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Abstract
Chronic exposure to nicotine during the first postnatal week in rats, a developmental period that
corresponds to the third trimester of human gestation, results in sexually dimorphic long-term
functional defects in the adult hippocampus. One potential cause could be the sex-specific
differences in the maturation of GABAA receptor-mediated responses from excitatory to
inhibitory, which depends on the expression of the Na2+/K+/Cl−-co-transporter NKCC1 and the
K+/Cl− co-transporter KCC2. In the rat hippocampus, this switch occurs during the first and
second postnatal week in females and males, respectively, and is regulated by nicotinic receptor
activation. Excitatory GABAergic signaling can increase BDNF expression, which might
exacerbate sex differences by impacting synaptogenesis. We hypothesized that chronic neonatal
nicotine (CNN) exposure differentially regulates the expression of these co-transporters and
BDNF in males and females. We use quantitative isotopic in situ hybridization to examine the
expression of mRNAs for NKCC1, KCC2, BDNF, and NMDA receptor subunits NR2A and
NR2B in the postnatal day (P) 5 and 8 rat hippocampus in both sexes that were either control-
treated or with 6 mg/kg/day nicotine in milk formula (CNN) via gastric intubation starting at P1.
In line with prolonged GABAergic excitation, we found that at P5 males had significantly higher
mRNA expression of NKCC1 and BDNF than females. CNN treatment resulted in a significant
increase in KCC2 and BDNF mRNA expression in male but not female hippocampus (p<0.05).
Males also had higher expression of NR2A and lower expression of NR2B at P5 compared to
females (p<0.05). At P8, there were neither sex nor treatment effects on mRNA expression,
indicating the end of a critical period for sensitivity to nicotine. These results suggest that
differential maturation of GABAAR-mediated responses result in sex-specific sensitivity to
nicotine during early postnatal development, potentially explaining the differential long-term
effects of CNN on hippocampal function.
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1. Introduction
Despite warnings about the dangers of cigarette smoke, more than 15% of American women
continue to smoke while pregnant (SAMHSA, 2010). This exposes their unborn children to
large amounts of nicotine, which binds to nicotinic acetylcholine receptors (nAChRs);
pentameric, ligand-gated channels composed of different combinations of α and β subunits
in a heteromeric or homomeric fashion. Neuronal nAChRs can be located either
presynaptically or postsynaptically and are widely expressed in the mammalian brain, with
the most prolific subtypes being the high affinity α4β2 heteromeric and the low affinity α7
homomeric subtypes (Sargent, 1993, Tribollet et al., 2004, Gotti et al., 2006). In the
hippocampus, presynaptic modulation of γ-aminobutyric acid (GABA) and glutamate
neurotransmitter release occurs via β2-containing heteromeric and α7 homomeric nAChRs
on GABAergic interneurons (Alkondon et al., 1999) and α7 nAChRs on glutamatergic
terminals (Gray et al., 1996, Radcliffe and Dani, 1998). In addition, postsynaptic α7 nChRs
are located on hippocampal interneurons (Jones and Yakel, 1997, Alkondon et al., 1998,
Frazier et al., 1998).

nAChRs are expressed in the fetal brain, where they are believed to be involved in a variety
of processes, including gene expression, neurite outgrowth, and developmental cell death
(Dwyer et al., 2008). nAChRs can regulate both GABAergic and glutamatergic transmission
during early postnatal development in rats (Maggi et al., 2001, Maggi et al., 2003, Maggi et
al., 2004), a period relatively equivalent to the third trimester of human brain development
(Dobbing and Sands, 1979, Winzer-Serhan, 2008). During this developmental stage,
nAChRs are significantly upregulated in the hippocampus (Adams et al., 2002, Winzer-
Serhan and Leslie, 2005, Son and Winzer-Serhan, 2006), making this a period of increased
sensitivity to nicotine. In rats, chronic nicotine exposure during the early postnatal period
results in altered hippocampal morphology (Huang et al., 2007a) and physiology
(Damborsky et al., 2012), and a long-lasting increase in anxiety-like behavior (Huang et al.,
2007b).

During prenatal and early postnatal development GABA serves as an excitatory
neurotransmitter due to the relatively high expression of the Na2+/K+/Cl− co-transporter
NKCC1 and low expression of the K+/Cl− co-transporter KCC2, resulting in a high internal
Cl− concentration (Rivera et al., 1999, Ben-Ari, 2002, Payne et al., 2003). As development
proceeds, NKCC1 is downregulated, and KCC2 is upregulated, resulting in an extrusion of
Cl− from inside the cell and a switch to inhibitory GABA signaling, a process that occurs in
females earlier in postnatal development than in males (Nunez and McCarthy, 2007,
Galanopoulou, 2008b, a). nAChR activation increases GABA release during development
(Maggi et al., 2001), and can regulate the switch from depolarizing to hyperpolarizing
GABAAR-mediated signaling by controlling the levels of NKCC1 and KCC2 (Liu et al.,
2006). An increase in excitatory GABAergic signaling caused by nicotine could alter the
expression of brain-derived neurotrophic factor (BDNF) expression, which is increased by
excitatory but not inhibitory GABA (Berninger et al., 1995, Represa and Ben-Ari, 2005),
and has previously been shown to be enhanced by postnatal nicotine exposure (Son and
Winzer-Serhan, 2009).

