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Abstract
Smoking during pregnancy exposes the fetus to nicotine, resulting in nicotine-stimulated
neurotransmitter release. Recent evidence suggests that the hippocampus develops differently in
males and females with delayed maturation in males. We show that chronic nicotine exposure
during the first postnatal week has sex-specific long-term effects. Neonatal rat pups were
chronically treated with nicotine (6 mg/kg/day) (CNN) from postnatal day 1 to 7 or milk only
(Controls), and hippocampal slices were prepared from Control- and CNN-treated young adults.
Field excitatory postsynaptic potentials (fEPSPs) or population spikes (PSs) were recorded from
the CA1 hippocampus following CA1 s. radiatum stimulation. Input/Output curves constructed
from fEPSP data indicated that CNN-males, but not females, had significantly increased excitatory
responses compared to Controls (p<0.05, n=10 Con, n=11 CNN). Long-term potentiation (LTP)
was not significantly changed by CNN. In the presence of bicuculline, which blocks inhibitory
GABAA receptors, an epileptiform burst consisting of a series of PSs was evoked. The amplitude
of the first PS was significantly larger in CNN-males and females compared to Controls (males:
p<0.01, n=8 Con, n=8 CNN; females: p<0.05, n=9 Con, n=7 CNN). Only CNN-males also had
significantly larger second PSs (p<0.05, n=8 con, n=8 CNN). Epileptiform activity evoked by zero
Mg2+ incubation did not differ in amplitude or duration of bursts in CNN-males or females
compared to Controls. These data indicate that neonatal nicotine exposure has long lasting effects
and results in increased excitation within the CA1 hippocampus in adulthood, with males showing
increased sensitivity to nicotine's effects.

1. Introduction
Nicotine binds to nicotinic acetylcholine receptors (nAChRs); pentameric, ligand-gated
cation channels composed of α and β subunits combined in a homomeric or heteromeric
fashion (Gotti et al., 2006; Kalamida et al., 2007; Sargent, 1993). In the hippocampus,
nAChRs are expressed on GABAergic interneurons as well as on pyramidal cells (Jones and
Yakel, 1997; Son and Winzer-Serhan, 2008; Sudweeks and Yakel, 2000). nAChRs can be
located presynaptically, allowing them to regulate neurotransmitter release (Gray et al.,
1996; Wonnacott, 1997), or postsynaptically on inhibitory interneurons within the
hippocampus (Alkondon et al., 1998; Frazier et al., 1998; Jones and Yakel, 1997).
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In the developing brain, nAChRs have been shown to regulate a variety of processes,
including gene expression, neurite outgrowth, and developmentally regulated cell death
(Dwyer et al., 2008). During hippocampal development, nicotine is able to stimulate GABA
release (Le Magueresse et al., 2006; Maggi et al., 2001) and alter glutamatergic transmission
by inducing spontaneous activity in previously silent glutamatergic synapses (Maggi et al.,
2003) or decreasing activity at highly active synapses (Maggi et al., 2004). Developmental
nicotine exposure results in alterations to hippocampal morphology (Huang et al., 2007; Roy
and Sabherwal, 1998; Roy et al., 2002), and expression of neurotrophic factors (Son and
Winzer-Serhan, 2009), a troubling outcome given that 15% of women continue to smoke
during pregnancy (SAMHSA, 2010).

Hippocampal development is a complex process that relies heavily on appropriate
GABAergic signaling mechanisms. During early development, GABA acts as an excitatory
neurotransmitter via ionotrophic GABAA receptors (Ben-Ari et al., 1989; Ben-Ari, 2002;
Cherubini et al., 1991), and excitatory GABAergic transmission is critical for the formation
of giant depolarizing potentials (GDPs) in the postnatal rat hippocampus (Ben-Ari et al.,
1989). Excitatory GABAergic transmission is important for a variety of developmental
processes, including increasing the expression of growth factors such as brain-derived
neurotrophic factor (BDNF) (Berninger et al., 1995; Represa and Ben-Ari, 2005) and
enhancing synaptic strength (Kasyanov et al., 2004).

