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in adolescent mice
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The absence of a2* nicotinic acetylcholine receptors (nAChRs) in oriens lacunosum moleculare (OLM) GABAergic inter-
neurons ablate the facilitation of nicotine-induced hippocampal CAl long-term potentiation and impair memory. The
current study delineated whether genetic mutations of «2* nAChRs (Chrna2" /S and Chrna2%®) influence hippocam-
pus-dependent learning and memory and CAl synaptic plasticity. We substituted a serine for a leucine (L9’S) in the «2
subunit (encoded by the Chrna2 gene) to make a hypersensitive nAChR. Using a dorsal hippocampus-dependent task of
preexposure-dependent contextual fear conditioning, adolescent hypersensitive Chrna2"">/'7'S male mice exhibited im-
paired learning and memory. The deficit was rescued by low-dose nicotine exposure. Electrophysiological studies demon-
strated that hypersensitive «2 nAChRs potentiate acetylcholine-induced ion channel flux in oocytes and acute nicotine-
induced facilitation of dorsal/intermediate CAl hippocampal long-term potentiation in Chrna2"?/'7S mice. Adolescent
male mice null for the 2 nAChR subunit exhibited a baseline deficit in learning that was not reversed by an acute dose
of nicotine. These effects were not influenced by locomotor, sensory or anxiety-related measures. Our results demonstrated
that «2* nAChRs influenced hippocampus-dependent learning and memory, as well as nicotine-facilitated CAl hippocam-

pal synaptic plasticity.

Acetylcholine and nicotine activate nicotinic acetylcholine recep-
tors (nAChRs) to influence learning and memory, via the release
of neurotransmitters and neurotrophic factors. The specific con-
tributions of selective nAChR subunits influencing learning and
memory, particularly during development, are poorly under-
stood. Genetic deletion of a2* nAChRs leads to subtle, yet discern-
ible, potentiation of the first 2 d of nicotine self-administration,
context specific withdrawal, emotional memory processing
(Lotfipour et al. 2013), and baseline deficits in hippocampus-
dependent memory (Kleeman et al. 2016). Developmental dysre-
gulation of neural circuits in the absence of «a2* nAChRs may be
responsible for these modifications. a2 (and B2) mRNA are ex-
pressed within midbrain (interpeduncular nucleus) and limbic
brain regions (hippocampus, amygdala, and neocortex) (Deneris
et al. 1988; Wada et al. 1988, 1989; Ishii et al. 2005; Upton and
Lotfipour 2015; Hilscher et al. 2017). During early postnatal ro-
dent development, particularly during the first 2 wk of life,
heightened expression patterns of a2* nAChRs are observed with-
in the hippocampus and cortex (Son and Winzer-Serhan 2006).
Due to the expression pattern of «2* nAChRs, studies have focused
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on dissecting the functional roles of these subunits within these
brain regions (Nakauchi et al. 2007; Salas et al. 2009).

Within the dorsal through ventral CA1 of the hippocampus,
«2* nAChRs are located on oriens lacunosum moleculare (OLM)
GABAergic interneurons (Sudweeks and Yakel 2000; Son and
Winzer-Serhan 2006; Nakauchi et al. 2007, 2015; Leao et al.
2012; Chen et al. 2016; Kleeman et al. 2016). Studies suggest
that «2* nAChRs play an important role in CA1 hippocampal
OLM GABAergic interneurons (Ishii et al. 2005; Nakauchi et al.
2007, 2015; Chen et al. 2016; Kleeman et al. 2016). Deletion of
Chrna2 induces an absence of nicotine facilitation and suppres-
sion of hippocampal long-term potentiation (LTP) (Nakauchi
et al. 2007), likely via a dysregulation of OLM GABA neurotrans-
mitter release (Leao et al. 2012). Furthermore, early developmen-
tal chronic nicotine exposure during peak mRNA expression
periods of a2* nAChRs (i.e., the first 2 wk of rodent life) is known
to influence hippocampal synaptic plasticity and learning and
memory during adolescence, likely via a2* nAChRs (Nakauchi
et al. 2015; Chen et al. 2016; Kleeman et al. 2016). Our current
study assessed whether deletion or functional enhancement of
«2* nAChRs are important for baseline and acute nicotine’s effects
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a2*-nAChRs and learning and memory

on learning and memory processing. We evaluated this using a
dorsal CA1 hippocampus-dependent task of preexposure-
dependent contextual fear conditioning in adolescent male
mice (Fanselow 1990; Rudy et al. 2002; Cushman et al. 2011).
Our findings provide evidence for a role of a2* nAChRs in
hippocampus-dependent learning and memory and nicotine-
facilitated synaptic plasticity in mice.

Results

Adolescent Chrna2"?>/*?"S generation, and developmental

stereotypical behavioral characteristics

We genetically engineered the Chrna2"?>/V! mice in our labora-
tory (Fig. 1). Subsequently, Chrna2"®’S/"* mice were backcrossed
with C57Bl/6] mice for 3-4 generations. Heterozygous
Chrna2"S/"T x Chma2"®S/"T mice were mated for experiments
and offspring had expected Mendelian genotype (1:2:1) and sex
ratios (50% M, F). The adolescent male Chrna2"”$/''S mice exhib-
ited good health, no gross anatomical morphological changes, no
differences in stereotypical behaviors (Table 1*!; Fig. 2), and no
differences in weight gain compared with wild-type littermate
control mice (data not shown).

Oocyte expression
The use of oocyte expression studies (Fig. 3A) was applied as an
initial screen to determine the function-
ality of a substitution of a serine for a leu-
cine (L9’S) in the a2 nAChR subunit. In
the presence of acetylcholine (ACh), fit-
ted Hill equations for a2p2 wild-type nic-
otinic receptors had an ECsp of 3.7 + 1.0
wM, which is similar to that previously
reported for a4B2 nAChRs, 5.07 +2.4
puM (Lipovsek et al. 2008). «2"" muta-
tions produced an increase in the appar-
ent affinity for ACh when expressed in
Xenopus oocytes together with the B2
subunit (Fig. 3A). Thus, the a2 muta-
tion produced a 100-fold (ECso: 0.041 +
0.015), the o2¥? a 10-fold (ECso:
0.37+£0.03) and the o2"7T a fivefold Homologous
decrease in the ACh ECsq (ECso: 0.91 + Recombination
0.04) when compared with «2"-con-
taining receptors (ECso: 3.7 £1.0) (n=3
per group). Our results confirmed earlier
findings in oocytes that had a serine
for a leucine (L9’S) substitution in a
nAChR subunit induces a 100-fold left-
ward shift in the acetylcholine ECso
dose response curves (for review, please
see Lester et al. 2003). Based on these
data, «2"'S mutations were chosen for
the design and development of the hy-
persensitive Chrna2™>/'*S mouse line
(Fig. 1A), because they produced the
greatest increase in ACh apparent affinity
(Fig. 3A).
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Figure 1. Genetic desi
hypersensitive Chrna2"®
leucine to serine substitution was engineered using gene synthesis. The targeting vector was electropo-

ngf the hypersensitive Chrna

the Schaffer collateral (SC) pathway by monitoring stimulus—
response relationships. We found no significant differences
between slices from control and Chrna2"®/'*"S mice in the stim-
ulus—response relationships (Fig. 3B), suggesting that the expres-
sion of «2™'S nAChRs had no significant effect on basal synaptic
transmission at the SC pathway. We then monitored LTP induc-
tion at the SC pathway using weak theta burst stimulation (TBS)
protocol. Previous studies demonstrated that endogenous
ACh-mediated activation of «2* nAChR-containing OLM cells
did not occur during weak TBS at the SC pathway, but bath appli-
cation of nicotine activated a2*-nAChR-containing OLM cells
to induce LTP (Nakauchi et al. 2007). Indeed, in both wild-type
and Chrna2"®S/"'S mice, LTP was not induced in the absence
of nicotine (Fig. 3C,F; wild-type, 102.0+2.8%, N=6 and
Chrna2'9SY9S 100.7 £ 5.7%, N = 61). In wild-type mice, 1 pM
nicotine was required for LTP induction (Nakauchi et al. 2007),
whereas we found that in Chrna2"®>" mice, 0.1 pM nicotine
(Fig. 3E,F; wild type, 107.3 + 3.4%, n =9 versus Chrna2's/'9's,
159.3 £ 21.4%, N = 6, P = 0.033, Bonferroni-corrected"?) or 0.01
pwM nicotine (Fig. 3D,F; wild type, 99.4 +£7.8%, N=7 versus
Chma29'5/'9'S, 133.7 £ 9.3%, N =8, P=0.045, Bonferroni-cor-
rected”®) was sufficient for LTP induction. These findings suggest
that «2™'S nAChRs were activated by lower concentrations of
nicotine to induce LTP. Overall, the findings indicate that «2*
nAChRs are capable of participating in nicotinic facilitation of
LTP at the SC pathway.
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2'9'S/'9'S mouse line. (A) The generation of the

mouse line has been described in the Materials and Methods. Briefly, a

rated into 129S4/Svjae embryonic stem (ES) cells and homologous recombinants were confirmed