NMDA receptors (NMDARs) are tetrameric ligand-gated channels that contain NR1
subunits with at least one NR2. NR3 subunits can be incorporated into an NR1/NR2
complex, but cannot form receptors independently. NMDAR functional variability is
conferred by the combination of the NR2 subunits, of which there are 4 types (NR2A-D)
(Ishii et al., 1993, Cull-Candy et al., 2001). The primary NR2 subunits found in the
hippocampus are NR2A and NR2B (Goebel and Poosch, 1999). During early postnatal
development in the hippocampus, NR2B mRNA is highly expressed, whereas NR2A mRNA
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is low at birth, but increases significantly over time, especially during the second postnatal
week (Monyer et al., 1994, Zhong et al., 1995). Postnatal nicotine exposure has previously
been found to enhance NMDAR-mediated excitatory postsynaptic potentials and modulate
synaptic development in the auditory cortex (Aramakis et al., 2000), and alter expression of
NR2A and 2B mRNA in the auditory cortex and medial geniculate nucleus (Hsieh et al.,
2002). Within the hippocampus, gestational nicotine increases NR1, 2A, and 2D protein
levels (Wang et al., 2011).

Although it is known that the GABAergic system develops at different speeds in males and
females, it has not been determined whether or not the glutamatergic system is similarly sex-
specific in its development. Additionally, while there is evidence that developmental
nicotine exposure can result in long-lasting sex-specific effects (Vaglenova et al., 2004,
Vaglenova et al., 2008, Damborsky et al., 2012), it is not known what changes are occurring
during the treatment window that are leading to these long-lasting consequences. It is the
aim of this study to determine if there is sex-specific mRNA expression of KCC2, NKCC1,
BDNF, NR2A or NR2B within the postnatal rat hippocampus. Additionally, we will use a
previously established chronic neonatal nicotine (CNN) treatment model (Huang et al.,
2006) to determine how chronic nicotine exposure during the first postnatal week can affect
the expression of these mRNAs, and determine if there are any sex-specific differences in
response to nicotine. Based on the previously stated evidence that GABAergic signaling
remains excitatory for a longer period of time in the male hippocampus (Nunez and
McCarthy, 2007, Galanopoulou, 2008a), as well as previous data from our lab showing that
males seem to be affected to a greater extent by CNN treatment (Damborsky et al., 2012),
we hypothesized that CNN treatment would affect mRNA expression to a greater extent in
males compared to females.

2. Experimental Design
2.1 Nicotine treatment

All animal treatment protocols were approved by the Texas A&M University Institutional
Animal Care and Use Committee under the guidelines set by the National Institute of
Health. Virgin-mated pregnant Sprague-Dawley rats (Harlan, Houston, TX) arrived between
gestational day 14 and 16, and were housed in accordance with the rules stipulated by the
Texas A&M University Animal Care and Use Committee. The date of birth was termed
postnatal day (P) 0, and litters were culled to 8-10 pups on P1. Starting on P1, pups were
treated using a previously described treatment model (Huang et al., 2006). Briefly, pups
were given milk formula (Enfamil; Mead Johnson & Company, Evansville, IN) at a volume
1/36 their total body weight three times a day via oral gastric intubation. One half of the
pups in each litter were given 2 mg/kg/dose nicotine (Sigma Chemical, St. Louis, MO)
mixed in milk formula for a total of 6 mg/kg/day nicotine, the other pups were given milk
formula only. This nicotine concentration roughly corresponds to what would be
experienced by a heavy smoker (Murrin et al., 1987), and what would be experienced in
utero given the ease with which nicotine can cross the placental barrier (Luck et al., 1985).
Treatment was ended at P5, with only one treatment occurring the morning of P5, or was
continued to P8, with pups receiving one treatment the morning of P8.

2.2 Tissue Collection
Three hours following the last treatment, pups were decapitated and their brains removed.
Whole brains were immediately submerged in isopentane held at −20°C for 30 s, then
covered in dry ice. Brains were kept at −80°C until ready to be cut. 20 μm coronal sections
were taken through the hippocampus using a Microtome cryostat (MICROM International
GmbH) kept at −20°C and thaw mounted on slides coated in poly-l-lysine (Sigma Chemical,
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St. Louis, MO). For each probe, slices were collected every 200 μm throughout the entire
hippocampus. Slides were then fixed in 6% formaldehyde in 0.1 M Phosphate Buffer
solution (PB), then rinsed twice in 0.1 M PB, once in ddH20, dried in a cold air stream and
stored at −20°C.