Recent evidence suggests that the hippocampus develops differently in males and females,
and that the switch from depolarizing to hyperpolarizing GABAA receptor-mediated
responses occurs earlier in females than in males (Galanopoulou, 2008a; Galanopoulou,
2008b; Nunez and McCarthy, 2007). Within the rat hippocampus, this switch appears to take
place during the first postnatal week in females, but not until the end of the second postnatal
week in males (Galanopoulou, 2008b). Neuronal α7 nAChRs are involved in the appropriate
timing of the switch from excitatory to inhibitory GABAergic signaling, suggesting a critical
role for endogenous nicotinic cholinergic activity in regulating the maturation of the GABA
system (Liu et al., 2006; Liu et al., 2007). This interplay of nicotinic signaling with
GABAergic transmission could have a significant impact on hippocampal synapse
development which could also affect circuit formation.

In order to address the effects of nicotine exposure on hippocampal development, we
developed a neonatal exposure model (Huang et al., 2006). The early postnatal period in rats
is equivalent to the third trimester in humans (Dobbing and Sands, 1979), and a particularly
critical time for hippocampal development (Winzer-Serhan, 2008). This period is
characterized by strong expression of heteromeric and homomeric nAChRs (Adams et al.,
2002; Son and Winzer-Serhan, 2006; Winzer-Serhan and Leslie, 2005), and high rates of
axon sprouting, dendritic development and synaptogenesis (Danglot et al., 2006; de Graaf-
Peters and Hadders-Algra, 2006; Dwyer et al., 2009). Additionally, during early postnatal
development, nAChR subunits and receptors are transiently upregulated in the rat
hippocampus, with particularly robust upregulation of α7, α5 and α2 subunits (Adams et al.,
2002; Son and Winzer-Serhan, 2006; Winzer-Serhan and Leslie, 2005), possibly conferring
an increased sensitivity to nicotine's effects during this time.

Because this is also a period in which GABA becomes hyperpolarizing in females, but
remains depolarizing in males (Galanopoulou, 2008b), nAChR-mediated increased GABA
release may have a sexually dimorphic effect during this treatment window. It is the aim of
this study to use extracellular field potential recordings to determine if nicotine exposure
during the first postnatal week in rats is capable of producing long-lasting functional
changes affecting the overall balance of excitation and inhibition within the CA1 region of
the hippocampus of adult male and female rats. We hypothesize that chronic neonatal
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nicotine treatment (CNN) will result in a change in the balance of excitation and inhibition
in young adult rats, and that due to an extended period of excitatory GABA signaling, males
will be more affected by the neonatal treatment than females.

2. Results
2.1 CNN results in increased excitation in adult male but not female CA1 hippocampus

Following Schaeffer collateral pathway stimulation, fEPSPs were recorded from CA1
stratum (s.) radiatum in young adult male and female subjects. Representative field
excitatory postsynaptic potential (fEPSP) recordings are shown to demonstrate the
relationship between increasing voltage input and increased slope of fEPSPs (Fig. 1A).
Responses from each sex were normalized to controls and analyzed using a two-way
repeated measures ANOVA with Holm-Sidak post-hoc analysis. There were no differences
in the slope of fEPSPs between CNN-or control-treated male or female rats in response to
voltage inputs less than or equal to 15 V. However, in males but not females, CNN treatment
resulted in significantly larger fEPSP slopes at higher voltage inputs (Fig. 1B). Additionally,
there was an overall treatment effect in male but not female rats (Fig. 1B; p<0.05). Thus,
neonatal nicotine exposure results in increased excitation in adult male but not female CA1
subfield.