Dorsal/intermediate CAl
hippocampal nicotinic facilitation
of LTP

We measured the impact of «2"S nAChR
expression on synaptic transmission at
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through DNA sequencing (B) and Southern blot analysis (using the probe denoted by the single red
line) (C). Targeted ES cells were microinjected into C57BI/6] blastocyst embryos and implanted in pseu-
dopregnant female mice, with the DNA sequence of the germline transmitted offspring confirming the
AGC (Serine)/CTC (Leucine) heterozygous genomic modification (denoted by *). Genotyping of mice
of was through tail biopsy, MyTaq HS Red Mix (Bioline) with PCR primers (A2L9S_1.10, A2L9S_1.11,
denoted by arrows flanking the 34 bp FRT Site) designed upstream of and downstream from the
deleted PGK-NEO, as described (FRT site denoted by the single arrow).
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Table 1. Statistics table
Data
Symbol Result structure Type of test P-value, power, and LSN N
al Figure 2, Stereotypic Normal Two-way ANOVA n.s. for genotype, drug or Genotype x Drug N=12-16
behaviors distribution
b1-3 Figure 3F, Electrophysiology =~ Normal T-test (a1-3) (b1)P = n.s., (saline), (b2) (*) P=0.033, N=6-9
data, Chrna2"®*/"'S mice Distribution Bonferroni-corrected, power: 0.8 (0.1 uM
nicotine), (b3)(*) P = 0.045, Bonferroni-
corrected, power: 0.7, (0.07 uM nicotine)
d Figure 4B D1 versus D3, Normal Matched pairs t-test (**) P=0.002, Bonferroni-corrected, power: 1.0 N=12-16
Learning and memory distribution for nicotine-treated Chrna2®"S/*'> Mice, (***)
data, Chrna29's/**'s P =0.001, Bonferroni-corrected, power: 1.0
mice for saline-treated wild-type mice, (****)
P =0.0004, Bonferroni-corrected, power: 1.0
for nicotine-treated wild-t%/ e mice, LSN: 16
for saline-treated Chrna2">">/**"S mice (current
N=12)
di1-3 Figure 4C D2, Learning Normal Two-way ANOVA (d1-3)P = n.s. n.s. for Genotype, Drug, or N=12-16
and memory data, distribution Genotype x Drug
Chrna2"?S/"'S mice
el-2 Figure 4B D3, Learning Normal Two-way ANOVA (e1), (e1)P=0.02, Power: 0.7 for the interaction of N=12-16
and memory data, distribution least square means Genotype x Drug, (e2) (*) P=0.03,
Chrna2'?’S/"'S Mice differences Student’s ~ Bonferroni-corrected, power: 0.8 for
t-test (e2) wild-type saline-treated mice versus
saline-treated Chrna2™®'S/**"S mice for day 3
f1-2 Figure 5A, Rearing, Normal Two-way ANOVA, (f1)P = 0.02, Power = 0.7 for the main effect of N = 28(f1)
Chrna2'?%/'S mice distribution least-square means genotype, (f2)P = 0.03, power = 0.6 for the N=12-16
differences Student’s Interaction of genotype x drug, (f2)
t-test Bonferroni-corrected, P = 0.02, power: 0.9 for
saline-treated Chrna2"¥'S/**’S mice versus
saline-treated wild-type mice,
Bonferroni-corrected, P = 0.049, power: 0.8
for saline-treated Chrna2"®"/**'S mice versus
nicotine-treated wild-type mice,
Bonferroni-corrected, P = 0.06 for
saline-treated Chrna2"®"$/*9'"S mice versus
nicotine-treated Chrna2?"$/**'S mice
gl-2 Figure 5B, Mid-line Normal Two-way ANOVA (g1)(*) P=0.002, power = 0.9 for main effect N=28
crosses, Chrna2“'s/*%'s distribution of genotype, (g2)P = n.s. for
mice Genotype x Drug interaction
h Figure 5C,D, Anxiety: Normal Two-way ANOVA P = n.s. n.s. for Genotype, Drug, or N=12-16
center/{)erimeter time, distribution* Genotype x Drug
Chrna2™$/*'S mice
i Figure 5E, Locomotor Normal ANOVA (**) P=0.004, power = 0.9 for the main effect =~ N =28
activity, Chrna2'9S/'S distribution of genotype
mice
j Figure 5F, Shock reactivity, =~ Normal Two-way ANOVA (*) P=0.02, power = 0.7 for the main effect of N =28
Chrna2"?"%/'S mice distribution genotype
k Figure 6, Stereotypic Normal Two-way ANOVA n.s. for Genotype, Drug or Genotype x Drug N=5-8
behaviors distribution
11-3 Figure 7B D2, Learning Normal Two-way ANOVA, least  (I11)P = 0.03, power: 0.6 for main effect of N=11-
and memory data, distribution square means genotype, (I12)P = 0.02, power: 0.7 for 14(1-2)
Chrna2*® mice differences Student’s Genotype x Drug Interaction, (*) P=0.02, N=5-8(I3)
t-test (13)Bonferroni-corrected, power:0.9 for
nicotine-treated wild-type mice versus
nicotine-treated Chrna2*® mice
m Figure 7 D3, Learning and ~ Normal Two-way ANOVA (*) P=0.02, Power: 0.7 for main effect of N=11-14
memory data, Chrna2"® distribution genotype
Mice
n Figure 8A, Rearing, Normal Two-way ANOVA, P =0.052, LSN:49 for Genotype x Drug N=5-8
Chrna2"© mice Distribution Least Square means interaction (current N = 25 for total sample of
differences Student’s N = 5-8 per group)
t-test
ol-4 Figure 8B, Mid-line Normal Two-way ANOVA, least (0o1) = 0.01 for main effect of genotype, N=5-8
crosses, Chrna2"® mice distribution square means (02) = 0.04 for main effect of drug,
differences Student’s (03) = 0.04 for Genotype x Drug interaction,
t-test power = 0.6, (04)P = 0.02,
Bonferroni-corrected, power: 0.9 for
nicotine-treated Chrna2"*° mice versus all
other groups: nicotine-treated wild-type
mice, saline-treated wild-type mice, and
saline-treated Chrna2*® mice
p Figure 8C,D, Anxiety: Normal Two-way ANOVA P = n.s. n.s. for Genotype, Drug, or N=5-8
center/Perimeter time, distribution Genotype x Drug
Chrna2"?s/'S mice
Continued
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Table 1. Continued

Data
Symbol Result structure Type of test P-value, power, and LSN N
q Figure 8E, Locomotor data, Normal Two-way ANOVA (**) P=0.01, power = 0.8 for main effect of N=28
Chrna2*® mice distribution genotype
r Figure 8F, Shock reactivity, =~ Normal Two-way ANOVA, least P = 0.01, Power = 0.8 for Genotype x Drug N=5-8
Chrna2"® mice distribution sgquare means interaction, Bonferroni-corrected post hoc

Student’s t-test comparison were not significant

LSN: Least significant number (i.e., total “n”) needed to attain significance at an o = 0.05 and a power of 0.8 (see LSN definition in JMP, 12.0.1). Power values less
than 0.8 are considered underpowered, if a significant difference is present (see parameter power definition in JMP, 12.0.1). While an interaction could provide a
low power (e.g., el), the post hoc test can illustrate sufficient power (e.g., €2). Please note that there are more cases that are underpowered in data collected from
the Chrma2"® mice versus the Chrna2"?'S/*¥’S mice. This is mainly due to the reduced “n” in the Chrna2*°® mouse population (i.e., N=5-8 per group for
Chrna2*© mice versus N = 12-16 per group for Chrna2"¥'S/**'S mice). For transparency, we have retained the data and power analyses in our study. We have not
included LSN’s that require a high “n” to lead to significance. *For anxiety behavior in Chrna2"®"$/**'S mice, a normal distribution was found in two of four groups.

Preexposure-dependent contextual fear conditioning

in adolescent mice

We assessed nicotine modulated hippocampus-dependent learn-
ing and memory in our Chrna2"¥*/"*> mouse line compared
with their wild-type littermate controls (heterozygous mice were
not assessed in these studies) (Fig. 4A-C). The learning and mem-
ory task we used was a preexposure-dependent contextual fear
conditioning procedure, which is dorsal hippocampus-dependent
(Fanselow 1990; Wiltgen et al. 2001; Rudy et al. 2002; Kenney and
Gould 2008; Cushman et al. 2011). In the current studies, we hy-
pothesized that Chrna2"¥'S/*¥'S mice would exhibit modifications
in nicotine-facilitated learning and memory. As a measure of con-
ditioning, we examined changes in individual animals freezing
from day 1 (preexposure) to day 3 (context test) using matched-
pair t-tests (Bonferroni-corrected for multiple comparisons
holding o = 0.05%) ((**) P=0.002, Bonferroni-corrected; (***)
P =0.001, Bonferroni-corrected, (****) P = 0.0004, Bonferroni-cor-
rected, N = 12-16 per group) (Fig. 4°). A significant enhancement
of freezing occurred for all genotypes and drug treatments on con-
text test, except for the Chrna2"?/''S saline-treated mice (Fig.
4B). For day 2, using a two-way ANOVA, we observed no main
effects for Genotype (F(,s52) = 0.07, P=n.s.dl), Drug (Nicotine
versus Saline) (F(,s2) = 1.68, P=n.s%), or Genotype x Drug
(Fa,52)=1.51, P= n.s‘d3) interaction (Fig. 4C). For day 3, a two-

10.0—

7.5

25—

Stereotypic Behaviors
T

Sal Nic Sal Nic

Wild Type Chrna29'siLe's

Figure 2. Stereotypic behaviors were assessed in wild-type and

Chrna2"®'S mice on day 1. Results illustrated that stereotypic behaviors do
not differ based on drug treatment or genotype. N = 12-16 per group.

www.learnmem.org

way ANOVA revealed a Genotype x Drug Treatment (Nicotine
versus Saline) interaction (F(;,s2) = 6.12, P =0.02, N = 12-16 per
group®!, Fig. 4B). Bonferroni-corrected post hoc analysis demon-
strated saline-treated Chrna2™/*S mice had significantly re-
duced freezing behavior when compared with saline-treated
wild-type mice (P=0.03%%, Fig. 4B). The reduced freezing
behavior in Chrna2'?S/'S mice was absent after nicotine treat-
ment. The findings support the conclusion that saline-treated
Chrna2"9S/'9'S mice failed to exhibit enhanced freezing on day 3
when compared with day 1, likely due to a deficit to acquire and
encode appropriate contextual representations during preexpo-
sure day 1. We refer to this loss of freezing behavior in saline-
treated Chrna2™S/'*’ mice as a baseline deficit in hippocampus-
dependent learning and memory.

