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Abstract

Prenatal stress in humans is associated with psychiatric problems in offspring such as anxiety,
depression, and schizophrenia. These same illnesses are also associated with neuronal nicotinic
acetylcholine receptor (nAChR) dysfunction. Despite the known associations between prenatal
stress exposure and offspring mental illness, and between mental illness and nAChR dysfunction,
it is not known whether prenatal stress exposure impacts neuronal NAChRs. Thus, we tested the
hypothesis that maternal stress alters the development of hippocampal alpha4 beta2 (a4$2*) and
alpha7 (a7*) nicotinic receptor levels in adult offspring. Female Sprague-Dawley rats experienced
unpredictable variable stressors 2—3 times daily during the last week of gestation. At weaning
(21days) the offspring of prenatally stressed (PS) and nonstressed (NS) dams were assigned to
same-sex PS or NS groups. In young adulthood (56 days), the brains of offspring were collected
and adjacent sections processed for quantitative autoradiography using [12°1]-epibatidine (a4p2*
nicotinic receptor-selective) and [12°1]-a-bungarotoxin (a-BTX ; a7* nicotinic receptor-selective)
ligands. We found that PS significantly increased hippocampal a4p2* nAChRs of males and
females in all subfields analyzed. In contrast, only females showed a trend toward PS-induced
increases in a7* nAChRs in the dentate gyrus. Interestingly, NS females displayed a significant
left-biased lateralization of a7 nAChRs in the laconosum moleculare of area CA1, whereas PS
females did not, suggesting that PS interfered with normal lateralization patterns of a7 nAChRs
during development. Taken together, our results suggest that PS impacts the development of
hippocampal nAChRs, which may be an important link between PS exposure and risk for
neuropsychiatric illness.
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Introduction

Methods

Animals

Stress during pregnancy increases the risk for offspring to develop psychopathologies such
as anxiety (Van den Bergh & Marcoen, 2004), depression (van den Bergh et al., 2008), and
schizophrenia (Malaspina et al., 2008; for review see Schlotz & Phillips, 2009). These
psychopathologies with etiological links to prenatal stress are also associated with brain
cholinergic dysfunction. For example, nicotine addiction and rates of smoking are
significantly higher among psychiatric patients than the general population (Poirier et al.,
2002). Recent studies estimate smoking rates of approximately 64% in schizophrenia
patients, and between 35-65% of patients with mood disorders such as major depression, as
compared to 19-23% of smokers in the general population(Mineur & Picciotto, 2009; de
Leon & Diaz, 2012; Dickerson et al., 2012). In addition, depressed patients show altered
levels of the acetylcholine (ACh) precursor, choline, in the prefrontal cortex (Kumar et al.,
2002), and choline levels increase in the hippocampus following electroconvulsive therapy,
commensurate with an alleviation of depression symptoms (Ende et al., 2000).

Animal studies have increased our understanding of the role neuronal nicotinic acetylcholine
receptors (NAchR) play in mediating depressive and anxiety-related behaviors. The two
primary nAChRs expressed in the brain are the a4p2* and a7* (* denotes that the exact
subunit composition of these receptors is not known; Gotti & Clementi, 2004; Gotti et al.,
2006; Millar & Gotti, 2009). Drugs targeting either receptor subtype modulate depressive-
like behavior in tests such as the forced swim, or tail suspension tests (Picciotto et al., 2002;
Mineur & Picciotto, 2010). Similarly, hippocampal a7* nAChR activation alters rat anxiety-
related behaviors in the social anxiety paradigm (File et al., 1998; File et al., 2000a).

Despite the known associations between prenatal stress and psychopathology in humans,
and between psychopathology and cholinergic function, the relationship between prenatal
stress and cholinergic function is largely unexplored. One rodent study found that prenatal
stress increased corticosterone-induced Ach release in the hippocampus of rats (Day et al.,
1998). However, whether prenatal stress impacts nAChR levels is not known. A handful of
rodent studies have investigated the effects of stress or corticosterone exposure in adulthood,
and found decreased levels of hippocampal a7* (Pauly & Collins, 1993; Grun et al., 1995;
Stitzel et al., 1996; Stevens et al., 2001; Hunter et al., 2010) and a4p2* (Takita &
Muramatsu, 1995) nAChRs. As such, we hypothesized that prenatal stress would also alter
levels of a7* and a4p2* nAChRs in the hippocampus.

