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Abstract

Fetal nicotine exposure from smoking during pregnancy causes long-lasting cognitive
impairments in offspring, yet little is known about the mechanisms that underlie this effect. Here
we demonstrate that early postnatal exposure of mouse pups to nicotine via maternal milk impairs
long-term, but not short-term, hippocampus-dependent memory during adolescence. At the
Schaffer collateral (SC) pathway, the most widely studied synapses for a cellular correlate of
hippocampus-dependent memory, the induction of N-methyl-o-aspartate receptor-dependent
transient long-term potentiation (LTP) and protein synthesis-dependent long-lasting LTP are not
diminished by nicotine exposure, but rather unexpectedly the threshold for LTP induction
becomes lower after nicotine treatment. Using voltage sensitive dye to visualize hippocampal
activity, we found that early postnatal nicotine exposure also results in enhanced CA1
depolarization and hyperpolarization after SC stimulation. Furthermore, we show that postnatal
nicotine exposure induces pervasive changes to the nicotinic modulation of CA1 activity:
activation of nicotinic receptors no longer increases CA1 network depolarization, acute nicotine
inhibits rather than facilitates the induction of LTP at the SC pathway by recruiting an additional
nicotinic receptor subtype, and acute nicotine no longer blocks LTP induction at the
temporoammonic pathway. These findings reflect the pervasive impact of nicotine exposure
during hippocampal development, and demonstrate an association of hippocampal memory
impairments with altered nicotinic cholinergic modulation of LTP, but not impaired LTP. The
implication of our results is that nicotinic cholinergic-dependent plasticity is required for long-
term memory formation and that postnatal nicotine exposure disrupts this form of plasticity.
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1. Introduction

Smoking during pregnancy can have severe impacts on the mental and physical health of
offspring, including long-lasting impairments in 1Q and memory (Batstra et al, 2003; Bruin
et al, 2010; Fried et al, 2003). Still, as of 2010 an estimated 12.3% of expectant mothers in
the United States continued to smoke during pregnancy (Tong et al, 2013). Cigarette smoke
has been shown to contain more than 4,000 chemicals, but among these nicotine is thought
to be the primary neuroteratogen (Pauly and Slotkin, 2008). Indeed, several studies using
rodent models of perinatal nicotine treatment have demonstrated that exposure to the drug
during early development causes long-lasting deficits in learning and memory (Ankarberg et
al, 2001; Eppolito and Smith, 2006; Sorenson et al, 1991; Vaglenova et al, 2004; Yanai et
al, 1992; Portugal et al, 2012). However, the outstanding question in the field remains which
cellular and molecular changes induced by nicotine underlie this cognitive impairment.

Nicotine activates nicotinic acetylcholine receptors (nAChRs), which are pentameric
associations of a2—a10 and p2—f4 subunits. NAChRs are found in abundance throughout the
brain, including in the hippocampus, an area critical for certain forms of learning and
memory. In humans, significant hippocampal development occurs during the third trimester
of pregnancy, whereas roughly equivalent development in rodents happens during the first
two postnatal weeks (de Graaf-Peters and Hadders-Algra, 2006; Seress, 2007; Seress €t al,
2001). This period of axon sprouting, dendritic arborization and robust synaptogenesis
(Danglot et al, 2006; de Graaf-Peters and Hadders-Algra, 2006; Dwyer et al, 2009) is also,
importantly, a time of rapid development of the cholinergic system, and coincides with a
sharp spike in nAChR subunit upregulation (Adams et al, 2002; Shacka and Robinson,
1998; Son and Winzer-Serhan, 2006; Winzer-Serhan and Leslie, 2005). During these two
weeks, nAChRs modulate the strength of newly forming excitatory synapses, and mediate
the switch in the role of y-aminobutyric acid (GABA) from being an excitatory to an
inhibitory neurotransmitter (Liu et al, 2006, 2007). It is therefore not surprising that some
studies have found that this two week window of hippocampal development in rodents
encompasses a “critical period” during which nicotine exposure causes long-lasting
molecular and cognitive effects (Eriksson et al, 2000; Miao et al, 1998). Given the many
roles of nAChRs during development, prolonged nicotine exposure during this time could
alter multiple aspects of hippocampal function.

In the current study, in order to identify long-lasting cellular, molecular and circuitry
changes in the hippocampus that may underlie nicotine-induced cognitive impairments, we
used a model of early postnatal nicotine exposure in mice from postnatal day 1-15 (P1-P15)
that targeted this critical period of hippocampal development and cholinergic activity. We
tested our model to determine whether it resulted in impaired memory during adolescence.
Furthermore, we used electrophysiological, pharmacological and voltage-sensitive dye

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakauchi et al.

Page 3

imaging techniques to identify nicotine-induced changes in long-term potentiation (LTP),
which is thought to be the cellular substrate of learning and memory, as well as hippocampal
network activity and the nicotinic modulation of hippocampal function — each possible
causes of memory deficits.

2. Materials and methods

2.1. Animals and nicotine treatment

All animal procedures were conducted in accordance with the National Institutes of Health's
Guide for the Care and Use of Laboratory Animals, and with protocols approved by the
Institutional Animal Care and Use Committee of the University of California at Irvine.
C57BL/6 mouse litters were adjusted to five or six male and female pups, and were exposed
to nicotine through maternal milk during postnatal days 1-15 by subcutaneously implanting
nursing dams with Alzet osmotic minipumps (approximate nicotine output: 21 mg/kg/day).
Here, we refer to these pups as maternal-nicotineexposed mice. Naive mice and mouse pups
from dams implanted with saline-containing minipumps were used as controls. Both gave
similar electrophysiological and behavioral results, thus data obtained from those groups
were combined for statistical analysis. Also, because electrophysiological recordings from
male and female mice yielded equivalent results, their data were combined for statistical
analysis. Behavioral studies were performed using male adolescent mice.