2.3 In situ Hybridization
An 35S-UTP-labeled cRNA probe for BDNF was produced using a pBSks plasmid
containing a 750 base region complementary to rat BDNF mRNA (kindly provided by Dr.
Carl Cotman, UC Irvine, CA) constructed as previously described (Berchtold et al.,
1999). 35S-UTP cRNA probes were synthesized using pBS-SK (+) plasmids containing a
282 base region complementary to NR2A mRNA or a 319 base region complementary to
NR2B mRNA (both kindly provided by Dr. Frances Leslie, UC Irvine, CA), constructed as
previously described (Hsieh et al., 2002). NKCC1 and KCC2 templates were constructed via
RT-PCR using primers describe in Table 1 (Integrated DNA Technologies), subcloned into a
pPCR-Script AMP SK (+) plasmid (Agilent Technologies, Santa Clara, CA), and sequence
verified (Gene Technology Lab, Texas A&M University). Plasmids were linearized via
restriction enzyme digest. cRNA probes were synthesized in antisense orientations with T7
or T3 RNA polymerase (Ambion, Austin, TX) in the presence of 35S-UTP (PerkinElmer,
Boston, MA). The newly generated antisense probes for NKCC1 and KCC2 exhibited the
expected hybridization pattern (Plotkin et al., 1997, Wang et al., 2002, Stein et al., 2004),
and the sense probes showed very low or no hybridization signal indicating negligible non-
specific hybridization (Fig. 1) and suggesting specificity for the NKCC1 and KCC2
templates.

In situ hybridization was performed as previously described (Winzer-Serhan et al., 1999).
Briefly, slides containing coronal brain slices through the hippocampus were pretreated for
10 min with protease K (0.1 μg/mL), acetylated, dehydrated using increasing concentrations
of ethanol (50, 70, 95, and 100%) and dried in a cold air stream. Slides were then covered
with the 35S-UTP-labeled cRNA probe in a hybridization solution (50% formamide, 10%
dextran sulfate, 500 μg/ml tRNA, 10mM dithiothreitol, 0.3M NaCl, 10mMTris, pH 8.0, and
1mM EDTA, pH 8.0) and incubated overnight (16-20 hours) at 60°C. The following day,
any unbound RNA was washed away using RNAse A (10 μg/ml, Fisher Scientific,
Pittsburgh, PA), and salinity was adjusted using decreasing concentrations of standard
sodium citrate buffer (4×-0.1×). Slides were then dehydrated with ethanol, dried in a cold air
stream, and apposed to Kodak BioMax-MR film (Fisher Scientific, Pittsburgh, PA) along
with [14C]-standards of known radioactivity (Amersham Bioscience, Buckinghamshire,
England), where they were exposed at 4°C.

For darkfield images, slides were dipped in Kodak autoradiography NTB emulsion (VWR,
West Chester, PA) and exposed at 4°C. After 3-4 weeks, slides were developed in 50%
Kodak D-19, fixed in Kodak Professional fixer (Fisher Scientific, Pittsburgh, PA), and
counter stained with a Cresyl-Violet solution. Slides were then dehydrated in graded
ethanol, coated in xylenes, and cover slipped with DPX mounting medium (Fluka,
Ronkonkoma, NY). Visualization of darkfield images was carried out using a DP7-1 digital
camera (DP manager, Leeds Insturments, Irving, TX). Brightness and contrast of images
were adjusted for publication using Adobe Photoshop 8.0.

2.4 Data Analysis
A computer-based image analysis system (MCID, Imaging Research Inc. St. Catherine,
Canada; now InterFocus Imaging Ltd, UK) was used to analyze 35S-hybridization signals
from autoradiograms. 14C-standards were used to construct a calibration curve comparing
relative optical density (ROD) to radioactivity in nCi/g. Hybridization was analyzed by
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converting ROD for antisense probes into nCi/g as a measure of expression intensity, which
was then adjusted for decay based on the 35S calibration date. All probes were measured in
the CA1, CA3, and Dentate gyrus (DG) regions of the hippocampus. Hybridization
intensities were measured from at least three slices from each brain and averaged for
analysis. A two-way ANOVA was performed for each probe in each region of the
hippocampus to look for sex and treatment effects at P5 or P8. Because we hypothesized
that CNN treatment would affect mRNA expression in males and not females, we also
planned comparisons between Control- and CNN-treated rats in males and female groups
using a Student’s t-test. Significance was described as a p value of 0.05 or less.

3. Results
3.1 NKCC1 and KCC2 mRNA expression in male and female control- and CNN-treated pups
at P5 and P8

The spatial mRNA expression pattern of NKCC1 was identical to that previously reported
for postnatal rat brain including the expression in the hippocampus (Fig. 1) (Plotkin et al.,
1997, Wang et al., 2002). Autoradiographic images generated by hybridization with the
radiolabeled antisense probe to NKCC1 mRNA in P5 rat hippocampus show identical
pattern in both sexes in controls and the expression pattern was not affected by treatment
(Fig. 2A). Darkfield images revealed weak hybridization signals in stratum (s). pyramidale
of CA1 and CA3 and granule layer of DG with no signals in cells located in s. oriens, or
radiatum of either CA1 or CA3, where interneurons are located (Fig. 2B). The expression
intensities were slightly higher in CA3 and DG than CA1 (Fig. 2C and D). Although there
was no significant treatment effect in either male or female pups, there was a small overall
sex effect in all three regions of the hippocampus, with males showing small but
significantly greater mRNA expression compared to females (Fig. 2C, p<0.05 for all
regions). At P8, there was neither a treatment nor sex effect on NKCC1 expression (Fig.
2D).