Twelve timed-pregnant Sprague-Dawley rats were ordered from Charles Rivers Laboratories
(Portage, MI) and were 2 days pregnant upon arrival. Pregnant females were singly housed
in static clear polycarbonate cages with wire bar lids and microisolator air filtration covers.
All animals had ad libitum access to food and water. Bedding (Tekfresh, Harlan
Laboratories Inc., Indianapolis, IN), food (2018 Teklad Global 18% Protein Rodent Diet,
Harlan Laboratories Inc., Indianapolis, IN), and filtered water were changed weekly. One
day prior to parturition, the females were transferred to larger cages (40. 6x30. 5x20. 3 cm)
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and extra bedding was provided as nesting material. Room conditions were maintained at
21°C with a 12:12 light/dark cycle. All animals were treated in accordance with NIH
guidelines and all protocols were approved by the IACUC of the University of Colorado
Anschutz Medical Campus.

Prenatal stress procedure

Litters

Half of the pregnant females were randomly selected to experience unpredictable variable
stress 2—3 times daily during the last week of gestation (gestational days 14-21). The
stressors were mild in nature and included restraint in cylindrical restrainers (60 min), swim
in water at room temperature (15 min), exposure to a cold room at 4 °C (6 hours), social
stress (5 rats/cage for 9 hours), and an overnight fast. We followed Koenig’s protocol
(2005), with the exception of exposing animals to a reverse light schedule. All stressed
animals received the same schedule of stressors. The remaining 6 females served as controls
and were exposed to only routine animal husbandry.

All pups were born on gestation day 22. Food and water continued to be replaced weekly
following parturition, but the bedding and nests were left undisturbed until weaning at 22
days of age to minimize stress (as detailed in Koenig et al., 2005) . Cage cleanliness was
closely monitored during this time, and additional bedding was provided if necessary. Upon
weaning, weekly cage changing resumed, and animals were housed 2 per cage with same-
sex littermates. It was not feasible to completely prevent litter effects by using only one
representative pup from each litter (Zorrilla, 1997), however, we tried to minimize litter
effects by employing only two animals (of each sex) per litter (n=7-10/group; overall
experiment N=37).

Tissue Collection

In early adulthood (56 days of age), animals were deeply anesthetized with isoflurane,
decapitated, brains removed, frozen in dry ice snow and stored at —80 degrees Celsius. Two
sets of adjacent sections (12 pM) were collected through the rostrocaudal extent of the
hippocampus (bregma —-2.30 to 4.52, Paxinos & Watson, 2007) onto gelatin-coated slides
for processing with [12°1]-a-BTX (a7* receptor selective) or [1251]-epibatidine (a4p2*
receptor selective) autoradiography.

Autoradiography

a-bungarotoxin (a-BTX) Autoradiography—ABrain tissue sections, subdivided into
total- and nonspecific-binding groups, were incubated in a solution containing 50 mM Tris-
HCI, 120 mM NacCl and 2 mg/ml bovine serum albumin (TBS/BSA buffer, pH 7.4) for 30
minutes at room temperature. The TBS/BSA buffer for the nonspecific tissue also contained
5 mM nicotine to define nonspecific binding. The two tissue sets were then incubated in the
TBS/BSA buffer containing [1221]a-BTX (5 nM, specific activity 2200 Ci/mmol, Perkin
Elmer, Waltham, Massachusetts) at 37°C for 3 hours. Following incubation with the ligand,
the tissue was rinsed in the TBS/BSA buffer for 5 min, in TBS without BSA for 15 minutes
and in PBS for 5 minutes, all at 37°C. After being stored for 1 day at 22 °C, sections were
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apposed to radiation-sensitive Hyperfilm for 2 days with 14C standards of known
radioactivity (American Radiolabeled Chemicals, St. Louis, MO) for 72 hours (Adams et al.,
2002).

Epibatidine Autoradiography—Brain tissue sections, subdivided into total- and
nonspecific-binding groups, were incubated in a solution containing 144 mM NaCl, 1.5 mM
KCI, 2 mM CaCl2 , 1 mM MgSO4 and 20 mM HEPES (isotonic buffer, pH 7.5) for 15
minutes at room temperature. The isotonic buffer for the nonspecific tissue also contained
300 nM nicotine to define nonspecific binding. The two tissue sets were then incubated in
isotonic buffer containing [*2°1]epibatidine (0.5 nM, specific activity 2200 Ci/mmol, Perkin
Elmer, Waltham, Massachusetts) at room temperature for 2 hours. Following incubation
with the ligand, the tissue was rinsed in isotonic buffer for 2 X 10 seconds, in 0.1x isotonic
buffer for 2 X 5 seconds and in 20 mM HEPES for 2 X 5 seconds, each rinse at 4°C. After
being stored for 1 day at 22 °C, sections were apposed to radiation-sensitive Hyperfilm for 2
days with [14C] standards of known radioactivity for 7 days.