2.2. Object location and object recognition memory tasks

Training and testing for object location and object recognition memory were conducted on
P45 and P46, respectively, and were carried out as previously described (Barrett et al, 2011,
McQuown et al, 2011; Roozendaal et al, 2010). Briefly, before training, mice were handled
1-2 min daily for 5 days and then habituated to the experimental arena (white rectangular
open field, 30 x 23 x 21.5 cm) 5 min a day for 6 days in the absence of objects. During
training, mice were placed into the experimental arena with two identical objects (100 mL
beakers, lightbulbs or vases) and were allowed to explore for 10 min (Stefanko et al, 2009).
During the retention test (90 min later for short-term memory, or 24 h later for long-term
memory), mice explored the experimental apparatus for 5 min. For the object location task,
one familiar object was placed in a novel location, and another familiar object was placed in
the same location as during training. For the object recognition task, a familiar and a novel
object were placed in the same locations as used during training. All combinations of
locations and objects were balanced across trials to eliminate bias. Training and testing trials
were videotaped and analyzed by individuals blind to the treatment condition. A mouse was
scored as exploring an object when its head was oriented toward the object and within a
distance of 1 cm, or when its nose was touching the object. The relative exploration time
was recorded and expressed by a discrimination index (DI1=(tnovel~tfamiliar)/ (thoveltfamiliar) X
100%).

2.3. Elevated-plus maze

The elevated plus-maze task was performed as previously described (Vogel-Ciernia et al,
2013). The maze consisted of two open arms and two enclosed arms extending from a
central platform, raised to a height of 40 cm above the floor. The light level in the testing
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room was adjusted to 15 lux. Testing consisted of placing a mouse onto the central platform
of the maze facing an open arm, and recording its locomotion for 5 min. The percentage of
time spent in the closed and open arms was scored using EthoVision 3.1 (Noldus
Information Technology). Between subjects, the maze was cleaned with 70% ethanol.

2.4, Slice preparation

Transverse hippocampal slices (300-400 um) were prepared from mice (age 4-6 weeks)
anesthetized with urethane. Slices were maintained at 30°C for at least 1 h to recover in
artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 124; KCI, 5; NaH,POy,,
1.25; MgSQy, 2; CaClsy, 2.5; NaHCOg3, 22; glucose, 10; and oxygenated with 95% O, and
5% CO,.

2.5. Extracellular field recordings

Slices were submerged in a recording chamber and continually superfused at 2—3 ml/min
with oxygenated ACSF at 30°C. A bipolar stimulating electrode was placed at the Schaffer
collateral (SC) pathway, and the slice stimulated with short current pulses (200 ms duration)
every 20 s. Field excitatory postsynaptic potentials (FEPSPs) were recorded from the stratum
radiatum of the CA1 region using glass electrodes filled with ACSF (3-8 M(2). At the
beginning of each experiment, a stimulus response curve was established by measuring the
slope of fEPSPs. The strength of the stimulus was adjusted to elicit fEPSPs that were 30—
50% of the maximum response (requiring stimulus intensities of 40-80 YA). The intensity
and duration of each stimulus pulse remained invariant thereafter for each experiment.
Baseline responses were recorded to establish the stability of the slice. LTP was induced by
theta burst stimulation (TBS; 10 theta bursts, with each burst containing 4 pulses at 100 Hz
and individual bursts separated by 200 ms), weak TBS (two theta bursts of four pulses at
100 Hz), or by four trains of tetanus (100 pulses at 100 Hz, in 5 min intervals), as indicated.
To evaluate the magnitude of early-LTP, the mean values of the slopes of fEPSPs from 40—
50 min after TBS stimulation were calculated and expressed as a percentage of the mean
baseline fEPSPs slopes. Late-L TP magnitude was evaluated by comparing baseline slopes to
those from 176-180 min after tetanus. Paired-pulse facilitation was determined using the
stimulus intensity required to induce a half-maximum response with interpulse intervals of
25-200 ms. Recorded signals were amplified (A-M Systems) and digitized, and analyzed
using NAC 2.0 software (Theta Burst Corp.).

2.6. Voltage-sensitive dye imaging

Voltage-sensitive dye (VSD) imaging and recording was performed as previously described
(Nakauchi et al, 2007; Tominaga et al, 2000). Briefly, slices were submerged in a recording
chamber mounted on the stage of a fluorescence microscope (BX51WI; Olympus). A 4x
objective lens (0.28 NA; Olympus) focused the excitation light on the CA1 region of the
hippocampus. VSD imaging was performed with a CCD camera (MiCAMO02; BrainVision)
which has a 6.4 x 4.4 mm? imaging area. To avoid bleaching of the dye, an electronically
controlled shutter remained closed until 100 ms before the start of each recording. In each
stimulation trial, frames were recorded at 250 Hz for 1024 ms. Eight or 16 trials were
averaged to improve the signal-to-noise ratio. Extracellular potential recordings were
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preformed simultaneously with the optical recordings to ensure that the optical response was
consistent with the electrical response. The fractional change in fluorescence intensity
(AF/F) was used to normalize the difference in the amount of VSD in each slice, and signal
gain and threshold levels were adjusted to optimize the signal-to-noise ratio of the response
relative to background. Activated areas were smoothed by averaging images with spatial and
cubic filters. Data were analyzed and displayed using BV-Analyser (BrainVision). To
quantitatively compare optical responses across different slices, the maximum optical
responses to a single stimulus were sampled at 3 x 21 grid points along the stratum oriens,
stratum pyramidale and stratum radiatum layers of the hippocampal CA1, anchored to the
stimulation site in the stratum radiatum. The 21 points of each layer were divided into two
groups (proximal and distal to the site of stimulation), and the average optical responses in
each group were calculated. As the outcomes were not substantially different between the
proximal and distal groups, we have reported only the distal results below. Peak
depolarization and hyperpolarization amplitudes were measured and compared.
Measurement of the integrated negative area under the baseline was calculated for responses
to a single stimulation with a cut-off time of 500 ms, a time point selected to minimize
variability.