Activity measures in Chrna2"7S/"7'S mice

We tested whether or not changes in learning and memory (as as-
sessed by freezing behavior) were confounded by modifications in
other types of behaviors, including locomotor, sensory, and
anxiety behavior (Fig. 5). After an acute treatment to saline or nic-
otine, we measured automated locomotor activity (a robust mea-
sure of locomotor activity, Cushman et al. 2011), rearing, mid-line
crosses (exploratory behavior), center and perimeter time (anxiety
behavior) as animals were preexposed to the conditioning cham-
ber (i.e., a novel environment) on day 1. We also assessed shock
reactivity (sensory response) on day 2 across the 2 sec of the
0.75 mA shock and the 2 sec after.

For rearing (exploratory vertical movement), two-way ANOVA
revealed a main effect for Genotype (F(,52)=5.75, P=0.02,
N =28 per group™) and an interaction for Genotype x Drug
Treatment (F,s2)=4.91, P=0.03, N=12-16 per group™).
Bonferroni-corrected t-test post hoc analysis revealed that saline-
treated Chrna2™%/"'S mice had significantly greater rearing
behavior than wild-type saline (P = 0.02) and nicotine-treated
mice (P =0.049), but not nicotine-treated Chrna2"S/"'S mice
(P=0.06) (Fig. 5A). For mid-line crossing behavior (exploratory
horizontal movement), two-way ANOVA revealed a main effect
for Genotype (F(1,52) = 10.89, P = 0.002, N = 28 per groupgl) and
no interaction for Genotype x Drug Treatment (Fg sz = 3.33,
P=n.s., N=12-16 per group®?, Fig. 5B). Significant main effect
analysis for Genotype revealed that Chrna2'?S/'9’ mice have in-
creased mid-line crosses when compared with wild-type mice
((**) P=0.002). For anxiety behavior, we quantified center and
perimeter time on day 1, within the contextual fear conditioning
chamber. An increase in center time was regarded as reduced anx-
iety. For center (and perimeter) time anxiety measures, a two-way
ANOVA demonstrated no main effect for Genotype (F,52) = 2.92,
P =n.s.), Drug (Nicotine versus Saline) (F,52) = 0.18, P=n.s.), or
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Figure 3. (A) a2 nicotinic receptor modifications potentiated ACh-induced ion channel conduc-
tance by 100-fold (closed circles) versus Wild-type a2-containing nicotinic receptors (open circles) in
oocyte expression studies, 10-fold against «2"° (closed squares), fivefold against a2"*" (closed
diamonds)-containing NAChRs. Based on this data, 29> mutations were chosen for the design of the hy-
persensitive Chrna2">/**"S mouse line, because they produced the greatest increase in ACh apparent
affinity. (B—F) Lower concentrations of nicotine facilitate LTP induction at CA3-CAT synapses in
Chrna2“°>/**S mice. (B) There was no significant difference between slices from wild-type and
Chrna2"®'S/*'S mice in the stimulus—resgonse relationship. (C,F) LTP was not induced in the absence of
nicotine in both wild-type and Chrna2"®">/**'S mice. (D—F) Bath application of nicotine (0.01 wM nicotine
in Cand 0.1 pM in D) facilitated LTP induction in Chrna2"?'S/**'S, but not wild-type, mice. Administration
of nicotineisindicated by the horizontal bar. Traces above each graph (C—E) are representative waveforms
recorded before and 50-60 min after weak TBS. Scale bar: 1 mV, 10 msec. (£) Histograms show the
percent change (mean = SEM) in the slope of fEPSPs measured 50-60 min after delivery of weak TBS.
Numbers in parentheses indicate the numbers of experiments, (*) P < 0.05, Bonferroni-corrected.

Genotype x Drug (Fq,52)=1.54, P= n.s.") interaction (Fig.

tivity (i.e., sensory response). In Chrna

behavior only resolved hyperactivity in
saline-treated Chrna2"?S'9’S mice. Hy-
peractivity may provide additional
evidence of impaired hippocampal func-
tion in the Chrna2"®$/*'S mice, as one
effect of hippocampal lesions is hyperac-
tivity (Anagnostaras et al. 1999; Godsil
et al. 2005). On the other hand, it is pos-
sible that the hyperactivity observed on
day 1 in Chrna2™/*'S mice confounds
learning and memory deficits on day
3. If this was the case, we predicted that
there would be a significant correlation
between activity on day 1 and freezing
behavior on day 3, with greater activity
associated with reduced freezing behav-
ior. Given our learning and memory
findings, we predicted that the relation-
ships should be dependent on both
genotype and drug treatment, since
nicotine treatment rescued the baseline
deficit selectively in Chma2YS/t9'
mice. When we separated by genotype
and drug treatment, significant correla-
tions were not observed for any
groups: saline-treated Chrna2"'" mice:
R?=0.004, P=n.s.; nicotine-treated
Chma2¥T mice: R*=0.003, P=ns,;
saline-treated  Chrna2"?S/*S  mice:
R?>=0.07, P=n.s.; nicotine-treated
Chrna2"®/"*’S mice: R* =0.09, P=n.s.,
n=12-16 per group. The results did
not illustrate selective correlations in
saline or nicotine-treated Chrna2"/%%'’s
mice. Thus, we do not believe that
hyperactivity on day 1 confounded inter-
pretations of our learning and memory
results on day 3.

For changes in sensory response, we
assessed the impacts of shock reactivity
for all groups of mice. For shock reactivi-
ty, a two-way ANOVA revealed a signifi-
cant effect for Genotype (F(1,52) = 5.81,
P =0.02, N = 28 per group') and no other
main effect or interaction. Significant
main effect analysis for Genotype dem-
onstrated that Chrna2"¥S/™'S mice have
greater shock reactivity versus wild-type
control mice, independent of drug
exposure (Fig. SF). Increased shock reac-
tivity may indicate increased pain sensi-
2L9S/L9'S mice, however,

5C,D). The findings highlighted that anxiety measures were not
influenced by genotype or acute drug treatment. Independent
of genotype or drug treatment, mice spent significantly greater
time on the perimeter versus center of the open field chamber
(524.5 sec in perimeter versus 75.5 sec in center, P = 0.0001).
For automated locomotor activity, a two-way ANOVA dem-
onstrated a main effect for Genotype (F(y,52) = 9.37, P = 0.004,
N =28 per group’), but no other main effect or interaction.
Significant main effect analysis for Genotype demonstrated
Chma2"®S/Y%'S yersus wild-type mice had greater automated loco-
motor activity on day 1, independent of drug treatment (Fig. SE).
Thus, for both automated locomotor activity and mid-line cross-
es, hyperactivity was observed in Chrna2"$/*'S mice (versus wild-
type littermate controls), independent of drug treatment. Rearing
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this would be expected to produce increased freezing, rather
than the decrease that was observed in saline-treated Chrna2"”s/
19 mice, arguing that altered sensory response cannot explain
the results. Thus, our results suggest that our learning and
memory observations are not confounded by modifications in
other types of behaviors, including locomotor, sensory, or anxiety
behaviors.

Adolescent Chrna2® stereotypical behavioral

characteristics

We have previously described the genetic design, absence of
gross anatomical morphological changes and behavioral charac-
terization of adult Chrna2® mice (Lotfipour et al. 2013).
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Figure 4. Chrna2"?>/**S mice exhibit deficits in a hippocampus-dependent learning and memory
preexposure contextual fear conditioning behavioral task. (A) On day 1 (preexposure, PE), adolescent
mice were administered saline or nicotine (0.09 mg/kg/inj, i.p.) 3—5 min prior to being preexposed to
a novel environment for 8 min where freezing and automated locomotor activity was recorded. On day
2 (Immediate-Shock, IS), mice received a 2-sec 0.75-mA shock and shock reactivity was assessed. On
day 3, (Context Test, CT) animals were administered a second vehicle or nicotine injection 3-5 min
prior to being tested for freezing behavior for 8 min. (B) As a measure of conditioning, we examined
changes in individual animals freezing from day 1 (preexposure) to day 3 (context test) using matched-
pair t-tests (Bonferroni-corrected for multiple comparisons holding « = 0.05%). Bonferroni-corrected
post hoc comparisons illustrate that (i) saline-treated adolescent Chrna2"®S/*'S mice exhibited deficits
in the enhancement freezing behavior post-shock, and (ii) nicotine treatment enhanced freezing
behavior on context day in adolescent Chrna29>/*S mice. (**) P=0.002 Bonferroni-corrected;
(***) P=0.001, Bonferroni-corrected, (****) P=0.0004, Bonferroni-corrected, N=12-16 per
group. For day 3 (CT), post hoc analysis demonstrates saline-treated wild-type mice have significantly

adolescent Chrna2®° mice had a deficit

in learning and memory on day 2,
when compared with nicotine-treated
Chrma2™'™ mice. For day 3, a two-way
ANOVA revealed a main effect for
Genotype (F(1,21) = 6.56, P =0.02™) but
no Genotype x Drug Treatment (Nico-
tine versus Saline) interaction. Signifi-
cant main effect analysis for Genotype
revealed that wild-type mice had greater
freezing behavior than Chrna2*° mice,
independent of drug treatment (Fig. 7).
Overall, the findings highlighted that
Chrna2"° mice exhibited deficits in con-
textual learning during the preexposure
that were not rescued by acute nicotine
exposure.