2.2 CNN does not alter long-term potentiation (LTP) in adult male or female CA1
hippocampus

In order to determine if CNN exposure affects excitatory synaptic plasticity in adult rats, we
measured LTP from fEPSPs within CA1 hippocampus. LTP was induced using a theta-burst
stimulation protocol (TBS) and recorded for at least 30 min. In the few cases where
responses were recorded for 1 hr following TBS, there was no significant difference
between the slope at 30 min and the slope at 1 hr. Representative traces are shown to
illustrate the change in fEPSP following TBS (Fig. 2A), and a representative chart shows the
change in slope following TBS in a male control rat (Fig. 2B). There was no difference in
the increase in the slope fEPSPs following TBS in slices from control- versus CNN-treated
male (Fig. 2C; p=0.91) or female (Fig. 2D, p=0.55) rats.

2.3 CNN leads to increased responses after GABAA receptor blockade in adult male and
female CA1 hippocampus

To further examine the long-term effects of CNN on excitation within the hippocampus, we
examined population spikes (PSs) recorded from CA1 s. pyramidale following application
of the GABAA receptor (GABAAR) antagonist bicuculline (BIC), which has been shown to
be a potent antagonist of inhibitory activity in the hippocampus (Curtis et al., 1971; Kemp et
al., 1986). Baseline activity was not significantly different between control- and CNN-
treated groups (1.96 mV and 2.22 mV, respectively, p=0.11; and females 1.97 mV and 1.99
mV, respectively, p=0.75). After BIC application to the slices for 30 min, stimulation of the
Schaeffer collaterals resulted in epileptiform bursts in CA1 s. pyramidale of young adult
control- and CNN-treated males and females (Fig. 3). Following the 30 min of continuous
BIC administration, PSs from CNN-treated male rats were significantly larger than those
from control-treated males. (Fig. 3B, control= 2.78 mV, CNN= 3.90 mV, p<0.01).
Additionally, a newly formed second PS following BIC administration was also
significantly larger in CNN-treated males compared to controls (Fig. 3C, control= 1.88 mV,
CNN= 2.62 mV, p<0.05). The change in the duration of the epileptiform bursts, measured as
the time from reaching 35% maximum amplitude to the time to return to the same
amplitude, was unchanged between treatment groups (Fig. 3D, control= 328.58 mV, CNN=
286.04 mV, p=0.62). As in males, CNN treatment in females resulted in a larger amplitude
of the first PS following BIC application compared to controls (Fig. 3E, control= 3.03 mV,
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CNN= 3.75 mV p<0.05). However, in contrast to males, in females there was no difference
in the amplitude of the second PS (Fig. 3F, control= 1.9 mV, CNN= 2.04 mV, p=0.58).
There was no change in the percent increase in epileptiform burst duration in CNN
compared to control females (Fig. 3G, control= 283.74 mV, CNN= 216.55 mV, p=0.20).
Thus, excitatory responses, most likely through fast glutamatergic receptors, are increased in
young adults treated neonatally with nicotine, but the effect is more pronounced in CNN-
treated males than females.

2.4 CNN does not alter NMDA receptor activation in CA1 hippocampus
Epileptiform activity in the presence of BIC has been shown to have both AMPA receptor
(AMPAR) and NMDA receptor (NMDAR) components (Dingledine et al., 1986). In order
to more closely examine the role of NMDAR-mediated input, we recorded PSs in the
absence of Mg2+ (0-Mg2+) which leads to removal of the voltage dependent block of
NMDA receptor activation and results in an epileptiform burst in response to stimulation
(Coan and Collingridge, 1985; Tancredi et al., 1990). There were no differences in the
amplitude of the PSs in baseline somatic responses in slices from control and CNN male
(2.03 mV and 2 mV, respectively; p=0.70) and female rats (2.05 mV and 1.99 mV,
respectively, p=0.56). Following 30 min of continuous exposure to 0-Mg2+, epileptiform
bursts were recorded in all treatment groups (Fig. 4). There was a strong but non-significant
trend towards increased amplitude of the first PS in CNN-treated males compared to
controls (Fig. 4B, control= 3.05 mV, CNN= 3.80 mV, p= 0.056), and no significant
difference in the amplitude of the second PS (Fig. 4C, control= 1.35 mV, CNN= 1.53 mV,
p=0.54). Additionally, there was no change in the duration of the epileptiform burst in CNN
compared to control male rats (Fig. 4D, control=222.68 mV, CNN= 209.47 mV, p=0.87). In
female rats, there was no difference in the amplitude of the first (Fig. 4E, control= 4.04 mV,
CNN= 4.76 mV, p= 0.075) or second (Fig. 4F, control= 2.3 mV, CNN= 1.98 mV, p=0.44)
PS or in the percent increase of epileptiform burst duration (Fig. 4G, control= 238.79 mV,
CNN= 318.98 mV, p=0.17) following 0-Mg2+ application.