Nicotine, AP5, picrotoxin, methyllycaconitine (MLA), dihydro-p-erythroidine (DHBE),
mecamylamine and DNQX were obtained from Sigma. All drugs were dissolved in ACSF
and bath-applied for approximately 5-10 min.

2.8. Statistical analysis

3. Results

Behavior datasets were analyzed using Student's t-tests or one-way analysis of variance
(ANOVA) with Bonferroni post hoc tests where appropriate. Alpha levels were set at 0.05.
Electrophysiological data was normalized relative to baseline, expressed as mean = SEM,
and analyzed for significance using ANOVASs and post hoc Tukey HSD tests. In all graphs,
p values are depicted as follows: *p < 0.05, **p <0.01, ***p < 0.001. Optical and
physiological data were plotted and analyzed using Origin 8.1 (OriginLab).

3.1. Early postnatal nicotine exposure disrupts hippocampus-dependent memory and
increases anxiety

The overall aim of this study was to examine the long-lasting impact of early postnatal
nicotine exposure on hippocampal CA1 function. Therefore, we first tested maternal
nicotine (MN)-exposed and control mice for long- and short-term object location memory
(Fig. 1A-C), a CAl-dependent task (Assini et al, 2009; Barrett et al, 2011; Haettig et al,
2013; McQuown et al, 2011). MN-exposed mice exhibited significant deficits in long-term
object location memory as compared to control mice (Fig. 1B; Control, n=16, mean DI
+SEM: 25.89+2.60; MN, n=15, mean DI+SEM: -1.97+4.58; Student’s t-test: tyg=5.37,
p<0.0001). Importantly, there were no differences between groups with regard to total
exploration time during training (Control, n=16, mean DI£SEM: 30.14+2.07; MN, n=15,
mean DIXSEM: 30.55+2.03; t-test: t)g=0.14, p=0.88) and testing (Control, n=16, mean DI
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+SEM: 6.25+0.59; MN, n=15, mean DI+SEM: 5.59+0.63; t-test: t,g=0.76, p=0.46). We next
examined short-term object location memory in a different cohort of animals at 90 min after
training. Short-term object location memory did not differ between MN mice and controls
(Fig. 1C; Control, n=13, mean DI£SEM: 31.47+3.47; MN, n=14, mean DI+SEM:
28.49+3.79; Student’s t-test: to5=0.58, p=0.57). Again, there were no significant differences
in total exploration time between groups (training: Control, n=13, mean DI=SEM:
17.46x1.49; MN, n=14, mean DIXSEM: 16.17£1.06; Student’s t-test; t)5=0.72, p=0.48; test:
Control, n=13, mean DI+SEM: 4.28+0.47; MN, n=14, mean DI+SEM: 5.01+0.88; t-test:
t,5=0.82, p=0.41). Together, these results indicate that maternal nicotine-exposed mice
exhibit specific long-term memory impairments for object location, a hippocampus-
dependent task.

To examine whether the postnatal nicotine exposure induced more broad long-term memory
impairments in MN mice, we used the hippocampus-independent object recognition memory
task (Fig. 1D). MN mice showed similar long-term memory for object recognition to control
mice (Fig. 1E; MN, n=14, mean DI+SEM: 36.91+5.79; Control, n=13, mean DI+SEM:
30.38+3.52; Student’s t-test: to5=0.94, p=0.35). Additionally, both groups showed similar
total exploration times during training (Control, n=16, mean DI+SEM: 32.61+1.44; MN,
n=15, mean DI£SEM: 31.46+1.43; t-test: t,9=0.57, p=0.57) and testing (Control, n=16,
mean DI£SEM: 10.82+0.91; MN, n=15, mean DI+SEM: 8.33+1.03; t-test: t)g=1.82,
p=0.08). Thus, MN mice exhibit normal long-term memory for object recognition, a
hippocampus-independent task.

Although we observed no differences in total exploration time during the object location and
object recognition experiments that would confound interpretation of the performance
measures on memory, we did observe that MN mice appeared to be more anxious. Thus, we
examined anxiety more directly using an elevated plus maze. MN mice (n=17) exhibited a
modest yet significant increase in anxiety, spending less time in the open arms than control
mice (n=17; Fig. 1F; two-way ANOVA, main effect of Arm F(; ¢,)=97.52, p<0.0001, no
effect of Treatment F(1 62)=0.00, p=1.00, significant interaction F; ¢2)=0.67, p<0.0001;
Bonferroni post hoc test: Control vs MN: open arm, p<0.01; closed arm, p<0.01). It is
unlikely that the increased anxiety exhibited by MN mice affected the memory experiments
(Fig 1B, C, and E) because MN mice had normal total exploration times, normal short-term
memory for object location, and normal long-term memory for object recognition. Together,
these results suggest that MN mice have an impairment in hippocampal function that gives
rise to the specific hippocampus-dependent long-term memory impairment for object
location.

3.2. Early postnatal nicotine exposure lowers the LTP induction threshold

To gain insight into the mechanism underlying the observed deficit in hippocampal memory,
we first looked for MN-induced changes in synaptic transmission at the SC pathway by
recording fEPSPs in hippocampal slices (Fig. 2A). We found no significant differences
between slices from control or MN mice in either the stimulus-response relationships (Fig.
2B; F(1, 134)=1.07, p=0.30) or in paired-pulse facilitation (Fig. 2C; F(1, 69)=0.69, p=0.41),
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suggesting that early postnatal nicotine exposure significantly alters neither the basal
synaptic transmission nor the probability of transmitter release.