Quantification of Ligand Binding in the Hippocampus

Statistics

Results

Digital images were captured using a Chroma-Pro 45 light box and Retiga CCD camera
(Qlmaging, Surrey, BC, Canada) using Simple PCI software (Hamamatsu Corp., Sewickley,
PA). Autoradiograms were quantified with a computer-based image analysis system
(ImageJ, NIH, Bethedsa, MD) using calibrated standards of reference (American
Radiolabeled Chemicals, St. Lois, MO). Calibration curves of gray value against radioligand
concentration (fmol/mg tissue) were constructed using [14C] standards of known
radioactivity. Tribollet’s work (2004) served as an excellent reference for delineating
subregions of the hippocampus in sections bound with epibatidine or a-BTX. Gray values
were measured in subdivisions of the hippocampal formation for both epibatidine and a-
BTX, and the corresponding radioactivity values were estimated from the calibration curve.
Specific radioligand binding was calculated by subtracting values obtained in the presence
of an excess of competing ligand (non-specific binding) from those in the absence (total
binding), and are expressed as nCi/g tissue.

Epibatidine (a4$2*) binding was analyzed by a mixed model 3-factor ANOVA where Sex
and Stress Condition were the between-subjects variables, and Brain Hemisphere was the
within-subjects variable. No significant effects of hemisphere were found, so the data were
collapsed across hemisphere and analyzed by 2-factor between subjects ANOVA
(SexxStress Condition). a-Bungarotoxin (a7*) binding was analyzed by a mixed model 2-
factor ANOVA separately for males and females in which Stress Condition was the
between-subjects variable, and Brain Hemisphere was the within-subjects variable.

To investigate the effects of prenatal stress on levels of a7* and a4p2* nAChRs, we
quantified the mean binding levels of a-BTX and epibatidine, respectively. The binding
topography differed between epibatidine and a-BTX within the hippocampus (Tribollet et
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al., 2004). Epibatidine binding was present in the alveus, lacunosum moleculare of CA1
(LMol CA1), lacunosum moleculare of CA3 (LMol CA3), and the molecular layer of the
dentate gyrus (MoDG). For a-BTX, the highest levels were seen in LMol CA1, the MoDG
and the polymorphic layer of the dentate gyrus (PoDG), while lower levels of binding were
seen in the remaining layers of CA1 and in area CA3 (Figure 1A and 1B).

Epibatidine Binding

We examined hippocampal levels of epibatidine binding to determine the effects of prenatal
stress and sex on a4p2* nAChRs levels. No significant effects of hemisphere were found on
epibatidine binding for any hippocampal subfield, so the data were collapsed across
hemisphere. Prenatal stress significantly increased epibatidine binding in the alveus
[F(1,33)=7.023, p<0.02], LMol CA1 [F(1,33)=11.36, p<0.002], LMol CA3 [F(1,33)=10.75,
p<0.003], and MoDG [F(1,33)=15.01, p<0.001] (Figures 1A and 2). No effects of sex or
interactions between sex and stress condition were found for any of the subregions analyzed.

a-BTX Binding

To determine the effects of prenatal stress on a7* nAChRs levels, we examined
hippocampal levels of a-BTX binding separately in males and females. In the LMol CAL1 of
females, brain hemisphere significantly impacted a-BTX binding [Figure 4A; F(1,16)=7.90,
p<0.01]. However, this main effect was qualified by a significant interaction between brain
hemisphere and prenatal stress [F(1,16)=4.74, p<0.05]. Specifically, a left hemisphere bias
in a-BTX binding was present in control [F(1,9)=49.13, p<0.0001] but not prenatally
stressed females [F(1,9)=0.09, p=0.77], suggesting that prenatal stress disrupts a normative
hemisphere difference in a7 receptor levels in the Lmol CA1 (Figure 4A). In contrast, no
effects of stress condition or brain hemisphere were found in the LMol CA1 of males. In the
remaining layers of the CA1 (Figure 4B), a significant left-biased lateralization of a-BTX
binding was found in both females [Figure 4B, right panel; F(1,16)=17.15, p<0.001] and
males [Figure 4B, right panel; F(1,18)=9.90, p<0.01]. Stress condition did not affect a-BTX
binding in the remaining CA1 layers, nor did stress condition interact with brain hemisphere
in either sex.