3. Discussion
This study provides evidence for permanently altered electrophysiological responses in the
adult hippocampus following chronic neonatal (P1-7) nicotine exposure during a time period
equivalent to the third trimester of human development. Our results are in line with other
functional studies which have shown that developmental nicotine exposure can induce long-
lasting changes in functional responses (Britton et al., 2007; Jiang and Role, 2008; Pilarski
et al., 2011; Vaglenova et al., 2008). Furthermore, our data indicate that males and females
are differentially susceptible to the effects of early postnatal nicotine exposure with regards
to hippocampal functions during adulthood, which might explain some of the long-term sex-
specific behavioral effects seen with developmental nicotine exposure due to maternal
smoking in humans (Weissman et al., 1999).

3.1 Increased excitatory responses in CNN-treated adults
Using field potential recordings from hippocampal slices, we were able to examine gross
changes in hippocampal electrophysiological responses in adult male and female rats
exposed to nicotine during the first postnatal week of development. Following CNN
treatment, adult male rats displayed significantly larger slopes of fEPSPs in the CA1
hippocampus in response to increasing presynaptic stimulation. In contrast, this increase in
fEPSP slope was not observed in slices from female rats.

Multiple mechanisms may explain the changes in the slopes of fEPSP and hippocampal
function that we observed in CNN-treated male subjects. These include an overall increase
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in excitatory transmission involving excitatory glutamatergic receptors, an overall decrease
in inhibitory transmission involving GABAergic receptors, changes in the connectivity of
excitatory projections from the Schaeffer collaterals to CA1, or changes in the connectivity
of regulatory inhibitory interneurons. Alone or in combination, these changes could
contribute to the altered responses in adult hippocampus seen in male rats treated neonatally
with nicotine.

In order to more closely examine changes to excitatory responses, GABAARs were blocked
with the specific GABAAR antagonist BIC (Curtis et al., 1971; Kemp et al., 1986), which
resulted in epileptiform responses recorded in the CA1 pyramidal cell layer in all treatment
groups. CNN-treated males had significantly larger amplitudes of the first and second PSs
indicating a larger excitatory response. In contrast, CNN-treated female rats exhibited larger
amplitudes of only the first PS, indicating a somewhat smaller increased excitation
compared to CNN-treated males. Since our recording solution contained Mg2+, which serves
as a voltage-dependent block for NMDARs (Coan and Collingridge, 1985; Collingridge et
al., 1988; Mayer et al., 1984), these PSs represent excitatory activity mostly via AMPA/
kainate glutamatergic receptors (Collingridge et al., 1983), suggesting that long-term
changes in hippocampal excitatory responses may be mediated via alterations in AMPAR
activity. Additional work will be required to verify changes in these pathways.