Activity measures in Chrna2® mice
We tested whether or not changes in
learning and memory (as assessed by
freezing behavior) were confounded by
modifications in other types of behav-
iors, including locomotor, sensory, or
anxiety-related behaviors (Fig. 8). After
an acute treatment to saline or nicotine,
we measured rearing, mid-line crosses,
center time, and automated locomotor
activity as animals were preexposed to
the conditioning apparatus on day
1. We also assessed shock reactivity on
day 2 (Fig. 8F). For rearing (exploratory
vertical movement) behavior, two-way
ANOVA failed to reach a significant

greater freezing behavior than Chrna2®s/%'s
Bonferroni-corrected. (C) No s gg
(15) in adolescent Chrna2'?’>/*7> mice.

Adolescent Chrna2®® mice had no differences in weight gain or

stereotypical behaviors observed in a novel environment com-
pared with wild-type littermate control mice (Fig. 6%). Thus, no
growth or development modifications were observed in adoles-
cent Chrna2*° mice.

Preexposure-dependent contextual fear conditioning

in adolescent Chrna2X® mice

Using Chrna2*© mice, which exhibit an absence of nicotine-in-
duced facilitation and depression of LTP during adolescence
(Nakauchi et al. 2007), we predicted that we would observe an ab-
sence of nicotine-facilitated learning and memory in these mu-
tant mice (Fig. 7). As a measure of conditioning, we examined
changes in individual animals freezing from day 1 (preexposure)
to day 3 (context test) using Bonferroni-corrected matched-pair
t-tests. Data demonstrated a significant enhancement of freezing
behavior in all groups ((*) P = 0.048, Bonferroni-corrected, (**)
P=0.01, Bonferroni-corrected, (***) P =0.004, Bonferroni-
corrected, N=5-8 per group, Fig. 7A). For day 2, using a
two-way ANOVA, a main effect was observed for Genotype
(Fa,21y=35.20, P= 0.03") as well as a Genotype x Drug Treatment
(Nicotine versus Saline) interaction (F 21y = 6.88, P=0.02, N=
5-8 per group'?). Bonferroni-corrected t-test post hoc analysis re-
vealed that wild-type nicotine-treated mice had significantly
greater freezing behavior than nicotine-treated Chrna2®° mice
(P=0.02"%, Fig. 7B). The findings suggest that nicotine-treated
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saline-treated mice. N = 12-16 per group (*) P=0.03,
nificant effects were observed for genotype or drug treatment on day 2

main  effect or interaction for
Genotype x Drug Treatment (F(;21)=
4.23, P=0.052, N=5-8 per group”,
Fig. 8A). For mid-line crossing behavior
(exploratory horizontal movement), two-way ANOVA revealed a
main effect for Genotype (Fq,21)=7.34,P = 0.01°Y), a main effect
for Drug Treatment (F(; 21) = 4.55, P = 0.04°%) and an interactive
effect for Genotype x Drug Treatment (F( 1) =4.97, P=0.04,
N =5-8 per group®®, Fig. 8B). Bonferroni-corrected t-test post
hoc analysis revealed nicotine-treated Chrna2*® had significantly
greater mid-line crosses than all other groups (P = 0.02°%). For
anxiety behavior, we assessed center (Fig. 8C) and perimeter
time (Fig. 8D) within the contextual fear conditioning chamber.
For anxiety measures, a two-way ANOVA demonstrated no main
effect for Genotype (F1,21) = 0.35, P = n.s.), Drug (Nicotine versus
Saline) (F1,21)=0.97, P=n.s.), or Genotype x Drug (F(1,52) =
0.74, P =n.s.P) interaction (Fig. 8C,D). The findings highlighted
that anxiety, as measured by an increase in center time, was not
influenced by genotype or acute drug treatment. Independent
of genotype or drug treatment, mice spent significantly greater
time on the perimeter versus center of the open field chamber
(522.1 sec in perimeter versus 77.9 sec in center, P = 0.0001).
For automated locomotor activity, two-way ANOVA demon-
strated a main effect for Genotype (F(1,21) = 9.09, P = 0.019), but
no other main effect or interaction. Greater activity was observed
on day 1 in Chrna2*° versus wild-type mice, independent of drug
treatment (Fig. 8E). To determine whether hyperactivity con-
founded our learning and memory results, we assessed simple lin-
ear correlations between activity on day 1 and freezing behavior
on day 3 of context test. When we separated by genotype and
drug treatment, significant correlations were not observed for
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Figure 5. Locomotor (rearing/vertical, mid-line crosses/vertical, automated vertical /horizontal),

anxiety (center/perimeter time) and sensory response (shock reactivity) were assessed in wild-type lit-
termate control and Chrna2'?S/*'S mice. Behaviors were assessed in the contextual fear conditioning
chamber during the preexposure period on day 1 (PE, Fig. 5A). Shock reactivity was assessed on day
2 (IS, Fig. 5A) using the Med Associated Automated video tracking system. AE For rearing behavior,
Bonferroni-corrected post hoc comparisons illustrate saline-treated Chrna2"®>/*"S mice exhibited en-
hanced vertical movements versus saline and nicotine-treated wild-type mice littermate control mice.
N =12-16 per group, (**) P=0.02, (*) P = 0.049 B. For mid-line crosses, Chrna2“S/*'S mice exhib-
ited enhanced activity, independent of drug treatment. N = 28 per group, (**) P = 0.002 for mid-line
crosses. (C,D) For anxiety, center or perimeter time did not differ in Chrna2'2>/**'S of wild-type litter-
mate control mice, independent of drug treatment. N = 12-16 per group. (E) For automated locomo-
tor activity, Chrna2"®"$/*?’S mice exhibited enhanced activity, independent of drug treatment. N = 28
per group, (**) P=0.004 for automated locomotion. (F) For sensory response (shock reactivity),
Chrna2"®%/*'S versus wild-type littermate control mice exhibited enhanced shock reactivity on day
2, independent of drug treatment on preexposure day 1. N = 28 per group, (*) P=0.02.

duce modifications in nicotine-induced
hippocampus-dependent learning and
memory. When we substituted a serine
for a leucine (L9’S) in the a2 subunit (en-
coded by the Chrna2 gene) to make a hy-
persensitive nAChR, we confirmed the
mutation potentiates acetylcholine-in-
duced ion channel flux in oocytes. Subse-
quently, in adolescent Chrna2®S/'%'’s
mice, we observed a potentiation of
nicotine-induced facilitation of synaptic
plasticity in hippocampal electrophysio-
logical studies at subthreshold doses of
nicotine (0.01 and 0.1 pM). Using a
preexposure-dependent contextual fear
paradigm (Wiltgen et al. 2001; Rudy
et al. 2002; Stote and Fanselow 2004;
Cushman et al. 2011), we observed an
impairment in freezing behavior (i.e.,
baseline deficit) in both adolescent
Chrna2™3/"*S and Chma2®° mice. A
subthreshold dose of nicotine (0.09 mg/
kg per injection), was able to rescue the
baseline deficit in Chrna2">/"*S, but
not Chrna2*® mice, which have potenti-
ated and impaired nicotine-facilitated
CA1 hippocampal synaptic plasticity, re-
spectively. The findings support the hy-
pothesis that o2* nAChRs influence
hippocampus-dependent learning and
memory via alterations in nicotine-
facilitated CA1 hippocampal synaptic
plasticity in adolescent mice (Fig. 9).
These effects were not influenced by lo-
comotor (hyperactivity), sensory (pain
response), or anxiety-related measures
(center time); which suggests that our
learning and memory observations are
not confounded by modifications in oth-
er types of behaviors.

any groups: saline-treated Chrna2™'" mice: R*>=0.11, P=n.s,;
nicotine-treated Chrna2V'’ mice: R>=0.36, P=n.s.; saline-
treated Chrna2®® mice: R?>=0.02, P=n.s.; nicotine-treated
Chrna2®° mice: R? = 0.002, P = n.s., n = 5-8 per group. Addition-
ally, when we collapsed by drug treatment, again we observed no
significant correlation between activity on day 1 and freezing
behavior on day 3 of context test: Chrna2"V" mice: R*>=0.12,
P=n.s.; Chrna2*® mice: R*=0.02, P=n.s.; n=11-14. The re-
sults did not illustrate selective correlations in Chrna2¥° mice.
Thus, we do not believe that hyperactivity on day 1 confounded
interpretations of our learning and memory results on day 3.

