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BACKGROUND AND PURPOSE

The prevalence of smoking in schizophrenia patients is exceptionally high; it is not known why but many researchers suggest
that smoking constitutes a form of self-medication. Among the symptoms of schizophrenia that may be improved by nicotine
are cognitive deficits. Hence, we studied the effects of long-term nicotine administration on cognition in a genetic animal
model of schizophrenia susceptibility, G72-transgenic (G72Tg) mice.

EXPERIMENTAL APPROACH

The effect of long-term nicotine or saline, administered by osmotic minipumps, on different cognitive domains was assessed
in G72Tg mice and controls using a battery of behavioural tests. To investigate the mechanism underlying phenotypic
differences, quantitative autoradiographic mapping of nACh receptor subtypes was performed in forebrain structures to
explore effects of chronic nicotine exposure on nACh receptor density in wild-type (WT) and G72Tg mice.

KEY RESULTS

Genotype significantly affected the cognitive effects of chronic nicotine administration. Whereas chronic nicotine disrupted
cognitive performance in WT mice, it was effective at restoring impaired prepulse inhibition, working memory and social
recognition in G72Tg mice. However, long-term spatial learning was further impaired by nicotine in transgenic animals. In
contrast, associative learning was protected by G72-expression against the adverse nicotine effects seen in WT animals.
G72-expression did not decisively influence nicotine-induced up-regulation of the 04B2*subtype, whereas 0.7nACh receptor
density was differentially altered by genotype or by a genotype-treatment interaction in specific brain areas, most notably
hippocampal subregions.

CONCLUSIONS AND IMPLICATIONS
Our data support the hypothesis that nicotine self-medication of schizophrenics improves cognitive symptoms, possibly by
facilitating nicotine-induced 0.7nACh receptor activation in the hippocampus.

Abbreviations
BMA, basomedial amygdale; CgCx, cingulate cortex; CYP2A6, cytochrome P450 2A6; DG, dentate gyrus; G72Tg,
G72-transgenic (mice); PPI, prepulse inhibition; VMH, ventromedial hypothalamus; WT, wild-type

Introduction patients. While hallucinations and delusions can be effec-

tively treated with antipsychotic medication, no drug is
Cognitive impairments represent a core symptom of schizo- currently available to improve the cognitive deficits.
phrenia and are a major cause of disability in schizophrenia Schizophrenia-associated cognitive impairments affect
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several domains involving sensory information processing
(Adler etal., 1998), attention, reasoning and certain other
forms of non-affective learning and memory (Nuechterlein
et al., 2008). The latter includes deficits in various dimensions
of social cognition (Derntl and Habel, 2011), associative
learning (Brambilla et al., 2011) and working memory (Gold
et al., 2006; Nuechterlein et al., 2008). In particular, working
memory dysfunctions are persistent and independent of psy-
chotic symptoms (Timofeeva and Levin, 2011).

Schizophrenia is highly comorbid with tobacco smoking;
heavy smoking and high nicotine dependence are more fre-
quent in schizophrenic patients compared with the general
population (De Leon and Diaz, 2005; Ziedonis et al., 2008).
Alongside the established and well-known adverse effects of
tobacco smoking, nicotine is described as improving cogni-
tive symptoms in schizophrenia patients, including sensory
motor gating (Adler et al., 1998), attention (Dépatie et al.,
2002; Harris et al., 2004), spatial (Smith et al., 2001) and rec-
ognition memory (Myers et al., 2004). Hence, the hypothesis
has been advanced that schizophrenic patients might smoke
in order to self-medicate distressing cognitive symptoms
(Kumari and Postma, 2005).