There is evidence for a small NMDAR component which may contribute to the epileptiform
activity induced by GABAAR blockage (Dingledine et al., 1986). In order to ascertain if
NMDAR-mediated signaling contributed to the increased excitation observed in CNN-
treated rats, slices were continuously washed with a 0-Mg2+ solution. This removed the
Mg2+ block from NMDARs, leading to voltage-independent activation by endogenous
glutamate, and resulting in epileptiform activity in response to stimulation despite the
presence of endogenous GABA and inhibition via GABAARs (Coan and Collingridge, 1985;
Tancredi et al., 1990). Under these recording conditions, Schaeffer collateral stimulation
caused epileptiform wave activity which was of similar duration in all treatment groups,
suggesting similar inhibitory input in all groups. The first PS was slightly larger in CNN-
treated males compared to controls but failed to reach significance. In females, there was no
difference in first or second PS amplitude following 0-Mg2+ application. This suggests that
there are little or no long-term changes in the NMDAR component of fEPSPs as a
consequence of neonatal nicotine exposure in either male of female hippocampus; a
conclusion supported by the lack of effect of CNN treatment on LTP, which is highly
dependent on NMDAR function (Bliss and Collingridge, 1993).

Our results suggest that the increase in excitatory responses in CNN-treated animals might
be due to an increase in AMPAR function or numbers without significant changes in
NMDARs or inhibitory activity. Future experiments are needed to test these assumptions. In
support of our findings and conclusions, a recent study found that prenatal nicotine exposure
results in increased excitatory responses in brainstem neurons (Fregosi and Pilarski, 2008),
and the authors were able to show that the increase was linked to an upregulation of AMPA
but not NMDA receptor function (Fregosi and Pilarski, 2008; Pilarski and Fregosi, 2009).
However, another study showed that prenatal nicotine treatment results in decreased
AMPAR-mediated mEPSCs in CA1 pyramidal cells (Vaglenova et al., 2008). Because the
developmental exposure times were different in that study, it is difficult to compare directly
their results to the data presented here.

Although our results did not provide evidence for long-term alterations of NMDAR-
mediated excitatory transmission by CNN, there is some evidence that developmental
nicotine exposure can cause long lasting changes that involve the slow excitatory
transmission regulated by NMDA receptors (Aramakis and Metherate, 1998; Aramakis et
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al., 2000; Metherate, 2004). The lack of an effect on NMDAR function in our study might
reflect the immature state of glutamatergic synaptic connectivity in the neonatal
hippocampus. Excitatory glutamatergic synapses gradually develop during the first 2 weeks
of life and do not reach maturity until after P14 (Fiala et al., 1998; Hsia et al., 1998; Tyzio et
al., 1999). During the first postnatal week, the majority of glutamatergic Schaeffer
collateral-CA1 synapses are believed to be functionally silent (Durand and Konnerth, 1996;
Isaac et al., 1995). At these silent synapses, nicotine enhances synaptic efficacy and converts
‘presynaptically silent’ synapses into conductive ones (Maggi et al., 2003). However, during
the second postnatal week, active high probability synapses are more prominent, and
nicotine induces a persistent reduction of synaptic efficacy in active synapses (Maggi et al.,
2004). This difference is seen in results from Aramakis and Metherate (1998) which
reported alterations in NMDAR function after nicotine exposure during the second but not
first postnatal week. Thus, depending on the developmental exposure time and the
maturational state of a brain region, nicotine could differentially affect NMDARs.

Because field potentials are a measure of overall activity within the hippocampus, it is
possible that the observed changes in excitatory responses could be, at least in part, a
reflection of altered functional connectivity within the hippocampus. There is strong
evidence from other studies that nAChRs are important for regulating connectivity patterns
during development. For example, altered synapse formation has been observed at
thalamocortical and cortico-amygdala synapses following developmental nicotine exposure
(Aramakis et al., 2000; Heath and Picciotto, 2009; Jiang and Role, 2008). In addition, loss of
heteromeric β2-containing nAChRs in β2 knock-out mice alters wiring and refinement of
visual circuits with subsequent consequences for visual acuity (Bansal et al., 2000; Rossi et
al., 2001). In these β2 knock-out mice, retinocollicular synapses appear to remain in an
immature state for a longer period than in wild type mice (Shah and Crair, 2008). It is
possible that the repeated activation of nAChRs by nicotine during the neonatal period
distorts the normal trajectory of synaptogenesis in the postnatal hippocampus, thereby
contributing to permanently altered response properties found in our CNN-treated adult rats.
At this point, it remains unclear how much of the increased excitatory responses is caused
by altered receptor functions versus alterations in the development of the hippocampal
circuits.