For shock reactivity across the 2 sec of the 0.75-mA shock and
the 2 sec after, two-way ANOVA revealed a significant interaction
for Genotype x Drug Treatment (F(1,21) = 9.05, P=0.01, N=5-8
per group’) with no main effects observed. Bonferroni-corrected
t-test post hoc analysis failed to reach statistical significance for
any of the comparisons (Fig. 8F). The findings provide convergent
evidence for impaired hippocampal function, similar to the pat-
tern seen in Chrna2™>* mice. The findings strongly suggest
that our learning and memory observations are not confounded
by modifications in other types of behaviors.

Discussion

The current study tested the hypothesis that genetic mutations of
a2* nAChRs in Chrna2"S/''S, but not Chrna2*® mice, would pro-
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The a2 nAChR subunits are expressed on GABAergic OLM in-
terneurons in the stratum oriens (SO) of the CA1l of the mouse
(Nakauchi et al. 2007; Leao et al. 2012). These OLM cells are ana-
tomically positioned such that they can regulate neurotransmit-
ter release and local circuit activity. Activation of these neurons
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Figure 6. Stereotypic behaviors were assessed in wild-type and

Chrna2¥® mice on day 1. Results illustrated that stereotypic behaviors
do not differ based on drug treatment or genotype. N = 5-8 per group.
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changes in hippocampus-dependent
learning and memory during adoles-
cence. Based on the in vivo electrophysi-
ology studies in the Chrna2'®s/\o's
mutant mouse line, we did not predict
that baseline behavior would be differ-
ent, as we found no significant differenc-
es between slices from control and
Chrna2'?’S/Y%'S mice in the stimulus—re-
sponse relationships (Fig. 3B). When we
performed the behavioral tasks, however,
we observed a hippocampal deficit in
saline-treated Chrna2">/'¥'S versus wild-
type mice (i.e., reduced freezing behav-
ior), which was rescued by an acute expo-
sure to nicotine. We propose the
mechanisms mediating the nicotine-in-
duced rescue of learning and memory
are through enhanced potentiation of
CA1 hippocampus-synaptic plasticity,

1S
Nicotine

Wild Type Chrna2k®

Figure 7. Deficits in Chrna2*® adolescent mice were observed on the preexposure-dependent con-
textual fear conditioning paradigm. As a measure of conditioning, we examined changes in individual
animals freezing from day 1 (preexposure) to day 3 (context test) using matched-pair t-tests. (A) day 1
to day 3 analysis illustrated that all mice condition (i.e., have significant enhancement of freezing
behavior on day 3 versus day 1), independent of genotype or drug treatment. (*) P = 0.048,
Bonferroni-corrected, (**) P= 0.01, Bonferroni-corrected, (***) P = 0.004, Bonferroni-corrected, N =
5-8 per group. On contextual testing day (day 3, CT), Chrna2“® mice had reduced freezing behavior,
independent of drug treatment. N = 5-8 per group, (*) P= 0.02. (B) For day 2 (IS), post hoc analysis
revealed that wild-type nicotine-treated mice had significantly greater freezing behavior than nicotine-
treated Chrna2*® mice. Bonferroni-corrected, N = 11-14 per group, (*) P= 0.02.

demonstrates that they can regulate long-term potentiation via
GABA release (Leao et al. 2012). Interestingly, 50% or more of
the OLM®? neurons are somatostatin (SOM) positive neurons
within the SO of the CA1 (Jia et al. 2010; Leao et al. 2012), high-
lighting that the Chrna2-positive neurons may represent a distinct
molecular genetic target within the hippocampus (Leao et al.
2012). Optogenetic studies using blue light activation of OLM*?
cells expressing channelrhodopsin in Chrna2-Cre mice, confirm
that these GABAergic interneurons influence long-term potentia-
tion within the CA1 hippocampus through GABAergic release
(Leao et al. 2012). Based on these findings, our current results pro-
vide additional evidence for the hypothesis that a2 nAChR sub-
unit assemblies within the OLM*?> CA1 hippocampal brain
region have functional consequences in synaptic plasticity, which
may underlie hippocampus-dependent learning and memory in
mice (Kleeman et al. 2016).

Previous studies have demonstrated that deletion of the a2
nAChHR subunit results in enhancements in the acquisition of in-
travenous nicotine self-administration (in the first 2 d after transi-
tioning from food reinforcement), context dependent nicotine
withdrawal, sex-dependent nicotine-facilitated fear conditioning
(Lotfipour et al. 2013), and hippocampus-dependent memory im-
pairments (Kleeman et al. 2016). Using a dorsal hippocampus-
dependent behavioral task, known as the preexposure-dependent
contextual fear conditioning, we extended these results and dem-
onstrated that adolescent male hypersensitive a2 nAChR subunit
mutant mice displayed baseline deficits in hippocampus-
dependent learning and memory. Acute low-dose nicotine expo-
sure (0.09 mg/kg, i.p; equivalent to blood plasma levels reached
by an average cigarette (~10 ng/mL) (Portugal et al. 2012)) res-
cued learning and memory deficits during adolescence in the hy-
persensitive «2 nAChR mice. The result confirms that
modifications in the «2 nAChR subunit induced functional
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via direct actions on GABAergic OLM*?
neurons. Alternatively, the increase
in freezing may be due to excessive plas-
ticity in response to nicotine. Future
studies are needed to assess the mecha-
nisms mediating the baseline deficit in
hippocampus-dependent learning in
Chrna2"®S'?'S and Chrna2*° mice. We
speculate this may be mediated via alter-
ations in cholinergic tone, induced by
enhanced or absent activity within
a2-containing GABAergic interneurons.
The alteration in activity may influence
medial septum and/or CA1 hippocampal OLM*? neurons that
regulate fimbria fornix septal-cholinergic input, thereby disrupt-
ing learning and memory (Ishii et al. 2005; Lovett-Barron et al.
2014). The hypothesis is derived from studies illustrating that
dendritic inhibition of hippocampal neurons influence fear mem-
ory (Lovett-Barron et al. 2014).

The interpretation of our learning and memory results is
based on assessing freezing behavior on days 2 and 3 using the
preexposure-dependent contextual fear conditioning paradigm.
A failure to exhibit enhanced freezing on days 2 and 3 is likely
due to the inability to acquire appropriate contextual representa-
tions during preexposure day 1. In our results, greater variability
in freezing behavior was observed on day 2 after immediate-shock
versus day 3 of contextual testing in Chrna2™'>/*'S and Chrna2"°
mice. Previous studies using alcohol demonstrated that day 2
freezing behavior does not always predict day 3 freezing data
(Cushman et al. 2011). While alcohol was able to reduce freezing
on day 2 after an immediate-shock, it had no effect on day 3. The
findings highlight that alcohol may impair the mechanisms me-
diating pattern completion in the presence of an immediate-
shock; this deficit is not present during pattern completion of
the shock-context pairing on day 3. Pattern completion refers
to the ability of the hippocampus to use a subset of features expe-
rienced previously to recall or activate a conjunctive representa-
tion (Rudy et al. 2002, 2004; Matus-Amat et al. 2004; Nakashiba
etal. 2012). In our current analysis, we did not observe a matched-
pair correlation between days 2 and 3 freezing behavior in
Chrna2"®S''S and Chrna2®® mice. The data confirmed that freez-
ing behavior on day 2 did not predict freezing on day 3. The prior
results with alcohol are in contrast with our current study, which
illustrate that behavioral deficits are more prevalent on day 3 of
contextual testing. This is likely due to a difference in methods,
i.e., alcohol versus nicotine treatment.

Chrna2k®
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Figure 8. Locomotor (rearing/vertical, mid-line crosses/vertical, automated vertical /horizontal),

anxiety (center/perimeter time), and sensory response (shock reactivity) were assessed in wild-type lit-
termate control and Chrna2*® mice. Behaviors were assessed in the contextual fear conditioning
chamber during the preexposure period on day 1 (PE, Fig. 8A). Shock reactivity was assessed on day
2 (IS, Fig. 8A) using the Med Associated Automated video tracking system. (A) For rearing behavior,
no main effects or interactions were observed, although there was a trend for an interaction. N = 5-
8 per group. (B) For mid-line crosses, Chrna2*® versus wild-type littermate control mice exhibit en-
hanced activity on day 1, independent of drug treatment, N= 11-14 per group, (**) P=0.01. (C-
E) For anxiety, center (C) or perimeter time (D) did not differ in Chrna2"® versus wild-type littermate
control mice, independent of drug treatment. N = 11-14 per group. (E) For automated locomotor ac-
tivity, Chrna2*® versus wild-type littermate control mice exhibit enhanced automated activity on day 1,
independent of drug treatment, N = 11-14 per group, (**) P = 0.01. (F) For sensory response (shock
reactivity), Bonferroni-corrected t-test post hoc analysis demonstrated that Chrna2* versus wild-type
mice did not exhibit any differences in shock reactivity on day 2 with or without drug treatment,

with current results, day 3 data appear to
best represent further evidence that «2*
nAChRs are important in hippocampus-
dependent learning and memory. We
speculate that the deficits observed on
day 3 versus day 2 are mediated through
mechanisms that relate to more perma-
nent memory traces (Frankland et al.
2001).

Please note, in supplementary stud-
ies, we have assessed the impacts of pre-
exposure on the contextual fear
conditioning procedure in adolescent
wild-type and Chma2*® mice (S
Lotfipour et al., in prep.). The methods
used for the no preexposure control
group were similar to those described in
our article, except animals were not giv-
en the 10-min preexposure on day
1. Based on previous studies (Cushman
et al. 2011), we predicted and observed
that animals in the no preexposure con-
trol group would fail to exhibit freezing
behavior post-shock (day 2) and show
minimal increase (<10%) on context
test (day 3). The findings help validate
our preexposure model used in our cur-
rent studies. We have not included these
data in the current article as they are inte-
grated in a supplemental study.