A large number of genome-wide association studies have
identified SCZD7 on chromosome 13q32-q33 as a candidate
region linked to the development of schizophrenia (see
Detera-Wadleigh and McMahon, 2006, Drews et al., 2013 for
review). SCZD7 comprises two genes, G72 and G30, which
are transcribed from overlapping opposite DNA strands
(Chumakov et al., 2002) and G72 transcripts encode a protein
termed LG72 that appeared late during primate evolution
and is only present in anthropoid primates. Moreover, the
human protein of 153 amino acids is much larger than that of
other primates. No protein product was detected for LG30
(Chumakov et al., 2002), and the transcripts are only weakly
expressed in brain and testis. Schizophrenia has been associ-
ated with an elevated expression of G72, as increased G72
transcript levels have been shown in the forebrain structures
of schizophrenic patients post-mortem (Korostishevsky et al.,
2004). We, and others (Cheng et al., 2014), have recently
generated a transgenic mouse model that carries a bacterial
artificial chromosome of the human G72/G30 locus (G72Tg).
These mice express all known splice variants of the G72 locus
(Otte et al., 2009). In situ hybridization showed overall low
levels of G72 expression throughout the brain but appreci-
able expression in granular cells of the cerebellum, cortex,
olfactory bulb and dentate gyrus. Western blot analysis of
two-dimensional gels from G72Tg mice also showed a LG72
protein in brain extracts. Strikingly, the G72Tg mice gener-
ated by us displayed several schizophrenia-related behav-
ioural phenotypes, such as prepulse inhibition (PPI) deficits,
cognitive impairments, increased sensitivity to the locomotor
effects of phencyclidine, deficits in odour discrimination and
impaired locomotor coordination (Otte ef al., 2009; 2011).
The function of the LG72 protein is not entirely clear; as an
evolutionarily novel protein no protein domains are recog-
nizable by sequence analysis. It was first suggested that LG72
is an activator of d-amino-acid-oxidase, an enzyme involved
in the degradation of d-serine (Chumakov efal.,, 2002).
However, more recent studies have indicated that LG72 is a
mitochondrial protein (Kvajo et al., 2008; Otte et al., 2011).
Indeed, analysis of mitochondrial functions in G72Tg mice
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showed that the activity of complex I of the respriratorial
chain and aconitase activity were reduced (Otte et al., 2011).
We also found increased oxidative stress in cerebellum of
these animals, with elevated levels of peroxidized lipids and
proteins, increased expression of detoxifying glutathione
transferases and reduced levels of glutathione (Otte etal.,
2011). The increased oxidative stress probably contributed to
some of the behavioural phenotypes as they were rescued by
prolonged treatment with N-acetyl cysteine, which resulted
in higher gluthathione levels.

In the present study, we investigated the effect of chronic
nicotine on distinct cognitive domains in G72Tg mice. We
observed mostly detrimental effects of chronic nicotine on
cognition in wild-type (WT) mice, and a strong modulation of
these effects in the G72Tg mice. To explore the mechanisms
underlying these phenotypes, we analysed the most abundant
nACh receptor subtypes (see Alexander et al., 2013b) in the
fore and midbrain structures of experimental animals by
quantitative receptor autoradiography. G72-expression did
not markedly influence nicotine-induced up-regulation of
the a4p2*subtype; however, a7nACh receptor density was
differentially altered by genotype or genotype x treatment
interaction in specific brain areas. In particular, we propose
that the up-regulation of a7nACh receptor density in the
dentate gyrus (DG) is a potential mediator of the beneficial
effects of nicotine on cognitive deficits in G72Tg mice.

Methods

The drug/molecular target nomenclature used in this manu-
script conforms to British Journal of Pharmacology’s Concise
Guide to PHARMACOLOGY (Alexander et al., 2013a).