3.2 Sex differences in the increased excitatory responses in CNN-treated adults
The results of this study strongly indicate that nicotine exposure during the first postnatal
week affects males to a greater extent than females. This is in agreement with other studies
that suggest that nicotine can have sex-specific effects. It has been shown that in adult rats,
nicotine-induced nAChR upregulation occurs more readily in males than in females (Koylu
et al., 1997). There have also been reported sex differences in nicotinic currents in the
prefrontal cortex during development (Alves et al., 2010), and sex-specific responses to
prenatal nicotine exposure (Vaglenova et al., 2004; Vaglenova et al., 2008).

One possible explanation for our sex-specific effects could be the different rate of
maturation of the GABAergic system in males and females. GABAergic signaling within the
hippocampus becomes hyperpolarizing in females during the first postnatal week, but
remains depolarizing in males into the second postnatal week (Galanopoulou, 2008a;
Galanopoulou, 2008b). Because endogenous nicotinic signaling has also been shown to
contribute to the switch from depolarizing to hyperpolarizing GABAergic signaling (Liu et
al., 2006), it is possible the exogenous nicotine may be able to speed up this switch, which
may in turn have a larger effect in males due to a normally longer period of excitatory
GABAergic signaling.
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nAChR activity is capable of stimulating presynaptic GABA release in neonatal
hippocampus, (Maggi et al., 2001), suggesting that by merely increasing GABA tone,
nicotine could differential affect developmental processes in males and females. Increasing
the release of GABA, and therefore causing either depolarizing or hyperpolarizing events in
male and female hippocampus, respectively, is likely to have drastically different
consequences. For example, excitatory GABA increases BDNF expression, whereas
inhibitory GABA decreases BDNF expression (Berninger et al., 1995; Represa and Ben-Ari,
2005). Increased BDNF expression in males but not females could differentially affect
glutamatergic synapse development (Mohajerani et al., 2007). Nicotine's effects on BDNF
levels could also alter survival of neurons during development (Huang et al., 2007). It is also
possible that other differences between males and females, such as different levels of sex
hormones, are responsible for the sex-specific long-term effects of neonatal nicotine
exposure. It has previously been shown that progesterone can inhibit nAChR activity
(Valera et al., 1992), and progesterone and 17βEstradiol, but not testosterone, are able to
block nicotine's antinociceptive effects in female mice (Damaj, 2001). Further studies will
need to be conducted to determine the cause of the sex-specific effects described here.

3.3 Conclusions
Overall, our results suggest that nicotine treatment during a brief developmental time period
is able to have long-lasting effects on hippocampal activity in both male and female
offspring. However, males and females are not affected in precisely the same way, and it
appears that in at least some aspects, males may be more susceptible to nicotine's effects
during this developmental period. It remains to be identified exactly what makes males more
sensitive to nicotine's effects during this time period and whether or not there are other sex-
specific outcomes following developmental nicotine exposure.

4. Experimental Procedures
4.1 Nicotine treatment

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 Committee. The day the pups were born was termed
postnatal day (P) 0 (P0). On P1, litters were culled to 8-10 pups. Starting on P1, pups were
treated using a CNN treatment model as previously described (Huang et al., 2006). Briefly,
pups were given milk formula at a volume 1/36 their total body weight three times a day
using the oral gastric intubation method. One half of the pups from each litter were given 2
mg/kg/dose nicotine (Sigma Chemical, St. Louis, MO) mixed in milk formula (Enfamil with
iron; Mead Johnson & Company, Evansville, IN), the control pups were given milk formula
only. The treatment period lasted from P1-P7. At P21, rats were weaned and housed two-to-
a-cage and grown under standard care conditions into adulthood.