We believe our effects demonstrate
direct hippocampus-dependent learning
memory modifications rather than
indirect effects (e.g., locomotor hyperac-

N = 5-8 per group.

For studies performed in the absence of a preexposure day 1,
zero to minimal freezing behavior (i.e., immediate-shock deficit)
is regularly observed post-shock, illustrating a deficit in contextu-
al encoding. In the presence of preexposure day 1, a rescue of the
immediate-shock deficit is observed, associated with a significant
enhancement of freezing behavior post-shock. The findings high-
light that preexposure to a context develops a conjunctive repre-
sentation of that environment which can be recalled on
immediate-shock day to enhance freezing behavior (Rudy et al.
2002). In the current analysis, enhanced freezing behavior
(>15%) was observed on day 2 in Chrna2“¥S/'¥’S and Chrna2*®
mice and their wild-type littermate control mice. The only excep-
tion was minimal freezing behavior on day 2 of nicotine-treated
Chrna2®° mice. For all but one group, the data suggest that the
immediate-shock deficit has been rescued in these mice given pre-
exposure day 1. Therefore, the formation of a conjunctive repre-
sentation of the context was observed in all groups, except for
nicotine-treated Chrna2*® mice. This would suggest that the abil-
ity of a subset of features to activate a conjunctive representation
in the presence of a shock (i.e., pattern completion) is normal in
Chma2®° and Chrna2?S'?S mice, with the exception of
nicotine-treated Chrna2®® mice (Rudy et al. 2002). However,
when memory of the shock—context pairing was tested on day
3, a deficit in freezing behavior was observed in saline-treated
Chrna2"'5/%'S and all Chrna2*° mice. Thus, we have reason to be-
lieve that shock—context memory is altered by a2* nAChRs (Rudy
et al. 2002, 2004; Matus-Amat et al. 2004). Prior results have dem-
onstrated that Chrna2®® mice exhibit deficits in hippocampus-
dependent memory (Kleeman et al. 2016). Thus, in combination
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tivity, sensory, or anxiety-related behav-

iors). When we measured exploratory

behavior in the adolescent hypersensi-
tive Chrna2"”'S/%'S and Chrna2*® mice, our results demonstrated
that the mutant mice have heightened activity. If hyperactivity
on day 1 was confounding learning and memory deficits on day
3, we predicted that nicotine-treated Chrna2"¥S/''S or Chrna2*®
mice independent of nicotine treatment, would illustrate signifi-
cant association between hyperactivity and freezing behavior.
When Chrna2'9S/*S, Chrna2X® or their wild-type littermate
control mice were separated by treatments and/or genotype,
activity on day 1 did not predict freezing behavior on day
3. Given that the results did not illustrate selective correlations
in nicotine-treated Chrna2"¥S/*'S or Chrna2*°® mice independent
of nicotine treatment, we conclude that hyperactivity on day 1
does not confound interpretations in our learning and memory
results on day 3. Indeed, the hyperactivity that is induced by
dorsal hippocampal lesions has been argued to result from the
same learning impairment that disrupts contextual learning:
impaired ability to encode the multisensory features of the
environment into a stable contextual representation, i.e., the
“common-deficit hypothesis” (Godsil et al. 2005). Further explo-
ration is needed on whether similar mechanisms as proposed
by Godsil and colleagues may be influencing our results. Prior re-
sults have demonstrated that Chrna2*° mice exhibit deficits in
hippocampus-dependent memory (Kleeman et al. 2016). Thus,
our findings fit well with recent data in the Chrna2° mice as as-
sessed via an alternative behavioral task, i.e., the object location
but not the hippocampus-independent novel object recognition
task (Kleeman et al. 2016). If locomotor modifications confound
learning and memory deficits, we would predict that both behav-
iors would be altered in Chrna2X® mice, which was not observed.
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Pre-Exposure-Dependent Contextual Fear Conditioning Experimental Paradigm During Adolescence
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Figure 9. Electrophysiological and behavioral phenotypes of wild-type, Chrna2® and Chrna2"'S/**'S mice. The findings indicate that «2* nAChRs are
capable of participating in nicotinic facilitation of long-term potentiation in the hippocampal CA1 and influence the effects of nicotine on hippocampus-

dependent learning and memory.

Thus, we conclude that the hippocampus-dependent learning
and memory observations in the current studies were not con-
founded by modifications in locomotor hyperactivity.

Our data also suggest that our learning and memory results
are not influenced by changes in sensory response (i.e., pain sen-
sitivity as determined by shock reactivity) or anxiety-related
behavior (center time). The preexposure-dependent contextual
fear procedure was specifically designed to minimize any poten-
tial analgesic effects of memory modulating drugs by separating
drug administration from shock presentation. For sensory re-
sponse, we observed increased shock reactivity in Chrna2S/19'S
mice, independent of drug exposure. If increased shock reactivity
is a measure of enhanced sensory response, we would predict in-
creased freezing behavior during contextual testing in saline-
treated Chrna2®S/''S mice; rather, we observed a decrease in
freezing behavior. No significant effects were observed for shock
reactivity in Chrna2*® mutant mice. Thus, our findings argue
that altered sensory response cannot explain changes in freezing
behavior. Previous studies in adult Chrna2*° mice have indicated
differences in nicotine-induced hyperalgesia in the hotplate test,
but not when assessing baseline or nicotine-induced analgesia to
the tail withdrawal or the formalin test (Lotfipour et al. 2013). The
findings suggest that nicotine-induced pain response to selective
behaviors may be influenced in Chrna2*® and Chrna2'®s/'*'s
mice. However, given that (i) our nicotine exposure did not occur
during day 2 immediate-shock presentation, (ii) adolescent
Chrna2®° mice did not exhibit significant differences in shock re-
activity, and (iii) Chrna2"®/**"S mice had increased shock reactiv-
ity with reduced (instead of increased) freezing behavior in
saline-treated mice, we do not believe that pain sensitivity is a
plausible explanation of our results. In regards to anxiety-related
behaviors, our current studies did not observe differences in cen-
ter time in Chrna2"/'*’S or Chrna2*® mice. Given that ventral
(versus dorsal) hippocampal circuits are more involved in mediat-
ing anxiety-related behaviors and we did not observe differences
in center time, we are confident that our results are not confound-
ed by changes in anxiety-related circuits. Therefore, indirect ef-
fects, including sensory response to shock or anxiety, do not
appear to account for our findings. Rather they implicate learning
and memory processes. Our findings are consistent with previous
studies, which found that hippocampal nAChR antagonists dis-
rupt nicotine-facilitated learning and memory processing, as test-
ed by contextual fear conditioning (Davis et al. 2007).
Furthermore, genetic studies have demonstrated an absence of
nicotine-facilitated contextual fear conditioning in g2/~ (but
not «77/~, 37/7, or B4~/ ") mutant mice (Wehner et al. 2004;
Davis and Gould 2007; Semenova et al. 2012). Such findings sug-
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gest that nAChRs assembled from select subunits regulate nico-
tine’s effects on learning and memory processing.

Our results are not without limitations. For example, authors
have argued that nAChR expression and/or function in oocytes
may not be identical to native tissues (Buller and White 1990;
Sivilotti et al. 1997). In particular, differences in nAChR subunit
composition and/or molar concentrations of individual subunits
are known to influence “channel open times, ion conductance,
desensitization rates” as well as the “sensitivity to agonists and an-
tagonists” (Boulter et al. 1987; Deneris et al. 1988; Wada et al.
1988; Papke et al. 1989; Luetje and Patrick 1991; Paradiso et al.
2001; Grady et al. 2007; Lipovsek et al. 2008; McIntosh et al.
2009; Jin and Steinbach 2011, 2015). Neurons in animal and hu-
man studies contain a diversity of neuronal o/B nAChR subunits
at different levels, which would differently alter the subunit com-
position and stoichiometry. For example, interneurons of the stra-
tum oriens (where OLM neurons reside) contain more than «2
and B2 nAChR subtypes (Sudweeks and Yakel 2000; Jia et al.
2009). Thus, applicability of our studies in oocytes to function
in neurons in vivo needs to be interpreted cautiously. Our studies
in oocytes were applied only as an initial screen to confirm the
functionality of the serine for a leucine (L9’S) substitution in the
a2 nAChR subunit. Future studies could use, for example, single-
cell electrophysiology and neurotransmitter release assays or in
vivo imaging coupled with behavioral techniques to better con-
firm the biophysical and pharmacological properties of the hyper-
sensitive nAChR in Chrna2™S/"'S mice (Sudweeks and Yakel
2000; Grady et al. 2007; Jia et al. 2009; Lovett-Barron et al.
2014). Another potential limitation authors have reported regard-
ing oocytes studies is the possibility of low level endogenous ex-
pression of peripheral a1 nAChR subunits (Buller and White
1990). Such a finding will not have an impact in our studies, given
that neuronal a2 or B2 nAChR subunits when expressed, alone, in
oocytes do not form functional nAChRs (Boulter et al. 1987;
Deneris et al. 1988; Wada et al. 1988). Prior work has used similar
oocyte expression methodologies assessing knock-in mutations
for different nAChRs to validate behavioral outcomes in mice
and humans (Lester et al. 2003; Klaassen et al. 2006; Lipovsek
etal. 2008). Thus, the oocyte expression studies have been helpful
in identifying function in vivo, with our current studies providing
supportive evidence for their validation.