A trend toward a prenatal stress-induced increase in a-BTX binding was observed in the
MoDG [Figure 5A; F(1,16)=3.23, p<0.1] and PoDG [Figure 5B; F(1,16)=3.31, p<0.1] of
females but not males. Brain hemisphere did not impact a-BTX binding in the MoDG or
PoDG of either sex, nor did hemisphere interact with stress condition. In the CA3, neither
stress condition nor prenatal stress impacted a-BTX binding in males or females, and no
interactions between these factors were observed in either sex (Figure 5C).

Discussion

Given that prenatal stress increases depressive- and anxiety-like behaviors in offspring
(Vallee et al., 1997; Richardson et al., 2006; Markham & Koenig, 2011; Schulz et al., 2011,
Weinstock, 2011), and that brain cholinergic activity also modulates depressive- and
anxiety-like behaviors (Mineur & Picciotto, 2010), we hypothesized that prenatal stress
would impact levels of hippocampal nAChRs. Our results support this hypothesis, as
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prenatal stress significantly increased adult a4p2* nicotinic receptor levels in the
hippocampus. These increases in hippocampal a4p2* receptor levels may contribute to
prenatal stress-induced increases in offspring anxiety- and depressive-like behaviors by
increasing brain cholinergic activity. Indeed, the association between increased brain
cholinergic activity and depressive symptoms was first recognized in humans when
treatment with acetylcholinesterase inhibitors produced increased depressive symptoms
(Janowsky et al., 1972; Janowsky et al., 1974). Similarly, given that nicotine activates and
then rapidly desensitizes nAChRs, the anxiolytic effects of smoking may actually be due to
decreased cholinergic signaling in the brain (Mineur & Picciotto, 2010). The
“hypercholinergic” hypothesis of depression is further supported by numerous preclinical
studies demonstrating that inhibiting the activity of a4p2* nAChRs alleviates depressive-
like symptoms in rodents (Caldarone et al., 2004; Mineur et al., 2007; Rollema et al., 2009;
Graef et al., 2011). Other studies also suggest that anxiety-related behaviors are modulated
by nAChR activation in a dose- and time-dependent manner (File et al., 1998; File et al.,
20008a; File et al., 2000b; File et al., 2001; File, 2003). Taken together, our data suggest that
prenatal stress-induced increases in hippocampal a432* levels may contribute to increased
depressive and anxiety-related behaviors in adult offspring.

In contrast to the across-the-board effects of prenatal stress on hippocampal a4p2* nAChRs
in males and females, the effects of prenatal stress on a7* nAChRs were more subtle. In the
dentate gyrus of females but not males, we observed a trend toward increased a.7* nAChRs
in both the MoDG and PoDG of females. Future studies with a larger sample size will
decipher whether these interesting trends within the dentate gyrus are indeed meaningful. In
the LMol CA1, prenatal stress and brain hemisphere interacted to impact a7* nAChRs, such
that a large left-biased lateralization in a7* nAChRs was present in control but not
prenatally stressed females. This finding suggests that prenatal stress disrupts a normative
a7* nAChR asymmetry in the LMol CAL of females. In addition, both males and females
displayed a significant left-biased lateralization of a7* nAChRs in the remaining layers of
the CAL, irrespective of prenatal stress exposure.

In humans, lateralization of brain structure and function is thought to reflect hemisphere
specialization and increased efficiency (reviewed in Herve et al., 2013; Hou et al., 2013). In
turn, mental illnesses such as schizophrenia, depression, and anxiety alter normative brain
lateralization patterns (Shirakawa et al., 2001; Schore, 2002; Ribolsi et al., 2009;
Buehlmann et al., 2010; Keune et al., 2011; Nusslock et al., 2011; Oertel-Knochel &
Linden, 2011; Bruder et al., 2012; Nelson et al., 2012). For example, several hippocampal
parameters that are lateralized in control subjects show reduced or exaggerated asymmetry
in schizophrenia patients (Zaidel, 1999; Csernansky et al., 2002; Qiu et al., 2009). Thus, our
finding that prenatal stress eliminates a left-biased asymmetry in the LMol CA1 may be
analogous to the altered hippocampal lateralization patterns found in human mental illnesses
such as schizophrenia. In addition, rodent studies also demonstrate hippocampal
lateralization of structure and function, including a left-biased lateralization of high affinity
choline uptake activity that is important for acetylcholine synthesis (Kristofikova et al.,
2004). Thus, our finding that a-7* nAChR levels are left-biased in the CAL contributes to
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our understanding of normative lateralization patterns in the hippocampal cholinergic
system.