The spatial mRNA expression pattern of KCC2 was identical to that previously reported for
postnatal rat brain including the expression in the hippocampus (Fig. 1) (Wang et al., 2002,
Stein et al., 2004). Autoradiographic images show strong expression of KCC2 mRNA
throughout the hippocampus in male and female control- and CNN-treated P5 pups (Fig.
3A). The hippocampal expression patterns were similar in male and female control and
CNN-treated rat pups at P5 and P8. Hybridization signal was detected in CA1 and CA3
pyramidal cells and interneurons located in s. oriens and radiatum. In the DG, KCC2 mRNA
hybridization signal was detected in the granule cell layer and interneurons in the molecular
layer (Fig. 3B). In P5 control-treated rat pups, there was no sex difference detected in KCC2
mRNA expression intensities in the principal cell layers. Planned comparisons between
Control- and CNN-treated pups in males and females revealed that in male but not female
pups, CNN treatment resulted in increased expression in the principal layers of CA1 (32%,
p<0.05), CA3 (33%, p<0.05) and DG (27%, p<0.05) (Fig. 3C). In animals treated until P8,
there were no longer any treatment or sex effects detected in any region (Fig. 3D).

Given the roles of NKCC1 and KCC2 in Cl− accumulation and extrusion, respectively
(Rivera et al., 1999, Yamada et al., 2004), it is likely that the ratio of expression of these co-
transporters determines the actual internal Cl− concentration. The ratio of KCC2 to NKCC1
mRNA expression was therefore compared across both ages using a three-way ANOVA.
There was a significant increase in the KCC2/NKCC1 ratio in all areas, in both treatment
groups in males and females between P5 and P8 (Fig.4).
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3.2 BDNF mRNA expression in male and female control- and CNN-treated pups at P5 and
P8

There is evidence that inhibitory and excitatory GABAAR-mediated signaling differentially
affects BDNF mRNA expression (Berninger et al., 1995), we therefore determined whether
chronic nicotine treatment affected BDNF mRNA expression. Autoradiographic and
darkfield images show BDNF mRNA expression in the hippocampus of P5 control- and
CNN-treated male and female pups (Fig. 5A and B). The BDNF mRNA expression pattern
was identical in males and females, and between treatment groups. BDNF expression was
highest in s. pyramidale in CA3, and was primarily confined to the pyramidal cell layers of
CA1 and CA3 and the DG granule cell layer (Fig. 5A and B). Quantitative analysis revealed
that there was an overall sex effect in the principal cell layers of all three regions of the
hippocampus in P5 rat pups, with males having significantly higher BDNF mRNA
expression levels (Fig. 5A, p<0.01). In the CA1 hippocampus, male CNN-treated P5 pups
had a small but significant 12% increase in BDNF mRNA expression compared to male
controls (Fig. 5A, p<0.05). In animals treated until P8, there was no longer any sex effect,
and there was no significant treatment effect in any region.

3.3 NR2A mRNA expression in male and female control- and CNN-treated pups at P5 and
P8

NMDAR subunit expression is also developmentally regulated (Zhong et al., 1995, Cull-
Candy et al., 2001), and has been shown to be affected by developmental nicotine treatment
(Hsieh et al., 2002). To determine if there are any developmental sex differences in
NMDAR subunit expression or if there is a CNN treatment effect, NR2A and 2B subunit
mRNA expression was examined in P5 and P8 control- and CNN-treated pups. NR2A
mRNA expression pattern was identical in male and female pups, and the distribution was
not affected by CNN-treatment. In all groups, expression was mostly restricted to the
principal layers, and was higher in s. pyramidale in CA1 and CA3, compared to the granule
cell layer in the DG (Fig. 6A and B). Only a scarce population of neurons in the s. oriens
and radiatum in exhibited hybridization signals. At P5, there was a significant sex effect
observed in CA1 and CA3 hippocampus, with males exhibiting slightly higher expression of
NR2A mRNA compared to females (Fig. 6C; CA1: p<0.05, CA3: p<0.05). In animals
treated until P8, there were no detectable sex or treatment effects in any region of the
hippocampus (Fig. 6D).

The NR2B mRNA expression pattern was identical in male and female postnatal rat pups,
and the distribution was not affected by CNN treatment. Autoradiographic images of NR2B
subunit mRNA expression at P5 show strong expression in principal layers in CA1 and CA3
and in the DG (Fig 7A). Darkfield images confirm the primary localization of NR2B subunit
mRNA in CA1 and CA3 pyramidal cells and granule cells in the DG, and expression in
interneurons in CA1, CA3 and DG regions of the hippocampus (Fig. 7B). Quantitative
analysis of autoradiograms revealed that there was a significant sex effect at P5, with
females showing higher hybridization signals in principal cell layers of the CA1, CA3 and
DG compared to males in all three regions of the hippocampus (Fig. 7C, p<0.01 for all
regions). There was no treatment effect for either sex at P5 (Fig. 7C). In pups treated until
P8, there were no sex or treatment effects observed in any region of the hippocampus (Fig.
7D).