Because LTP at the SC pathway has been strongly implicated as one of the cellular
mechanisms of hippocampal learning and memory, we next examined whether MN impaired
LTP at SC synapses. Theta burst stimulation (TBS) was used to induce early-LTP in
hippocampal slices from nicotine-treated and control mice. Contrary to our expectations,
postnatal nicotine exposure resulted in a strong, but not statistically significant, trend for a
small increase in LTP magnitude (Fig. 2D; saline, 139 * 6%, n=6, vs. MN, 161 + 8%, n= 8,
F(1,13=4.19, p=0.06). We also used four bursts of tetanus stimulation to induce long-lasting,
protein-synthesis and dopamine-dependent late-L TP. Hippocampal slices from MN mice
showed no difference in late-LTP from control slices (Fig. 2E; control, 160 + 14%, n=7, vs.
MN, 138 + 11%, n= 6, F(1,12)=1.39, p=0.23).

Because these results suggested that, if anything, postnatal nicotine exposure enhances LTP
at the SC pathway, we also explored whether it altered the threshold for LTP induction. We
found that weak TBS, which is sub-threshold for LTP induction in hippocampal slices from
control animals, is able to induce LTP in MN slices (Fig. 2F; saline, 96 + 3%, n=8, vs. MN,
122 £ 3%, n=6, F(1,13)=44.91, p<0.001). Thus early postnatal nicotine exposure, which
causes CAl-dependent memory impairments, unexpectedly facilitates LTP at SC synapses.
The observation of increased TBS-induced LTP following maternal nicotine has been
previously reported in the dentate gyrus of rats (Mahar et al, 2012).

3.3. Early postnatal nicotine enhances depolarizing and hyperpolarizing neuronal activity
in the CAl region

In the absence of clear impairments in SC-LTP that might underlie the observed deficit in
hippocampal memory, we next used voltage-sensitive dye imaging as a more sensitive
measure of network activity, because it allows for the visualization of changes in neuronal
membrane potential, not just synaptic activity. This approach has the further benefit of
quantifying neural activity over a much wider region of the CA1 than is possible with fEPSP
recordings. Electrical stimulation of the SC pathway, the intensity of which was adjusted to
evoke similar amplitudes of fEPSPs between different slices, caused the spread of optical
signal in all anatomical layers of the CA1. Such signals can be presented as traces or as
pseudocolor images of the fractional change in fluorescence intensity (AF/F; Fig. 3A).
Depolarizing responses originating from the site of stimulation peaked at 12 ms in slices
from both control and MN mice, but the peak signals in the stratum radiatum and stratum
oriens were significantly stronger in the MN slices (Fig. 3A-C). Furthermore, in MN slices,
we observed significantly stronger hyperpolarizing responses in all anatomical layers of the
CAL region at ~210 ms (Fig. 3A, B, D). The MN-induced changes are clearly visible in
pseudocolor representations of line scans across the anatomical layers of the CALl (Fig. 3B,
left), and along the stratum radiatum (Fig. 3B, right) over time. Depolarizing activity was
blocked with the addition of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor and N-methyl-o-aspartate receptor antagonists DNQX and AP5; hyperpolarizing
activity was partially blocked with the GABA antagonist picrotoxin, and completely
blocked with the further addition of the GABAg antagonist CGP55845 (data not shown).
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These results indicate that MN treatment significantly increases both excitatory and
inhibitory neuronal activity throughout the hippocampal CA1 after SC stimulation.

3.4. Early postnatal nicotine exposure alters nicotinic modulation of depolarizing neuronal
activity and LTP in the CA1

nAChRs are key modulators of neuronal activity, and prolonged exposure to nicotine is
known to alter the number and function of certain NAChR subtypes. In order to understand
possible mechanisms for the MN-induced enhancement of depolarization and
hyperpolarization in the CA1, we therefore investigated the possibility that early postnatal
nicotine treatment alters nicotinic modulation of neuronal activity.

Using hippocampal slices from control and MN mice, we simultaneously recorded fEPSPs
and VSD optical signal, both in the presence and absence of bath application of nicotine (1
UM; Fig 4A). In hippocampi from saline-treated controls, acute nicotine significantly
increased depolarization in all anatomical regions measured, as determined by maximum
optical signal (Fig. 4B left graph). However, bath application of nicotine did not cause
detectable changes in the amplitude of fEPSPs (Fig. 4A right, bottom traces), suggesting that
in control slices, acute nicotine acts indirectly on pyramidal cells, as in wild-type mice
(Nakauchi et al, 2007). By contrast, in slices from MN mice — which, in the absence of acute
nicotine, show stronger optical signals than slices from saline-treated mice (Fig. 4A) — bath
application of nicotine did not increase either fEPSP amplitude (Fig. 4A, right, bottom
traces) or excitatory optical signal (Fig. 4B, right graph) in any of the anatomical regions
recorded in the CAL. These results indicate that early postnatal nicotine exposure causes
long-lasting disruptions to the nicotinic modulation of excitatory activity in the CA1 region.

Similarly, we found alterations in the nicotinic cholinergic modulation of LTP after MN
treatment. We have previously shown that weak TBS, which alone is sub-threshold for LTP
induction, induces LTP at SC synapses of naive mice with the addition of 1 uM nicotine
(Nakauchi et al, 2007; Nakauchi and Sumikawa, 2012). Here, we confirmed this nicotinic
modulation in saline-treated control mice (Fig. 4C, E; Control, 96 + 3%, n=8, vs. Acute
nicotine, 125 + 3%, n= 8, F(1,15=41.00, p<0.001). However, in hippocampal slices from
MN mice, when weak TBS — which alone induces LTP — was administered in the presence
of nicotine, the induction of LTP was unexpectedly blocked (Fig. 4D, E; Control, 122 + 3%,
n= 6, vs. Acute nicotine, 102 + 5%, n=5, F(1 10)=14.12, p<0.01).