Although previous studies in rodents have investigated the effects of stress exposure in
adulthood on hippocampal nAChRs (Pauly & Collins, 1993; Grun et al., 1995; Takita &
Muramatsu, 1995; Stitzel et al., 1996; Stevens et al., 2001; Hunter et al., 2010), we are the
first to report the effects of prenatal stress on NAChR development. As such, many questions
remain. This study focused on the hippocampus, yet many other brain structures are
significantly impacted by prenatal stress (Charil et al., 2010), several of which are rich in
nAChRs. Thus, additional studies are needed to determine whether prenatal stress-induced
alterations in nAChRs occur in regions such as the amygdala, and hypothalamus, and
cortical areas. In addition, we do not know the time course for prenatal stress-induced
increases in a4P2* nAChRs or for left-biased lateralization of a7* nAChRs. Understanding
the time course for these changes is important for targeting potential timeframes for
intervention. For example, does manipulation of a4p2* or a7* nAChRs during early
development or in adulthood ameliorate the behavioral consequences of prenatal stress? The
results of such experiments will provide better understanding of the relationships between
prenatal stress, NAChR development, and adult behavioral outcomes, and will also inform
future clinical studies.
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A

Figure 1.
Representative photomicrograph of adjacent 12 pm hippocampal sections exposed to (A)

1125-epibatadine for visualization of a4f2* nAChRs, and (B) 1125-a-bungarotoxin for
visualization of a7* nAChRs. (A) Epibatidine binding was found in the alveus, lacunosum
moleculare of the CAL (LMol CAL), lacunosum moleculare of the CA3 (LMol CA3), and
the molecular layer of the dentate gyrus (MoDG). (B) a-BTX binding was highest in the
CA1, lacunosum moleculare of the CA1 (LMol CAL), the molecular layer of the dentate
gyrus (Mo DG), the polymorphic layer of the dentate gyrus (PoDG), and the CA3.
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Figure 2.
Prenatal stress increases a4p2* nicotinic acetylcholine receptor levels in the hippocampus.

Prenatal stress significantly increased epibatidine binding in the following hippocampal
subfields: lacunosum moleculare of the CA1 (LMol CA1), lacunosum moleculare of the
CA3 (LMol CA3), and the molecular layer of the dentate gyrus (MoDG). No effects of sex
or interactions between sex and stress condition were detected. Data expressed as mean +
SEM. Asterisk (*) indicates a significant difference between stressed and nonstressed groups
(*p<0.05, **p<0.01, ***p<0.001).
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A

Figure 3.
Representative photomicrograph depicting the difference in hippocampal epibatadine

binding intensity between prenatally stressed (A) and nonstressed (B) animals.
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Figure4.
Prenatal stress and brain hemisphere influence a7* nicotinic acetylcholine receptor levels in

the CAL. (A) Lacunosum moleculare of the CA1 (LMol CA1). A significant interaction
between brain hemisphere and stress condition was detected such that a significant left-
biased lateralization of a-bungarotoxin binding was present in nonstressed (NS) but not
prenatally stressed (PS) females. (B) CAL remaining layers. Both males and females
displayed a significant left-biased lateralization of a-bungarotoxin binding. No interactions
between brain hemisphere and stress condition were detected for either sex. Data expressed
as mean + SEM. Asterisk (*) indicates a significant difference between left and right
hemispheres (**p<0.01, ***p<0.001).
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Figure5.
Prenatal stress increases female a7* nicotinic acetylcholine receptor levels in the molecular

layer of the dentate gyrus (MoDG) and polymorphic layer of the dentate gyrus (PoDG).
(A&B) A trend toward a prenatal stress-induced increase in a-BTX binding was observed in
the MoDG and PoDG of females but not males. No effects of brain hemisphere or
interactions between brain hemisphere and stress condition were observed in either region.
(C) Neither brain hemisphere nor stress condition influenced a-BTX binding in the CA3.
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Data expressed as mean + SEM. Cross (1) indicates a difference between prenatally stressed
(PS) and nonstressed (NS) females (p<0.1).
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