4. Discussion
In this study, we evaluated expression levels of the cation chloride co-transporters KCC2
and NKCC1, the neurotrophic factor BDNF, and the NMDAR subunits NR2A and NR2B in
male and female rat pups treated with nicotine during the first postnatal week. This is the
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first study that demonstrates differential effects of neonatal nicotine treatment in male and
female pups for KCC2 and BDNF mRNA expression and sex differences in the expression
levels of NR2A and NR2B. Although the changes reported here only correspond to transient
increases in mRNA expression, and might not reflect changes in protein expression, it is
possible that even small differences in mRNA expression could translate into changes in
protein levels with consequences for hippocampal synapse and circuit formation. In turn,
this could lead to an imbalance of excitatory and inhibitory transmission in the hippocampus
and account for the differential response to nicotine in males and females (Damborsky et al.,
2012).

4.1 Effects of sex and CNN treatment on NKCC1 and KCC2 expression
In CA1 hippocampal pyramidal neurons, hyperpolarizing GABAAR postsynaptic currents
appear during the first postnatal week in female, but during the second postnatal week in
male rats (Galanopoulou, 2008a). This sex specific delay in maturation of the GABAergic
system has been attributed to differences in the relative abundance of the cation chloride co-
transporters KCC2 and NKCC1; the protein level of phosphorylated NKCC1 is higher in P0
and P7 male hippocampus compared to age matched females, while KCC2 protein
expression is higher in P7 and P10 female hippocampus (Nunez and McCarthy, 2007,
Galanopoulou, 2008b, a). It has previously been shown that endogenous nicotinic signaling
is able to regulate NKCC1 and KCC2 protein expression, and is important for the
appropriate timing of the switch from excitatory to inhibitory GABAAR-mediated responses
(Liu et al., 2006). Given the role of nicotinic signaling in the regulation of the maturational
switch from depolarizing to hyperpolarizing GABAAR-mediated currents, neonatal nicotine
exposure may accelerate this transition in a sex-dependent manner. We therefore expected to
detect sexually dimorphic differences in the expression of the co-transporters NKCC1 and
KCC2 at P5 and P8, and their differential regulation after chronic nicotine treatment during
the first postnatal week, when sex differences in GABAAR reversal potential are most
pronounced. Our results show that there was significantly higher hybridization signal for
NKCC1 but not KCC2 in P5 male compared to female hippocampus. In contrast, no sex
differences were detected at P8. In all sex and treatment groups, there was a significant
increase in the KCC2/NKCC1 ratio between P5 and P8, suggesting a move towards full
maturation of the GABAergic system (Rivera et al., 1999, Yamada et al., 2004). Expression
levels of NKCC1 and KCC2, or their ratio, are essential determinants of the chloride
gradient across membranes (Yamada et al., 2004), and the increased expression of NKCC1
mRNA in P5 males seen here is in line with longer depolarizing actions of GABA in
neonatal male hippocampus (Pfeffer et al., 2009). Although mRNA expression levels do not
always correlate with protein levels, and posttranslational modifications greatly affect the
function of the cotransporter NKCC1 (Nunez and McCarthy, 2007), these results support, in
part, our expectation of sex specific regulation of co-transporter expression.

Chronic treatment with nicotine significantly increased KCC2 mRNA expression in males
but not females at P5, but did not affect expression of NKCC1 in either male or female
hippocampus. This is in line with findings by others that KCC2 expression is regulated in
response to changing conditions; in male neonates, KCC2 but not NKCC1
immunoreactivity, is regulated in response to kainate-induced seizures or maternal
separation (Galanopoulou, 2008a), and GABA itself can increase KCC2 mRNA expression
levels in immature neurons (Ganguly et al., 2001). These findings support the idea that
KCC2 is the driving force behind the switch from excitatory to inhibitory GABAAR-
mediated responses (Lee et al., 2005), and by regulating KCC2 mRNA expression, neurons
seem to be able to regulate intracellular chloride concentrations in response to changing
environmental conditions. It remains to be seen if a CNN treatment-induced increase in
KCC2 mRNA expression affects the chloride gradient in hippocampal neurons. However,
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several studies have shown that increases in KCC2 correlate with modifications of
GABAergic transmission (Lu et al., 1999, Rivera et al., 1999, Ganguly et al., 2001,
Galanopoulou, 2008a). Thus, a nicotine-induced increase in KCC2 mRNA expression, as
described in this study, is likely to have functional consequences; perhaps changing the
developmental timing of the transition to inhibitory GABAergic signaling in males.
Therefore, our results support data that endogenous nicotinic signaling is critical for the
appropriate expression of KCC2 (Liu et al., 2006), and suggest that endogenously or
exogenously induced nicotinic activity may play an important role in the maturation of the
GABAergic system. However, additional studies are needed to determine if the sex-specific
differential effect of CNN treatment on KCC2 mRNA expression translates into changes in
intracellular chloride concentration and Cl− reversal potentials in male but not female
hippocampus. In that case, immature male pups would be more likely to develop long-term
effects after developmental nicotine exposure, because a premature change in reversal
potential of GABAAR currents could result in altered morphological neuronal maturation in
males but not females (Cancedda et al., 2007).