We also observed a similar effect of MN exposure on nicotinic modulation when stimulating
another excitatory input onto CA1 pyramidal neurons, the temporoammonic (TA) pathway.
In hippocampal slices from saline-exposed mice, the induction of LTP by tetanic stimulation
of the TA pathway (Fig. 5A, C; 118 + 9% of basal levels) is blocked by the addition of 1 uM
nicotine (Fig. 5A, C; Control, 118 + 9%, n=6, vs. Acute nicotine, 90 + 5%, n=5,
F(1,10)=6.48, p<0.05), as with naive mice (Nakauchi et al, 2007). However, in slices from
MN mice, although tetanic stimulation induced similar LTP as in controls (Fig. 5A-C;
Saline, 118 + 9%, n=6, vs. MN, 113 + 5%, n=7, F(1 12)=0.27, p=0.61), nicotine failed to
block LTP induction (Fig. 5B, C; Control, 113 + 5%, n=7, vs. Acute nicotine, 116 £ 9%, n=
6, F(1,12)=0.12, p=0.73). Combined, these results suggest that early postnatal nicotine
exposure cripples the ability of NAChRs to modulate hippocampal CA1 activity.
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3.5. Nicotinic modulation of LTP in MN mice is driven by a newly recruited nAChR subtype

In order to begin identifying the alterations in molecular and cellular mechanisms driving
these changes in network activity and synaptic plasticity, we next investigated which
nNAChRs mediated LTP induction at SC synapses in MN mice. To start, we bathed MN
slices in MLA (20 nM), an antagonist selective for a7 nAChRs, DhBE (500 nM), an
antagonist of f2-containing nAChRs (e.g., a2p2, a4f32), or the non-selective NAChR
antagonist mecamylamine (3 uM), and administered weak TBS. MN-facilitated LTP
induction persisted with each of these antagonists (Fig. 6A-D; Control, 122 + 3%, n=6, vs.
MLA, 127 + 7%, n=7, F(1,12)=0.39, p=0.54; Control, 122 + 3%, n=6, vs. DHBE, 119 + 3%,
n=6, F(1,11)=0.39, p=0.55; Control, 122 + 3%, n=6, vs. Mecamylamine, 125 + 3%, n=6,
F(1,11)=0.46, p=0.51). This suggests that activation of nAChRs by TBS-induced ACh release
is not driving the facilitation of LTP that results from early prenatal nicotine treatment.
However, when these antagonists were applied in the presence of nicotine (1 pM), we found
that the suppressive effect of acute nicotine on LTP induction in MN slices was blocked by
mecamylamine, but not MLA or DHPBE (Fig. 6A-D; Nicotine, 102 + 5%, n=5, vs. Nicotine +
Mecamylamine, 125 + 8%, n=6, F(1,10)=5.65, p<0.05; Mecamylamine, 125 + 3%, n=6, vs.
Nicotine + Mecamylamine, 125 + 8%, n=6, F(1 11)=4.57, p=0.98; Nicotine, 102 + 5%, n=5,
vs. Nicotine + MLA, 94 + 4%, n=5, F(1 9)=2.12, p=0.18; MLA, 127 + 7%, n=7, vs. Nicotine
+ MLA, 94 + 4%, n=5, F(; 11)=12.87, p<0.01; Nicotine, 102 + 5%, n=5, vs. Nicotine +
DHBE, 96 + 5%, n=6, F(1,10)=0.95, p=0.36; DHPE, 119 + 3%, n=6, vs. Nicotine + DHBE, 96
+ 5%, n=6, F(1,11)=17.06, p<0.01). We have previously shown that in naive mice, DHBE
inhibits the facilitation of LTP induced by acute nicotine (Nakauchi and Sumikawa, 2012).
Early postnatal nicotine exposure, however, appears to recruit a different nAChR subtype,
containing neither 32 nor a7 subunits, for the nicotinic modulation of LTP. However, the
identity and location of the nAChR subtype involved in this nicotinic suppression of LTP in
MN mice remains to be determined.

4. Discussion

Several studies have attempted to model the cognitive impact to offspring of smoking during
pregnancy by characterizing the memory impairments in rodents exposed to perinatal
nicotine. Using different protocols of nicotine administration and testing, some found clear
impairments in learning and memory (Sorenson et al, 1991; Vaglenova et al, 2004; Yanai et
al, 1992; Portugal et al, 2012), whereas others reported no nicotine effects (Cutler et al,
1996; Huang et al, 2007), only subtle impairments (Levin et al, 1993), or only dose- or sex-
specific impairments (Ankarberg et al, 2001; Eppolito and Smith, 2006). Combined, this
body of work demonstrates that the effects of nicotine exposure during development are
sensitive to a combination of factors including sex, dose and timing of exposure. It is
therefore particularly important, if aiming to identify long-term physiological changes that
might underlie nicotine-induced cognitive deficits, to validate that the model of nicotine
treatment being studied affects behavior. To our knowledge, this is the first study that uses a
nicotine model with demonstrated learning and memory impairments to identify specific
functional changes that may be the cause of nicotine-induced cognitive impairments.
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Our behavioral experiments were conducted in adolescent mice one month after the end of
nicotine exposure from P1 to P15 via maternal milk. We found that this early postnatal
nicotine treatment resulted in a long-lasting impairment in long-term memory for the
hippocampus-dependent object location task, but no impairment in either short-term object
location memory or in long-term object recognition memory, a task that is thought to be
dependent on the perirhinal cortex (Moses et al, 2005; Norman and Eacott, 2004). This
indicates that the cognitive impairments induced by early postnatal nicotine exposure are not
global, but rather that there are certain learning and memory processes that are particularly
sensitive to nicotine effects. Nearly all previous investigations of the effect of perinatal
nicotine exposure on memory in rodents have studied hippocampus-dependent tasks, with
the exception of one study showing that prenatal nicotine exposure also impairs active
avoidance (Vaglenova et al, 2004), a limbic-system- and prefrontal-cortex-dependent task
(McNew and Thompson, 1966; Moscarello and LeDoux, 2013). However, studies of the
effect of chronic nicotine exposure in adult rodents do suggest that the hippocampus is
particularly sensitive to nicotine (Kenney and Gould, 2008). Similarly, human studies of the
impact of smoking during pregnancy have found that it causes impairments in some aspects
of learning and memory, but not others (Fried et al, 2003). We also observed increased
anxiety in MN mice, which others have shown using different models of perinatal nicotine
exposure (Huang et al, 2007; VVaglenova et al, 2004). Interestingly, the ventral hippocampus
is required for anxiety-like behavior (Bannerman et al, 2004; Kjelstrup et al, 2002), again
suggesting the hippocampus's sensitivity to the effects of nicotine.