4.2 Tissue Preparation
Between P60 and P87, rats were decapitated under isoflurane anesthesia, and their brains
were removed. The hippocampus was blunt dissected from each hemisphere, and briefly
placed in ice-cold cutting solution containing (in mM) 0.3 Kynurenic acid, 120 NaCl, 11 D-
Glucose, 26 NaHCO3, 6 MgCl2, 3 KCl, 0.5 CaCl2, and 5 HEPES. 500 μm transverse slices
were cut from the middle third of each hippocampus using a McIlwain tissue chopper
(Mickle Laboratory Engineering Co. LTD.), and slices were transferred to artificial
cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 3 KCl, 1.5 MgSO47H20, 1.2
NaH2PO4, 2.4 CaCl2, 26 NaHCO3, and 10 D-Glucose bubbled with 95%O2 /5%CO2. Slices
were warmed to 34°C for one hour, and then cooled to 25°C, where they were held for the
remainder of the day.
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4.3 Extracellular Field Potential Recordings
4.3.1 Input/Output Curves—Slices were transferred to a recording chamber where they
were continuously washed with oxygenated ACSF warmed to 27-28°C. Extracellular field
potentials were elicited every 15 s via a bipolar stimulating electrode placed in the Schaeffer
collateral pathway of the CA1 hippocampus. fEPSPs were recorded using a glass
micropipette filled with 1 M NaCl placed in the CA1 s. radiatum. The Schaeffer collateral
pathway was stimulated at voltage steps of 5 V from 5-30 V, and the resulting fEPSPs were
recorded. Four fEPSPs were recorded from each voltage input, and the average of these
traces was used for data analysis. The slopes of the resulting fEPSPs were measured and
normalized to controls in order to construct an Input/Output (I/O) curve (see below).

4.3.2 Long-Term Potentiation—An I/O curve was constructed using varying voltage
inputs while recording fEPSPs from the CA1 s. radiatum. Baseline fEPSPs were recorded
for 10 min at 15 s intervals using the voltage input which elicited approximately 50-70%
maximum response. The Schaeffer collateral pathway was then stimulated using a TBS
protocol consisting of 3 bursts of 4-6 100 Hz pulses at 1 s intervals at a voltage 5 V higher
than the baseline recording voltage. fEPSPs were then recorded for 30 min or 1 hr following
TBS.

4.3.3 Responses to Bicuculline and 0-Mg2+—For field PSs, a glass recording
electrode was placed in the CA1 s. pyramidale, and slices were stimulated as described
above. Baseline PSs were recorded every 15 s for 2½ min. The average of these 10 PSs was
used for data analysis. ACSF containing bicuculline (BIC, 3 μM; Sigma Chemical, St.
Louis, MO), or ACSF made without Mg2+ (0-Mg2+) was then bath applied to the slice.
Extracellular responses were recorded every 15 s for 30 min while the oxygenated BIC or 0-
Mg2+ solution flowed continuously over the slice. The final three PSs at the end of the 30
min time period were averaged for data analysis.

4.4 Data Analysis
Clampex 9.0 was used for data acquisition and PClamp 9 was used for data analysis. For I/O
curves, the slope of the averaged fEPSPs to each voltage input was measured. Slopes were
normalized to the average maximum slope of sex-specific control-treated rats; males were
normalized to male control maximums and females were normalized to female control
maximums. The normalized values of fEPSP slopes in control and CNN rats at each voltage
input were compared using a two-way repeated measures ANOVA with Holm-Sidak post-
hoc analysis. Outlying responses more than two standard deviations away from the mean
were removed (one female control). For BIC and 0-Mg2+ PSs, the amplitude of PS of the
averaged baseline recording was measured as the average of the distance from the peak of
the initial positive potential to the initial negative afterpotential, and the distance from the
initial negative afterpotential to the peak of the second positive potential. Following the 30
min drug application, the amplitude of the first PS was again measured. The amplitude of a
newly-formed second PS was measured as the distance from the start of the second
afterpotential to the negative peak of the afterpotential. Additionally, the epileptiform burst
duration, as defined as the time to reach 35% maximum height to the time to return to 35%
maximum height (Anderson and Collingridge, 2001), was measured from baseline responses
as well as from responses following BIC or 0-Mg2+ application. The amplitude of the first
and second peak, as well as the increase in epileptiform burst duration following BIC or 0-
Mg2+ application were compared separately using a Student's t-test. Slices in which BIC
application did not result in increased amplitude of the first PS were excluded from data
analysis. For LTP experiments, the percent increase in the slopes of fEPSPs 30 min after
TBS was compared in control and CNN rats using a Student's t-test. Slices in which a
decrease in slope was recorded following TBS were excluded from data analysis.
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For all experiments, “n” refers to the number of animals recorded from. If recordings were
made in more than one slice from an animal, the results from each slice were averaged and
the animal average for that measure was used for data analysis.
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Highlights