Animals and reagents

Animals were group-housed under standard conditions with
a 12:12 h reversed light/dark-cycle. G72Tg animals (Otte
et al., 2009) were generated on a CD1 genetic background and
maintained by crossing hemizygous G72Tg mice to CD1 WT
mice. A total of 199 G72Tg mice and 208 WT littermates were
balanced for sex in individual experiments. Two weeks before
the implantation of an osmotic pump, animals were single-
housed to analyse individual caloric demand. (-)-Nicotine
hydrogen-tartrate salt ((-)-1-methyl-2(3-pyridyl)pyrrolidine;
Sigma, St. Louis, MO, USA) was delivered in physiological
saline (0.9%) for 14 days using Alzet® osmotic pumps, model
2002 (Charles River GmbH, Kifdlegg, Germany). Doses dis-
pensed from pumps were measured as free-base nicotine. We
first performed experiments on working memory after
administration of 16 and 24 mg kg™ day!, which produced
nicotine plasma concentrations similar to those found in
human smokers. As no significant behavioural effects were
observed with the lower dose, all subsequent experiments
were performed with 24 mgkg' day’'. Pumps were im-
planted s.c. under 2.0 v v' isoflurane/O, anaesthesia using
0.2 mg kg meloxicam i.m. for analgesia. Anaesthesia was
evaluated by the absence of withdrawal reflexes. Behavioural
experiments were performed during the active locomotor
phase of the animals. For analysis of nicotine/cotinine
plasma concentrations by GC/MS, blood was taken from the

British Journal of Pharmacology (2014) 171 1758-1771 1759



B Hambsch et al.

abdominal vein of individual animals at the end of chronic
nicotine treatment (see supplemental methods). The work
complies with current regulations covering animal experi-
mentation in Germany and the EU (European Communities
Council Directive 86/609/EEC) and was approved by local
authorities (file-no.87-51.04.2010.A070). All studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010).

Behavioural testing

Each mouse was exposed to a single behavioural test (single
testing), with the exception of those tested for social memory
on day 9 of nicotine treatment, who were also tested for
sensory motor gating at days 6 and 14 of chronic nicotine
treatment (see Supporting Information Figure S1).

Working memory test

Working memory performance was tested in a paired-trial
alternation task on a Y-Maze, consisting of 44 x 12 x 10 cm
spanning arms, illuminated with 100-150 lux at the start and
5-15 lux at the goal area. Food consumption was analysed for
10 days before minipump implantation (see Supporting
Information Figure S1). Casein-pellets (Billaney Consultants
Ltd, Kent, UK) were used for reward and placed in plastic
dishes at the very end of the goal-arms. Minipumps contain-
ing saline or nicotine (24 mg kg day™') were implanted for 14
days. Caloric intake of the animals was restricted to 80% 2
days following minipump implantation and remained
restricted throughout the remaining 12 days of treatment.
The day before training, mice were habituated for 2 min to
the environmental setting. For the first training session (after
3 days of chronic nicotine/saline treatment), paired-trial
alternation of entries to the two goal-arms of the Y-maze was
forced by blocking of the sides for three subsequent days.
Each day, animals had to pass three forced paired-trials with
intertrial intervals of 10-20 s in a maximum time of 2 min or
until the reward was gained. In order to avoid side preference,
the entry-arm of the first run of discrete paired-trials was
randomized. For the second training session (after 10 days of
chronic nicotine/saline treatment), the entry of the second
run of paired-trials was not forced and animals had to remem-
ber which arm has been visited before in order to gain the
bait from the opposite arm. Subsequently, animals had to
pass three to four paired-trials per day at a maximal time of
1 min until the mean error rate of the entire experimental
group dropped below 30% for three consecutive days. Finally,
the working memory test was performed without blocking of
the sides of the Y-maze and mice had to pass three to four
paired-trials per day (on days 10-13 from chronic nicotine/
saline treatment). In this final test session, the percent of
correct alternations was calculated for each individual animal
from at least 10 discrete paired-trials and was performed inde-
pendently for 10 and 20 s intertrial periods.

PPI test

PPI of the acoustic startle response was performed and ana-
lysed according to standard protocols (at days 6 and 14 of
chronic nicotine/saline treatment; Otte et al., 2009; see sup-
plemental methods and Supporting Information Figure S1).
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Social recognition test