The mechanism by which developmental nicotine exposure alters the expression of KCC2 is
not known. However, it is known that activation of presynaptic nAChRs by nicotine can
increase GABA release (Alkondon et al., 1999, Radcliffe et al., 1999, Maggi et al., 2001),
which may lead to an increase in Ca2+ influx via L-type voltage gated Ca2+ channels
following GABAAR-mediated depolarization in immature neurons (Obrietan and van den
Pol, 1995, Ganguly et al., 2001). This increase in Ca2+ may then lead to an increase in
KCC2 mRNA expression (Ganguly et al., 2001, Bray and Mynlieff, 2009).

4.2 Effects of sex and CNN treatment on BDNF expression
In the hippocampus, GABAAR-mediated depolarization can lead to an increase in BDNF
expression in immature neurons; an effect that is not seen when GABA becomes
hyperpolarizing (Berninger et al., 1995, Obrietan et al., 2002, Represa and Ben-Ari, 2005).
Given the relationship between excitatory GABA actions and increased BDNF expression,
we anticipated sexually dimorphic differences in the expression of BDNF at P5 and P8, and
that CNN-treatment would raise levels of BDNF mRNA in male but not in female pups. We
observed increased BDNF expression in males compared to females at P5, when GABA is
depolarizing in males but not in females (Galanopoulou, 2008a), and a further increase in
BDNF expression in CA1 of P5 CNN-treated males but not females. These results support
our hypothesis that there is sex and treatment specific regulation of BDNF expression in the
neonatal hippocampus, an effect that we believe is linked to the excitatory action of GABA
in neonates. Increased levels of BDNF correlate with increased synaptogenesis during
development, in particularly of the GABAergic system (Yamada et al., 2002, Aguado et al.,
2003, Wardle and Poo, 2003). Thus, even a brief change in BDNF expression levels could
have a dramatic impact on the development of the hippocampus, potentially leading to some
of the long-term, sex-specific functional changes we previously described (Damborsky et
al., 2012).

4.3 Differential expression of NR2A and NR2B mRNA in the postnatal male and female
hippocampus

In neonates, glutamatergic synaptic connections are very immature and gradually develop
during the first 2 weeks of life (Fiala et al., 1998, Hsia et al., 1998, Tyzio et al., 1999).
Furthermore, during the first postnatal week, the majority of glutamatergic Schaeffer
collateral–CA1 synapses are functionally silent (Isaac et al., 1995, Durand and Konnerth,
1996). In neonates, synaptic activity can drive NR2A subunits into hippocampal synapses,
and switch synaptic NMDARs from NR2B to NR2A containing ones (Barria and Malinow,
2002, Bellone and Nicoll, 2007), and neonatal nicotine can activate presynaptically silent

Damborsky and Winzer-Serhan Page 8

Neuroscience. Author manuscript; available in PMC 2013 December 06.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



excitatory synapses (Maggi et al., 2003). Thus, in neonates, nicotine-stimulated glutamate
and GABA release could result in increased excitatory activity, raising intracellular Ca2+

concentrations with subsequent effects on NMDAR subunit expression. This idea is
supported by reports that prenatal exposure to nicotine transiently increases
immunoreactivity for NR2A but not NR2B in one day old rat pups (Wang et al., 2011), and
that postnatal nicotine exposure increases cortical mRNA expression of NR2A (Hsieh et al.,
2002). Therefore, we examined whether CNN treatment altered mRNA expression levels of
NR2A and NR2B in the postnatal hippocampus at P5 and P8. Our results show that nicotine
treatment had no effect on NR2A or NR2B mRNA expression in either males or females,
suggesting that the first postnatal week, when excitatory NMDAR-mediated transmission is
low, is not a critical period for nicotine-induced changes in NMDAR subunit expression in
the hippocampus. This is in line with evidence that the postnatal age is critical for nicotine’s
effects on NMDAR function and expression; nicotine exposure during the second but not
first postnatal week alters NMDAR function and NR2A mRNA expression in the auditory
cortex (Aramakis et al., 2000, Hsieh et al., 2002).