In addition to limitations on oocyte studies, other concerns
should be highlighted. In particular, heightened expression of
a2* nAChRs appear during the first 2 wk of rodent life, while
our behavioral and electrophysiological studies took place during
adolescence (i.e., 4 wk of life). Therefore, learning and memory
modifications induced by developmental nicotine exposure could
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be potentiated if nicotine was delivered during this heightened
period of expression during the first weeks of early postnatal de-
velopment. Furthermore, it is possible that Chrna2™S/'*'S mice
have modified a2* nAChRs expression patterns within the brain,
particularly since prior results demonstrate that knock-in muta-
tions within the TM2 may decrease receptor expression, but not
mRNA levels (O’Neill et al. 2013). Therefore, future studies should
aim to determine whether the Chrna2™'5/¥S mice exhibit differ-
ences in nAChR binding within the brain. Given the selectivity of
a2* nAChRs within the stratum oriens GABAergic OLM interneu-
rons, it is possible that such effects may be negligible in the dorsal
hippocampal CALl. Prior studies have demonstrated that maternal
nicotine exposure does reduce the number of a2* cells and a2
nAChR subunit mRNA expression by 10%-15 % in the dorsal hip-
pocampal CAl, i.e., one brain region where the current electro-
physiological slice recording took place in the current study
(Chen et al. 2016). Therefore, it is possible that similar effects
would be observed within the Chrna2"$/™ mice, with likely
more significant consequences observed within the ventral (ver-
sus dorsal) hippocampus (Chen et al. 2016). Given our anxiety re-
sults, we do not believe that ventral hippocampus nAChRs would
confound interpretation of our current findings. Indeed, we
found no significant differences between slices from control and
Chrna2™3/"*'S mice in the stimulus-response relationships in
our electrophysiological studies within the dorsal/intermediate
CA1 hippocampus (Fig. 3B), suggesting that the modified expres-
sion of «2"?'$/%¥S nAChRs had no significant effect on basal synap-
tic transmission at the SC pathway.

Another limitation of our current studies is that we have not
assessed sex-dependent effects. Given prior findings that emo-
tional memory processing is modified in a sex-dependent manner
in adult Chrna2*® mice (Lotfipour et al. 2013), future studies
should assess sex-dependent effects in hippocampal-dependent
learning and memoty in adolescent Chna2*° and Chrna2'®S/\*'s
mice. In addition, future studies should assess nicotine dose-re-
sponse relationships and age-dependent effects using the
Chrna2®° and Chrna2"¥'S/'S mice. Our current results used the
0.09 mg/kg/injection nicotine dose based on adult data illustrat-
ing enhancement in wild-type mice (Kenney and Gould 2008;
Kutlu et al. 2016). Therefore, we were initially surprised that
0.09 mg/kg/injection had no effects in wild-type mice.
Subsequent studies, however, confirmed our findings in adoles-
cent C57Bl/6] mice using the 0.09 mg/kg/injection nicotine
dose (Kutlu et al. 2016). Kutlu et al. (2016), have performed a
nicotine dose response during adolescence and adulthood using
the preexposure-dependent contextual fear conditioning para-
digm. They have demonstrated that adolescent C57BL/6] wild-
type mice are less sensitive to low-dose nicotine exposure, at the
0.09 mg/kg dose, which we have replicated with our findings in
adolescent wild-type mice.

Our findings illustrated that while low-dose nicotine expo-
sure had no effect on adolescent wild-type mice, as reported
(Kutlu et al. 2016), nicotine exposure was able to rescue the base-
line deficit in Chrna2™S/'*’S, but not Chrna2*° mice. The findings
support the rationale that the hypersensitive mutation potentiat-
ed synaptic plasticity in addition to hippocampus-dependent
learning and memory at nicotine doses that did not influence
wild-type mice. Given that nicotine pretreatment was not able
to rescue the baseline deficit in hippocampal-dependent learning
and memory in Chrna2*® mice, we propose that this was mediat-
ed by the known absence of nicotine-facilitated synaptic plasticity
(Nakauchi et al. 2007). Thus, nicotine-facilitated synaptic plastic-
ity plays an important role in how nicotine can rescue baseline
deficits in learning and memory. Whether these results remain
at higher doses of nicotine needs to be tested in future studies.
Because the Chrna2*° mice were backcrossed for >12 generations
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(>99.98% of the percentage of the C57BL/6] host strain) while
the Chrna2'?/'9"S mice were backcrossed for significantly fewer
generations (N = 3-4, 75%-87.5% of C57BL/6] host strain), the
reader is cautioned to the interpretations made when comparing
and contrasting the effects of L9’S with those of the null mutation
(% host strain attained from Fox and Witham 1997).

Materials and Methods

All animal procedures were conducted in accordance with the
National Institute of Health Guide for the care and use of labora-
tory animals and with protocols approved by the Institutional
Animal Care and Use Committee at the University of California,
Los Angeles and Irvine. Mice used in this study were placed on a
12-h dark-light cycle with ad lib access to food and water. Mice
were group housed and tested during the light phase of the light
cycle.

Animals

Construction and characterization of the Chrna2 null mutant
mouse line (backcrossed to CS57BL/6J, N17-18 generations,
RRID:MGI_3790875) were described earlier (Lotfipour et al.
2013). Chrna2"®S™T mice (backcrossed to C57BL/6J, N3-4
generations) were engineered similar to (Taranda et al. 2009),
with the exception that (i) an FRT flanked positive selection
marker phosphoglycerate kinase gene promoter-neomycin
resistance (PGK-NEO) cassette was inserted within an Agel
restriction enzyme genomic site, upstream of the fifth exon of
the Chrna2 gene (Fig. 1A) and (ii) a gene synthesized (GENWIZ)
Aat II/Ndel segment of DNA with a modified AGC codon for
Serine corresponding to the 9" amino acid within the transmem-
brane region 2 (TM2) (Revah et al. 1991; Labarca et al. 1995;
Lester et al. 2003; Tapper et al. 2004; Plazas et al. 2005; Drenan
et al. 2008) was inserted within the 5th exon of the Chrna2 gene
(Fig. 1; Klaassen et al. 2006). The targeting vector was electropo-
rated into SvJ129 embryonic stem (ES) cells and homologous
recombinants were confirmed through DNA sequencing (Fig.
1B) and Southern blot (Fig. 1C) using a XmnI/Nhel 1007 base
pair fragment upstream of exon 1. Genomic DNA from electropo-
rated ES cells were cut with BstZ171/Swal restriction enzymes with
a targeted Southern blot fragment of 9500 bp (Fig. 1C). Targeting
efficiency of homologous recombination within ES cells was cal-
culated at 43% (31 of 72 ES cells had the targeted fragment).
Targeted ES cells were microinjected into C57Bl/6] blastocyst em-
bryos at the UCLA Transgenic Core and implanted into pseudo-
pregnant female mice. Germline transmitted agouti colored
offspring were DNA sequenced at the UCLA genomic core to con-
firm that they were carriers of the AGC/CTC heterozygous geno-
mic modification within exon 5 (Fig. 1B). The introduction of
the AGC site at the correct location within the fifth exon intro-
duced a Saclrestriction enzyme site, which acted as a quick screen-
ing strategy for confirmation of the genetic mutation (not
shown). After confirming the presence of the mutation and
the correct orientation of the FRT flanked PGK-NEO cassette, the
mice were mated with congenic FLPeR mice (#009086, The
Jackson Laboratory) to delete the positive selection marker, leaving
a 34-bp FRT finger print in the intronic genomic region. PCR
primers (A2L9S_1.10) GGCTAGTCAGAACAGCTGCATT and
(A219S_1.11) GAACAAGGAAGAAATCGGCAGG (Eurofins MWG
Operon LLC) were designed upstream of and downstream from
the deleted PGK-NEO cassette (Fig. 1A) to provide PCR-amplified
fragments for wild-type and mutant carriers (not shown).

Oocyte expression studies

The use of oocyte expression studies (Fig. 3A) was applied as an
initial screen to determine the functionality of a substitution of
a serine for a leucine (L9'S) in the a2 nAChR subunit. Nicotinic re-
ceptor subunits were subcloned into a pSGEM vector, which con-
tains Xenopus 5'-UTR and 3'-UTR segments that markedly increase
expression of cloned cDNAs (Liman et al. 1992; Lipovsek et al.
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2008). Plasmid constructs, where the L9’ amino acid (located in
TM2) was replaced either with serine, threonine, or alanine,
were linearized with Nhe I to generate templates for in vitro tran-
scription. cRNA prepared from wild-type mouse o2 plasmid, as
well as the mutants L9'S, L9’A, and L9'T mutants, where coin-
jected in oocytes along with the wild-type mouse B2 cRNA at a
1:1 equimolar ratio (Fig. 3A). Electrophysiological recordings
and concentration-response curves to ACh were performed under
two-electrode voltage clamp, as described in Lipovsek et al.
(2008).

