mean are shown. Lines indicate
significant age-related changes. Only females show post-adolescent spine pruning, resulting
in an adult sex difference in spine density (*day 56 females < males (p<0.02)).
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Table 1

Brain and Body Weights
Brain and body weights increased over adolescence, were greater in males compared to females, and were
reduced by prenatal stress. Group means (in grams) + standard errors of the mean are shown.

Control Male PSMale Control Female | PSFemale

Brain Weight TAS

day 20 146+ .03 1.39+.04 1.36+.03 134+ .11
day 30 1.70+ .03 1.62 +.04 1.63+.03 1.54 + .03
day 56 1.94 + .07 1.94 + .04 1.81+.04 1.76 + .04
day 90 2.14 £ .05 2.07 £.05 2.00 £.05 1.92 +.08

Body Waght TASA*SA*TS*T

day 20 595+35 51.8+29 50.8+28 50.3+57
day 30 1122427 | 1065+53 98.0+33 97.3+30

day 56 3459+ 158 | 326.1+16.6 2168+3.7 2011+84
day 90 527951 | a771+120° | 303775 | og164+31"°

Symbols indicate significant effects: T prenatal stress treatment, A age, S sex, A*S interaction between age and sex, A*T interaction between age

and prenatal stress treatment, S*T trend towards an interaction between sex and treatment.

*
vs. same-sex day 90 control animals: males PS < Control (p<0.001), females PS < Control (p<0.02).
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Table 2

Serum gonadal steroid levels.
Serum estradiol (pg/ml) and testosterone (ng/ml) levels followed expected sex-specific patterns over
adolescence. Group means + standard errors of the mean are shown.

Control Male PSMale Control Female | PSFemale

Estradiol SA*S

day 20 171424 16.7+738 7741a% 246+5.9

day 30 17.2+28 16.3+3.7 23.3+6.6 242+42

day 56 17.0+45 20.1+10.0 26.3+35 250+5.0

day 90 76+23" 11.8+3.1 415+111 34579
Testosterone ASA™S

day 20 .15+ .08 .16 .09 .05 .02 16 +.16

day 30 .04 = .02 .22 +.10 .01+.01 .01+.01

day 56 1.91+ .65 2.52 + .46 .01+.01 .01+.01

day 90 208+.48 | 1384 35" .08 +.04 .05 +.04

Symbols indicate significant effects: A age, S sex, A*S interaction between age and sex.
#day 20 Control females < day 20 Control males (p<0.03) and < day 20 PS females (p<0.004);
+day 90 < day 56 Control males (p<0.06);

day 90 < day 56 PS males (p<0.053).
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