Compared to the well-established sex differences in the maturation of the GABAergic
system, such differences have not been described for the developmental expression of
NMDAR subunits. NMDAR subunit composition is strongly regulated during development,
with NR2B being expressed during embryonic and postnatal development followed by an
activity-dependent upregulation of NR2A, especially during the second postnatal week
(Monyer et al., 1994, Zhong et al., 1995, Barria and Malinow, 2002, Bellone and Nicoll,
2007, Matta et al., 2011). The data here show that males have slightly higher levels of
NR2A mRNA and lower levels of NR2B mRNA compared to females at P5. The switch to
NR2A subunits depends on activation of NMDARs, and requires a rise in postsynaptic
calcium concentrations (Matta et al., 2011), conditions which might occur more often in
males than in females during the first postnatal week. Additionally, because the subunit
composition of NMDARs confers different functionality (Ishii et al., 1993, Cull-Candy et
al., 2001), sex-dependent expression of NMDAR subunits could mean that male and female
NMDAR-mediated responses are functionally different during early postnatal development.
Additional experiments would need to be done to determine if the differences in mRNA
expression described here translate into differences in protein expression, and results in any
functional differences.

4.4 Increased sensitivity to CNN treatment in male pups
The baseline sex differences in mRNA expression for NKCC1, BDNF, NR2A and NR2B
described here, together with previously published work on GABAAR maturation during
early postnatal development, strongly suggest that males and females have very different
routes to maturity, and may be differentially susceptible to nicotine at different times during
development. Previous studies have indeed shown that developmental nicotine exposure
may lead to sex-specific outcomes in humans (Weissman et al., 1999) and rodents
(Vaglenova et al., 2004, Vaglenova et al., 2008). Recently, our lab demonstrated that CNN
treatment results in long-lasting changes in hippocampal function, with males affected to a
greater degree than females (Damborsky et al., 2012). In the present study, we show that
there are sexually dimorphic responses to nicotine in neonatal rat pups with increases in
KCC2 and BDNF mRNA expression in P5 male but not female hippocampus, which could
potentially speed up the switch to hyperpolarizing GABAAR signaling in males and alter the
course of hippocampal development

It is interesting to note that no sex- or treatment-related changes were found for BDNF or
KCC2 at P8, although, in males GABAAR-mediated transmission should still be
depolarizing at this age. This might reflect a gradual transition from depolarization to
hyperpolarization and/or age-related reduced ability of depolarizing GABA actions to
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increase intracellular Ca2+ concentrations (Ganguly et al., 2001). This transient nature of
CNN-induced changes in male pups suggests that as development proceeds, nicotine’s
effects are diminishing. In the case of the GABAergic system, it could be that as the change
to hyperpolarizing GABA approaches, nicotine no longer has an effect on KCC2 and BDNF
expression. Thus, there seems to be a narrow window of vulnerability to nicotine exposure
during the first postnatal week in males that might not be there, or might occur at a different
developmental time, in females. Altered nicotinic cholinergic activity during this time, either
by increased activation due to maternal smoking or by decreased activation due to nAChR
dysfunction of blockage, could result in altered excitatory/inhibitory ratio in hippocampal
and cortical structures in a sex-specific manner.

4.5 Conclusions
Together, our data suggest that key mRNAs involved in GABAergic and glutamatergic
signaling during early postnatal development are differentially expressed in male and female
rat pups, and that CNN treatment during the first postnatal week affects males to a greater
extent than females. Although our results strongly indicate that male rats may be more
sensitive to nicotine during early postnatal development, this does not mean that females are
insensitive to the effects of nicotine. We previously demonstrated that both CNN-treated
males and females exhibit increased anxiety-like behaviors later in life (Huang et al.,
2007b), and long-term changes in hippocampal activity were still recorded in CNN-treated
adult females (Damborsky et al., 2012). However, with regards to the GABAergic system,
which matures earlier in females than males, sensitive periods to nicotine could be shifted to
earlier developmental timepoints in females. Sex-specific susceptibility could be drastically
different depending on target genes and brain regions being studied, and more studies will
be required to determine critical periods of nicotine sensitivity in various brain regions and
for different gene targets in males and females.

The baseline sex differences and sex-specific effects of CNN described here suggest that sex
needs to be taken into account when evaluating the effects of nicotine even in neonates.
Additionally, it is unlikely that the differences in the maturation of the GABAergic system
result in sex-specific responses to only nicotine. Rather, it is probable that a variety of
environmental conditions which impact GABAergic transmission during development may
also result in sex-specific outcomes and differentially derail normal development in males
and females. Such differences might explain the fact that males are disproportionally
affected by neurodevelopmental disorders such as schizophrenia, autism and ADHD (Bale et
al., 2010).
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Highlights

mRNA expression patterns were examined in male and female rat hippocampus at
postnatal day 5 and 8

The effects of chronic neonatal nicotine exposure on mRNA expression was compared in
males and females

Males have higher expression of NKCC1, BDNF and NR2A and lower expression of
NR2B at postnatal day 5

Postnatal nicotine exposure increase KCC2 and BDNF expression in male but not female
hippocampus