> Chronic neonatal nicotine treatment leads to long-term changes in hippocampal field
potentials. > Both male and female rats exhibit changes in field potential responses.
>Long-term effects are less pronounced in adult females than in males. >Young adult
males show increased excitation following neonatal nicotine.
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Fig. 1.
Input/Output (I/O) curves in slices from control- and CNN-treated males and female rats (A)
Examples of fEPSPs elicited in CA1 s. radiatum at 5V increments from male control and
male CNN-treated rats. (B) I/O curves, constructed from slopes of fEPSPs recorded from
slices from P60-P87 male and female rats and normalized to the maximum slope of controls
from that sex, show significantly greater responses to higher voltage inputs in CNN-treated
male rats compared to male controls. (n=10, 11, 6, 8; control male, CNN male, control
female, CNN female, respectively). Data analyzed by two-way repeated measures ANOVA,
Holm-Sidak post hoc analysis. Significance between control and CNN-treated males
*=p<0.05 **=p<0.01.
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Fig. 2.
Long-term potentiation in hippocampal slices from young adult control- and CNN-treated
males and female rats. (A) Sample fEPSP recorded from CA1 s. radiatum of male control rat
before and 30 min after (*) theta-burst stimulation (TBS). (B) Sample time course of fEPSP
slopes from a male control rat prior to and following TBS. (C) There was no difference in
the percent increase in slope of fEPSPs 30 min following TBS in CNN- versus control-
treated males. (n=4, 5; control and CNN, respectively). (D) There was also no difference in
the percent increase in slope of fEPSPs 30 min following TBS in CNN- versus control-
treated females. n=4.
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Fig. 3.
Effects of bicuculline (BIC) (3 μM) bath application on PSs from hippocampal slices from
young adult control- and CNN-treated male and female rats. (A) BIC produces an
epileptiform burst in population spikes (PSs) recorded from CA1 s. pyramidale. In males,
following 30 min bath application of BIC, the amplitude of the first PS (B), and amplitude
of the second PS (C) were significantly greater in CNN- compared to control- treated rats.
There was no change in the percent increase in epileptiform burst duration (D) (n=8). In
females, there was an increase in amplitude of the first PS (E), but no change in the
amplitude of the second PS (F) or percent increase in epileptiform burst duration (G) in
control- versus CNN-treated rats (n=9, 7, control and CNN, respectively). control= white
bars, CNN= grey bars; a= first PS, b= second PS. *=p<0.05, **=p<0.01.

Damborsky et al. Page 16

Brain Res. Author manuscript; available in PMC 2013 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Effects of 0-Mg2+ bath application on PSs from hippocampal slices from young adult
control- and CNN-treated male and female rats. (A) 0-Mg2+ produces an epileptiform burst
in PSs recorded from CA1 s. pyramidale. In males, there was no change in the amplitude of
the first PS (B), the amplitude of the second PS (C), or the percent increase in epileptiform
burst duration (D). n=8. In females, there was also no change in the amplitude of the first PS
(E), the amplitude of the second PS (F), or the percent increase in epileptiform burst
duration (G) in control- versus CNN-treated females. control= white bars, CNN= grey bars;
a= first PS, b= second PS.
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