Hippocampal synaptic plasticity studies

Slice preparation and extracellular field recordings within the dor-
sal/intermediate CA1 hippocampal slice were performed using
the methods described by Nakauchi et al. (2007), Figure 3B-F.
Briefly, slices of 375-400 wm were attained from 15 wild-type
and Chrna2®'$/*'S adolescent mice (4 wk of age). Animals includ-
edin the studg were: (i) C57BL/6]J wild-type male mice (n = 5), (ii)
Chrna2"®S"*S  male (n=35) homozygous S9'S mice, (iii)
Chrna2''S'9S wild-type male (n = 3) and female (7 = 2) mice,
with the reported “n” representing the numbers of experiments
in our study. Slices from these animals were maintained in artifi-
cial cerebral spinal fluid at 30°C, containing (mM): NaCl, 124;
KCl, 5; NaH,POy,, 1.25; MgSO,, 2; CaCl,, 2.5; NaHCO3, 22; and
glucose, 10, and oxygenated with 95% O, and 5% CO,_A stimulat-
ing electrode activated the glutamatergic stratum radiatum
schaffer collateral projections arriving from the CA3 hippocam-
pus. Field excitatory postsynaptic potentials (fEPSPs) were record-
ed within the stratum radiatum using a glass electrode filled with 2
M NacCl (3-8 MQ). We monitored LTP induction at the SC path-
way using a subthreshold stimulation protocol (weak 6 burst stim-
ulation (TBS): two 6 bursts of four pulses at 100 Hz), which induces
LTP in the presence, but not absence, of the activation of
a2*-nAChR-expressing O/A interneurons (Nakauchi et al. 2007).
To evaluate the magnitudes of LTP, the mean value for the slopes
of fEPSPs recorded 50-60 min after weak TBS was calculated and
expressed as a ratio of the mean value of the initial baseline slope
of fEPSPs. For the hippocampal synaptic plasticity studies, we used
two subthreshold doses of nicotine (0.01 and 0.1 pM) to assess
nicotinic facilitation of LTP. The rationale for the use of the sub-
threshold doses was based on the observation that our systemic
nicotine treatments, at the 0.09 mg/kg/injection dose, were sub-
threshold to influence learning and memory in wild-type mice,
but not in the Chrna2"®/* mice. The majority of brain tissue
slices from individual animals (n = 9) were exposed to all vehicle
and drug conditions, with a few individual animal brain slices
exposed to drug exposures alone (n=2), or additional vehicle
(n = 3) and/or drug exposures (n = 3).

Nicotine studies in adolescent mice using
the preexposure-dependent contextual fear

conditioning procedure

Male adolescent (4 wk of age) Chrna2*®, Chma2'?’''*'S or wild-
type littermate control mice of each respective line were used in
the current studies. Importantly, Chrna2"'" mice used for the
Chrna2"®S/'9'S studies were littermates of the Chrna2'?S/'9's
mice. Similarly, Chrna2™'™ mice used for the Chrna2*® studies
were littermates of the Chrna2*® mice. Three days before day 1
of preexposure (Fig. 4A, PE), animals were handled and habituated
to their transport cage for 5 min for 2 d, similar to Kenney and
Gould (2008) and Kutlu et al. (2016). On the third day, animals
were briefly weighed, exposed to their transport cage, and exper-
iments began on the next day. On day 1 of preexposure, mice
were transferred to the behavioral testing suite and allowed to ac-
climate to the new environment for at least 1 h prior to experi-
mentation. Subsequently, on day 1 of preexposure, using
random assignment, mice were placed into transport cages, ad-
ministered either a pretraining injection of vehicle or nicotine
(0.09 mg/kg, i.p., base) 3-5 min prior to being preexposed to a
novel conditioning chamber for 10 min. Chamber dimensions
were four identical 30 cm x 24 cm x 21 cm (Med Associates,
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Inc.) boxes fitted with grid floors and a digital video camera
(Fig. 4A, PE). On day 2 (Immediate-Shock, IS, Fig. 4A), mice were
placed in the same chamber and within 10 sec of entry given a sin-
gle electric shock (0.75 mA, 2 sec) and assessed for shock reactivity
and freezing behavior post-shock (30 sec). On day 3 (Context Test,
CT, Fig. 4A), mice were administered a pretesting injection of ve-
hicle or nicotine (0.09 mg/kg, i.p.), and 3-5 min later assessed for
freezing behavior in the previously shocked environment for 8
min. The nicotine dose and dual injection approach was based
on the study of Kenney and Gould (2008) and the time period
for PE and CT was based on the study of Cushman et al. (2011).
The subthreshold dose of nicotine was previously shown to en-
hance learning and memory in adult wild-type mice (Kenney
and Gould 2008), therefore this dose was chosen for the current
studies. The time periods for these two phases are based on the
fact that different processes are engaged. During the preexposure
period the animals are forming a new hippocampus-dependent
contextual representation of the conditioning chamber whereas
on day 3 they are retrieving this representation and expressing
fear based on the strength of the context—shock association.
Ten minutes for the preexposure was based on prior piloting to
determine the necessary length of time for the contextual repre-
sentation to be formed. 8 min for the context test is based on
the most commonly used length during test day (Kim and
Fanselow 1992; Bissiere et al. 2011). For consistency in our analy-
ses between day 1 and 3, only the first 8 min of the 10 min PE pe-
riod is reported in our results, even though the findings remained
consistent if the 10-min period was reported instead. Freezing and
shock reactivity were monitored through near infrared lighting
and a digital video camera recording at 30 frames per second
placed in front of the chambers, and scored through a Med
Associates fear conditioning software package (Med Associates
Video Freeze system). This system calculates the average motion
in the video as activity units, which are determined based on
the amount of gray scale pixel change in the image for each frame
normalized by background noise when no mouse is present.
Freezing was defined as activity below 19 activity units for 1 sec
(30 frames). Shock reactivity on day 2 was used as a measure of
sensory pain response in the presence of a shock, as determined
by the activity units measured during the 2 sec of the 0.75-mA
shock and the following 2 sec. Animals which have greater shock
reactivity, likely have enhanced pain sensitivity to the shock (King
et al. 1996). Freezing varies positively with shock intensity and
pain sensitivity, so increased pain sensitivity should increase
freezing (Fanselow and Bolles 1979).

To illustrate conditioning (i.e., a significant increase in freez-
ing on context test after shock training), freezing data were
graphed together as PE (day 1) and CT (dy 3). The data are visual-
ized using the same time scale on PE (day 1) and CT (day 3) of 8
min. We separated PE/CT and IS (day 2 data) results primarily
because of the different time scales used in the analysis: 8 min
for PE and CT versus 30 sec for IS (Figs. 4, 7) in order to reduce con-
fusion about the different time scales used. The results remained
consistent if data were illustrated by individual day of experimen-
tation instead.

Growth, exploratory, stereotypical, and anxiety behaviors
Animal weight was measured on the day before preexposure day 1
and on day 2 of immediate-shock. Manually scored exploratory
(vertical-rearing and horizontal-midline crosses), anxiety (center
and perimeter time), and stereotypical mouse behavior were
quantified in the conditioning chamber, by a blind observer dur-
ing the 10-min preexposure period on day 1. Manually scored ex-
ploratory behavior was assessed as a secondary measure of
automated locomotor activity, as previous work had demonstrat-
ed that rearing and crosses did not individually resolve automated
locomotor activity (Cushman et al. 2011). Stereotypical behaviors
included natural mouse behavior observed in a novel environ-
ment, including grooming, scratching, chewing, head nodding,
paw tremors, head shakes, jumping and backing behavior
(Lotfipour et al. 2013). Center time was quantified by manually re-
cording the seconds spent in the center versus parameter of the
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apparatus for individual animals. An increase in center time is re-
garded as reduced anxiety. A mouse was defined as “in center”
when its entire body was a tail length away from the nearest
wall. Weight gain was used, in part, to calculate the injection vol-
ume. Weight gain and stereotypical behaviors were used to deter-
mine any growth or development modifications in adolescent
Chrna2"95/%%S and Chrna2®® mice. We assessed automated loco-
motor activity, rearing, mid-line crosses, center time, and shock
reactivity, to determine genotype and drug-induced changes in
exploratory activity, anxiety and pain sensitivity (as a measure
of sensory response).

Statistics

Descriptive data were analyzed using the JMP Pro statistical soft-
ware (SAS Institute Inc., version 12.0.1) and OriginPro 8.1
(OriginLab). Power analyses were determined using JMP Pro and
G*Power 3.1. Electrophysiology data were assessed with t-test
analysis and Bonferroni-corrected for multiple comparisons for
each of the three doses tested. As our primary interests were within
dose assessments for the electrophysiology data, across dose com-
parisons and multiple comparisons correction were not made.
Data from wild-type mice from the C57Bl/6] and Chrna2'?’S/1%'s
line or the male and female data did not differ, thus results were
pooled for analysis. Each data point collected was assessed as a sep-
arate experiment and not as a within measure analysis during
t-test analysis. For behavioral data, day 1 versus day 3 freezing
data as well as days 2 and 3 freezing data were assessed using a
matched-pair within subject analysis, followed by Bonferroni-cor-
rection for all four comparisons. The association between day 1 ac-
tivity and day 3 freezing data were assessed as a simple linear
correlation using bivariate analysis. For day 1 stereotypical and ac-
tivity data as well as days 2 and 3 freezing data, significant effects
were assessed using analysis of variance (ANOVA). When there
were more than two groups compared, Bonferroni-correction for
multiple comparisons was applied. Outliers were determined
and excluded based on Box-and-Whisker plot outlier analysis,
identifying data outside the interquartile range (Tukey 1977).
For the Chrna2™'™'S mouse line, a total of four mice were iden-
tified as outliers for freezing data (the primary outcome variable)
and excluded from all analyses. For the Chrna2*® mouse line
one mouse was identified as an outlier for freezing data and ex-
cluded from all analyses.
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