No sex or treatment effect on mRNA expression were observed at postnatal day 8
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Figure 1. NKCC1 and KCC2 expression at postnatal day 8
Autoradiographic images show hybridization signal to antisense (A and C) and sense (B and
D) probes for NKCC1 (A and B) and KCC2 (C and D) in coronal sections of P8 rat brains.
Scale bar: 2 mm.
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Figure 2. NKCC1 mRNA expression in the P5 and P8 rat hippocampus
(A) Autoradiographic images demonstrate expression of NKCC1 mRNA in the P5 male and
female hippocampus following Control or CNN treatment. (B) Darkfield images from a
male Control-treated P5 rat showing expression patterns of NKCC1 in CA1 (a) CA3 (b) and
DG (c). (C) Quantification of hybridization intensities from P5 male and female Control-
and CNN-treated pups in CA1, CA3 and DG. n=4 in each group. (D) Quantification of
hybridization intensities from P8 male and female Control- and CNN-treated pups in CA1,
CA3 and DG. n=4 in male Control, female Control and female CNN groups, and 5 in male
CNN group. Data shown are ± S.E.M. Scale bars: 1 mm in A, 200 μM in B. * indicates
p<0.05.
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Figure 3. KCC2 mRNA expression in the P5 and P8 rat hippocampus
(A) Autoradiographic images demonstrate expression of KCC2 mRNA in the P5 male and
female hippocampus following Control or CNN treatment. (B) Darkfield images from a
male Control-treated P5 rat showing expression patterns of KCC2 in CA1 (a) CA3 (b) and
DG (c). (C) Quantification of hybridization intensities from P5 male and female Control-
and CNN-treated pups in CA1, CA3 and DG. n=4 in each group. (D) Quantification of
hybridization intensities from P8 male and female Control- and CNN-treated pups in CA1,
CA3 and DG. n=4 in male Control, female Control and female CNN groups, and 5 in male
CNN group. Data shown are ± S.E.M. Scale bars: 1 mm in A, 200 μM in B. * indicates
p<0.05.
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Figure 4. KCC2/NKCC1 ratios in P5 and P8 rat hippocampus
KCC2/NKCC1 mRNA hybridization intensity ratios were plotted for male and female
Control- and CNN-treated pups at P5 and P8 in CA1, CA3, and DG. ** indicates significant
effect of age across all sex and treatment groups, p<0.01. Data shown are ± S.E.M.
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Figure 5. BDNF mRNA expression in the P5 and P8 rat hippocampus
(A) Autoradiographic images demonstrate expression of BDNF mRNA in the P5 male and
female hippocampus following Control or CNN treatment. (B) Darkfield images from a
male Control-treated P5 rat showing expression patterns of BDNF in CA1 (a) CA3 (b) and
DG (c). (C) Quantification of hybridization intensities from P5 male and female Control-
and CNN-treated pups in CA1, CA3 and DG. n=4 in each group. (D) Quantification of
hybridization intensities from P8 male and female Control- and CNN-treated pups in CA1,
CA3 and DG. n=4 in male Control, female Control and female CNN groups, and 5 in male
CNN group. Data shown are ± S.E.M. Scale bars: 1 mm in A, 200 μM in B. * indicates
p<0.05, ** indicates p<0.01.
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Figure 6. NR2A mRNA expression in the P5 and P8 rat hippocampus
(A) Autoradiographic images demonstrate expression of NR2A mRNA in the P5 male and
female hippocampus following Control or CNN treatment. (B) Darkfield images from a
male Control-treated P5 rat showing expression patterns of NR2A in CA1 (a) CA3 (b) and
DG (c). (C) Quantification of hybridization intensities from P5 male and female Control-
and CNN-treated pups in CA1, CA3 and DG. n=4 in each group. (D) Quantification of
hybridization intensities from P8 male and female Control- and CNN-treated pups in CA1,
CA3 and DG. n=4 in male Control, female Control and female CNN groups, and 5 in male
CNN group. Data shown are ± S.E.M. Scale bars: 1 mm in A, 200 μM in B. * indicates
p<0.05.
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Figure 7. NR2B mRNA expression in the P5 and P8 rat hippocampus
(A) Autoradiographic images demonstrate expression of NR2B mRNA in the P5 male and
female hippocampus following Control or CNN treatment. (B) Darkfield images from a
male Control-treated P5 rat showing expression patterns of NR2B in CA1 (a) CA3 (b) and
DG (c). (C) Quantification of hybridization intensities from P5 male and female Control-
and CNN-treated pups in CA1, CA3 and DG. n=4 in each group. (D) Quantification of
hybridization intensities from P8 male and female Control- and CNN-treated pups in CA1,
CA3 and DG. n=4 in male Control, female Control and female CNN groups, and 5 in male
CNN group. Data shown are ± S.E.M. Scale bars: 1 mm in A, 200 μM in B. * indicates
p<0.05.
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Table 1
Primer sequences for the generation of cRNA templates

Name Gene Accession Nuinbei Piitnet Sequence

NKCC1 AF 051561 (1345.1947.e04 bp) For: 5′ -TAC AGT GGT GGT TCT TCT GGG CAT3′
Rev: 3′-AGT GCT GAT GAG AGT GTG GCT GAA-5′

KCC2 U55816 (2693-3258.560 lip) For: 5′ -GCG CAG ATG GAT GAC AAC AGC ATT- 3′
Rev: 3′ -CGC ACG TTG GAC TGG TTC AAG TTT- 5*
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