This study identified several significant changes in electrophysiological and network activity
in the hippocampus that could underlie the learning and memory impairments we observed
after early postnatal nicotine exposure. Because LTP is a leading candidate for many forms
of memory, we had expected that we would see MN-induced impairments in LTP magnitude
or induction. However, early nicotine exposure resulted in facilitated LTP induction and a
trend for a small increase in the magnitude of LTP. This raises the possibility that facilitated
LTP can induce behavioral impairments by strengthening synapses that compete with those
required for object location memory, or that, the observed memory impairments are driven
by a different mechanism or form of synaptic plasticity.

Among the changes we observed in MN mice during adolescence was increased
depolarization and hyperpolarization in the CA1 region of the hippocampus after stimulation
of the Schaffer collateral. One possibility is that this reflects a pervasive restructuring of
CAL connectivity, brought about by the prolonged, nicotine-induced activation of nAChRs
during a period critical for hippocampal development. In rodents, nAChRs are present and
functional in the brain during late gestation (Naeff et al, 1992; Tribollet et al, 2004; Zoli et
al, 1995), and the expression of NAChRs transiently increases during the first two postnatal
weeks (Shacka and Robinson, 1998), with particular increases in a2, a5 and a7 subunits
(Adams et al, 2002; Son and Winzer-Serhan, 2006; Winzer-Serhan and Leslie, 2005).
During this period, nicotinic receptors are important modulators of the strength of newly
formed excitatory synapses (Maggi et al, 2003, 2004). Additionally, in this two-week
period, nicotinic receptors containing a7 subunits drive the transition in GABAergic
signaling from being excitatory to inhibitory (Liu et al, 2006, 2007), which further shapes
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hippocampal network development. Therefore, the presence of nicotine during this critical
window could have caused long-term changes in hippocampal circuitry or synaptic
connectivity. Indeed, voltage-sensitive dye imaging revealed significant changes in the
network activity of hippocampal slices from MN mice. A similar increase in CALl excitatory
activity has also been observed in rats exposed to one week of postnatal nicotine
(Damborsky et al, 2012). Interestingly, we did not observe any corresponding change in
fEPSP stimulus response-curves or in paired pulse facilitation, suggesting that these changes
in hippocampal physiology are not occurring solely at the SC synapse.

It is also possible that long-lasting compensatory changes in NnAChR number or function —
rather than altered network connectivity established during postnatal development —
underlies the altered hippocampal activity that results from postnatal nicotine exposure.
nAChRs continue to play an important role in modulating hippocampal activity throughout
life, and anomalous NAChR expression is associated with cognitive impairment and memory
disorders including Alzheimer's disease (reviewed in Posadas et al, 2013). Early life nicotine
exposure in rodents, particularly during the second postnatal week, has been shown to cause
persistent changes in nAChRs, upregulating expression of high-affinity nAChRs such as
a4f2 heteromers (Huang and Winzer-Serhan, 2006; Miao et al, 1998; Narayanan et al,
2002), while drastically decreasing low affinity nAChRs such as homomeric a7-containing
receptors (Eriksson et al, 2000). Furthermore, prenatal nicotine exposure in rats has been
shown to stifle the increase in NAChR-mediated current that normally occurs during
adolescence (Britton et al, 2007). Likewise, our results suggest long-term, MN-induced
alterations in the normal nicotinic modulation of CAL activity. We showed that early
postnatal nicotine exposure blocked the effect of acute nicotine on CA1 network activity and
on TA-LTP, and reversed the facilitating effect of acute nicotine on LTP induced at the SC
pathway. It is therefore possible that MN-induced memory impairments are caused by a lack
of nicotinic modulation crucial for the synaptic plasticity mechanisms of learning and
memory.

This study has identified several significant changes in hippocampal cellular and network
activity following early postnatal nicotine exposure, but it still remains to be determined
what underlies these changes. We have previously shown that in naive mice, acute nicotine
enhances hippocampal network activity and LTP by driving the inhibition of feedforward
inhibition in the SC pathway (Nakauchi and Sumikawa, 2012; Yamazaki et al, 2005). Our
results here demonstrate that early postnatal nicotine exposure enhances hippocampal
network activity and LTP, and impairs the ability of acute nicotine to enhance hippocampal
network activity and LTP. Together, one possible mechanism of enhanced excitatory optical
signal and LTP observed in MN mice is the persistent inhibition of feedforward inhibition,
occluding the effect of acute nicotine.

In wild-type mice, the facilitation of LTP by acute nicotine is absent in a2 and 2 knockout
mice and interrupted by DHPBE, an antagonist of 2-containing nAChRs (Nakauchi and
Sumikawa, 2012). However, in MN-treated mice, the suppressive effect of acute nicotine on
LTP was blocked by the non-specific NAChR antagonist mecamylamine, but not by DHBE
or by MLA, an antagonist of a7-containing nAChRs. This suggests that early postnatal
nicotine exposure alters nAChR or circuit function to such a degree that a different NAChR
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subtype now plays the dominant role in LTP modulation, with completely opposite effect.
Interestingly, a2* nAChRs, which are located on stratum oriens/ alveus (O/A) interneurons
(Ishii et al, 2005; Wada et al, 1989), drive the inhibition of feedforward inhibition via
circuitry-dependent mechanism, and hippocampal slices from a2 knockout mice have
impaired responses to acute nicotine at both SC and TA pathways (Nakauchi et al, 2007)
that are very similar to what we observed in MN slices. Thus, it is possible that the lack of
acute nicotine’s effect in MN mice is due to altered function of a2* nAChR-expressing O/A
interneuron. The expression of a2 mRNA in O/A interneurons is upregulated during early
postnatal period (Son and Winzer-Serhan, 2006). It is possible that early postnatal nicotine
exposure continuously excites these interneurons via activation of a2* nAChRs to cause a
long-lasting disturbance of GABAergic inhibition and its nicotinic control, affecting
nicotinic modulation of LTP and hippocampal-dependent memory in adolescent mice.

This study shows that early postnatal nicotine exposure results in long-lasting and pervasive
changes to the CA1 region of the mouse hippocampus, including impairments in long-term
spatial memory, and significant changes in CA1 network activity and nicotinic control of
synaptic plasticity. Thus, these findings demonstrate the significance of nAChR activity
during early brain development, and indicate the critical role of timing-dependent
cholinergic induction of synaptic plasticity (Gu et al, 2012; Gu and Yakel, 2011; Ji et al,
2001) and other nicotinic cholinergic-dependent mechanisms of synaptic plasticity (Halff et
al, 2014; Ishibashi et al, 2014; Nakauchi and Sumikawa, 2012; Yamazaki et al, 2006) in
spatial memory.
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Figure 1. Maternal nicotine-exposed mice have impaired long-term spatial memory and
increased anxiety

(A) For the hippocampus-dependent object location memory (OLM) task, mice were trained
for 10 min with two identical objects, and tested either 90 min or 24 hrs later with one object
moved to a new location. (B) MN mice (n=15) showed significantly impaired 24-hr long-
term OLM compared to controls (n=16), and had a discrimination index not significantly
different from zero. There were no significant differences between groups in total
exploration time during training or testing. (C) In the OLM task, MN mice (n=14) did not
show any difference in 90-min short-term memory from controls (n=13). There were no
significant differences in total exploration time during training or testing. (D) For the
hippocampus-independent object recognition memory (ORM) task, mice were trained for 10
min with two identical objects, and tested 24 hrs later after one object was replaced by a
novel item. (E) In the ORM task, there was no difference in the 24-hour long-term memory
demonstrated by MN mice (n=14) or controls (n=13), and no significant differences between
the groups in total exploration time during training or testing. (F) MN mice (n=17) spent
significantly less time in the open arm of the elevated plus maze than did control mice
(n=17), demonstrating increased anxiety.
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Figure 2. Early postnatal nicotine exposure facilitates the induction of LTP in the SC pathway of
adolescent mice

(A) The placement of the stimulating and recording electrodes used to measure fEPSPs in
the CAL. There was no significant difference between slices from control and MN mice (B)
in the stimulus-response relationship (control: n=10, MN: n=10) or (C) in paired-pulse
facilitation (control: n=6, MN: n=8), as shown by the ratio of the second fEPSP slope to the
first fEPSP slope at different interpulse intervals (insert: representative traces for the 50 ms
interpulse interval; horizontal calibration bar: 50 ms; vertical calibration bar: 1 mV). (D)
MN slices (n=8) showed a trend for a small increase in the magnitude of early-LTP induced
by TBS. (E) There was no difference between MN (n=6) and control (n=7) hippocampal
slices in the magnitude of late-L TP induced by four bursts of high frequency stimulation.
However, (F) weak TBS, which does not induce LTP in control hippocampal slices (n=8),
induced LTP in MN slices (n=6). (D—F) Traces above each graph are representative
waveforms recorded before and 40-50 min (D, F) or 176-180 min (E) after LTP-inducing
stimulation.
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Figure 3. Early postnatal nicotine exposure increases depolarization and hyperpolarization in
the CA1 region after SC stimulation (A-D)

Voltage-sensitive dye imaging, which detects changes in neuronal activity not restricted to
synapses, showed that MN exposure increased depolarization and hyperpolarization in the
CAL after SC stimulation. (A) Left, sample trace of optical response (AF/F) over time for a
point in control and MN slices. Horizontal calibration scale: 82 ms, vertical scale: 1.0x1073.
Right, sample pseudocolor representations of VSD signal after SC stimulation in control and
MN slices. Red: depolarization, blue: hyperpolarization. (B) Left, pseudocolor
representation of line scanning across CA1 layers (along the blue line beginning at the red
dot, as shown in the slice image) over time in control and MN hippocampi. Scanning began
100 ms before stimulation and peaked at 8 ms after stimulation. Length of line is 604 um.
Right, pseudocolor representation of line scanning along the stratum radiatum (along the
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blue line, starting from the red dot) over time in control and MN-treated hippocampi. Length
of line is 967 um. (C) Top, sample pseudocolor image of maximum depolarizing responses
(left), and simultaneous optical (AF/F) and fEPSP recordings (right). Bottom, averages of
maximum optical responses (shown by the red bar in the sample optical trace) within CA1
layers in control (n=6) and MN (n=10) slices show that nicotine treatment enhanced
depolarizing responses in the stratum oriens and radiatum. SO: Control; 0.89 + 0.03, n=6 vs.
MN; 1.02 + 0.03, n=10; F(1,15=10.22, p<0.01. SP: Control; 1.35 £ 0.02, n=6 vs. MN; 1.49 +
0.07, n=10; F(1,15=2.60, p=0.13. SR: Control; 2.20 + 0.03, n=6 vs. MN; 3.35 + 0.09, n=10;
F(1,15=92.16, p<0.001 (D) Top, sample pseudocolor image of inhibitory optical response
(left), alongside simultaneous optical (AF/F) and fEPSP recordings (right). Bottom, averages
of the areas of inhibitory optical responses (as shown by blue region in sample optical trace)
within CA1 layers in control (n=6) and MN (n=10) slices show that nicotine treatment
enhanced hyperpolarizing responses in the stratum oriens, pyrimidale and radiatum. SO:
Control, 110.43 + 4.28, n=6 vs. MN, 283.95 + 11.92, n=10, F1,15)=118.59, p<0.001. SP:
Control, 137.14 + 24.01, n=6 vs. MN, 359.05 + 16.11, n=10, F(,15=63.44, p<0.001. SR:
Control, 90.17 + 30.64, n=6 vs. MN, 253.54 + 11.97, n=10, F(1 15)=34.13, p<0.001. SO:
stratum oriens; SP: stratum pyrimidale; SR: stratum radiatum. **p< 0.01, *** p< 0.001
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Figure 4. Early postnatal nicotine exposure alters acute nicotinic modulation of depolarizing
neuronal activity and LTP at SC pathway

(A) Left, sample pseudocolor representations of maximum optical signal from voltage
sensitive dye after SC stimulation, recorded first in the absence and then in the presence of
nicotine, for control and MN slices. Right, sample simultaneous optical (AF/F) and fEPSP
(f.p.) traces comparing responses to SC stimulation under baseline (black) and bath nicotine
(red) conditions for saline and MN slices. AF/F increased in the presence of nicotine in
saline but not MN slices, while fEPSP amplitude showed no changes. (B) Averages of
maximum optical responses within CA1 layers in saline (left graph, n=9) and MN (right
graph, n=13) slices show that, although MN hippocampi show higher baseline activity than
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saline hippocampi, they show no change in response to bath application of nicotine, unlike
control slices. Saline - SO: Control, 0.97 £ 0.03, n=9 vs. Nicotine, 1.18 + 0.03, n=9,
F@,17)=23.3, p<0.001. SP: Control, 1.42 + 0.05, n=9 vs. Nicotine, 1.77 + 0.05, n=9,
F,17)=25.22, p<0.001. SR: Control, 2.35 £ 0.10, n=9 vs. Nicotine, 2.93 + 0.11, n=9,
F(1,17)=15.37, p<0.01. MN - SO: Control, 1.33 + 0.07, n=13 vs. Nicotine, 1.35 + 0.07, n=13,
F(1,25)=0.04, p=0.83. SP: Control, 1.72 + 0.09, n=13 vs. Nicotine, 1.82 + 0.08, n=13,
F(1,25=0.63, p=0.44. SR: Control, 3.61 + 0.15, n=13 vs. Nicotine, 3.62 + 0.14, n=13,
F(1,25=0.005, p=0.94. (C) Weak TBS induces LTP in slices from saline-treated control mice
in the presence (n=8), but not in the absence (n=8), of acute nicotine. However, (D) in MN
slices, weak TBS induces LTP in the absence of nicotine (n=6), but this LTP induction is
blocked in the presence of nicotine (n=5). (E) MN treatment reverses the effect of nicotine
on SC-LTP, as shown by the percent change in the slope of fEPSPs with and without bath
nicotine, measured 50-55 min after weak TBS stimulation. (C, D) LTP-inducing stimulation
was delivered at the time indicated by the arrow, and nicotine administration is indicated by
the horizontal bar. Traces above each graph are representative waveforms recorded before
(black) and 50 min after (red) LTP-inducing stimulation in control and bath-nicotine-treated
slices. Cont: control; Nic: nicotine. **p< 0.01, *** p< 0.001.
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Figure 5. Early postnatal nicotine exposure alters acute nicotinic modulation of LTP at TA
pathway

(A) At TA synapses in hippocampal slices from saline-treated control mice (n=6), tetanus
stimulation (100 pulses at 100 Hz) induced LTP; LTP induction was blocked in the presence
of bath application of 1 uM nicotine (n=5). (B) In hippocampal slices from MN mice, bath
application of nicotine failed to block the TA-LTP (n=6) that was induced by tetanus
stimulation in the absence of nicotine (n=7). (C) MN treatment blocks the effect of nicotine
on TA-LTP, as shown by the percent change in the slope of fEPSPs with and without bath
nicotine, measured 50-55 min after tetanus stimulation. (A, B) LTP-inducing stimulation
was delivered at the time indicated by the arrow, and nicotine administration is indicated by
the horizontal bar. Traces above each graph are representative waveforms recorded before
(black) and 50 min after (red) LTP-inducing stimulation in control and bath-nicotine-treated
slices. Cont: control; Nic: nicotine. *p< 0.05.
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Figure 6. Nicotinic modulation of LTP in maternal nicotine-exposed mice is not driven by a7 or
a4p2 nAChRs

In MN hippocampal slices, (A, D) the a7 antagonist MLA (20 nM) alone has no effect on
LTP induced by weak TBS (n=7) and did not block the suppressive effect of 1 pM nicotine
(n=5). Likewise, (B, D) DhBE (500 nM), an antagonist of certain heteromeric NAChRs
including a2p2 and a4p2, did not affect LTP in MN slices (n=6) and did not block the
suppressive effect of 1 UM nicotine (n=6). (C, D) Mecamylamine (3 uM) also does not
affect the induction of LTP by weak TBS in MN slices (n=6), but does block the effect of 1

Neurobiol Learn Mem. Author manuscript; available in PMC 2016 February 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nakauchi et al.

Page 26

UM nicotine (n=6). (A—C) Traces above each graph are representative waveforms recorded
before (black) and 50-55 min after (red) LTP-inducing stimulation. Weak TBS stimulation
was delivered at the time indicated by the arrow. Administration of drugs is indicated by the
horizontal bar. (D) Histograms show the percent change in the slope of fEPSPs, measured
50-55 min after weak TBS. Nic = nicotine; Mec = mecamylamine. *p< 0.05, **p< 0.01
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