Social memory was analysed (at days 9 of chronic nicotine
treatment) in a compartmentalized encounter test in an arena
(44 x 44 x 26 cm), illuminated with 5-10 lux of white and
100-120 lux of red light. The ground of the arena was filled
with bedding, collected from the home-cages of individual
animals. Two cylindrical metal cages (8 x 10 cm) were placed
in opposite corners of the arena, 5 cm from the walls. Two
consecutive days previously, and on the day of testing, mice
were habituated to the experimental setting for 10 min per
day. A naive, juvenile C57BL/6 mouse of the same sex was
presented to the experimental animal in a metal cage. Any
interaction with the object mouse was recorded for 5 min,
using a camera, mounted 1 m above the centre of the maze.
The social recognition was performed after intertrial-intervals
of 2 or 4 h. In this test, a second, novel object mouse with the
same characteristics as the first was introduced into the
second cage. Interaction with both partners was recorded for
5 min. All video files were analysed (JWatcher V1.0, Mac-
quarie University/UCLA, Australia) twice and data were
re-evaluated by a second, independent observer for control.

Novel object preference test

To determine novel object preference in untreated mice,
animals were first habituated to the arena for 5-10 min on
three consecutive days before the test and then to two objects
(LEGO building bricks) in three 6 min sessions spaced 10 min
apart. After another 10 min interval, one of the familiar
objects was replaced with a novel one of a different shape and
colour. The mice were then left to explore the apparatus for
3 min. Nose point interactions with this object were assessed
during a 3-min test session using the Ethovision software
(Noldus Information Technology, Wageningen, Netherlands).

Operant conditioning

An operant conditioning paradigm was used to evaluate asso-
ciative learning (on days 4 to 14 of chronic nicotine/saline
treatment). Caloric intake of the animals was restricted to
80% 2 days before and for the 10 days of operant condition-
ing testing (see Supporting Information Figure S1). One to
two days before operant conditioning, mice were habituated
for 20 min to the operant chambers equipped with a single
nose-poke sensor, signal-lights, a dispenser (TSE Systems
GmbH, Bad Homburg, Germany) for casein-pellets, and
bedding, collected from the home-cage of the test animal.
The boxes were placed in individually ventilated, dark com-
partments. Conditioning sessions were conducted for 30 min
per day, for 10 days under a fixed-ratio three schedule of
positive reinforcement, using casein-pellets as a reward.
Active phase of the nose-poke sensor was indicated by a
yellow light persisting for a maximum of 30 s or until the
reward was gained. Nose-poking in the active phase was con-
firmed by a green light and a casein-pellet was dispensed as
soon as the sensor was activated three times. The active phase
was followed by a 30 s time-out period, where nose-poking
had no consequences. The maximum number of rewards was
limited to 30 per session and animals were trained for 10
consecutive days. Phenomaster V4.0 software (TSE Systems
GmbH) was used to analyse parameters, characteristic of asso-
ciative learning.



Morris water maze test

Spatial learning of the animals was analysed (at days 4 to 14
of chronic nicotine treatment) according to standard proto-
cols (Otte et al., 2011), with minor modifications (see supple-
mental methods and Supporting Information Figure S1).

Two-bottle choice preference test
One week before the test, animals were isolated and habitu-
ated to two 50 mL flasks, placed in the home-cage. To analyse
rewarding properties of nicotine, animals had the choice of
consuming either tap water offered in one flask, or nicotine
solution offered in the second flask. Nicotine was added at
concentrations of 5 ug mL™" at days 1-3, 10 pg mL™" at days
4-7, 25 ug mL™" at days 8-10, 50 ug mL™" at days 11-14 and
75 ug mL™" at days 14-37 of the test (see Supporting Informa-
tion Figure S1 for overview). The pH of the nicotine solution
was adjusted to 7.0. In order to mask the slightly bitter taste
of nicotine, 0.1% of saccharin was added to all solutions
offered to the animals. Flask weight was measured before and
after the solution had been offered to the animal for 3 days.
The position of the nicotine-containing flasks was varied in
order not to contaminate by side preference. Consumption
was calculated by the loss of weight of individual flasks.
The daily nicotine consumption was normalized by body
weight. The ratio of nicotine to total fluid consumption was
calculated.

Supplementary methods describe the analysis of basal
activity measurements in the home-cage.

Quantitative receptor autoradiography

After chronic nicotine treatment for 14 days, mice were killed
by cervical dislocation, their brains removed and snap-frozen
at —20°C in isopentane on dry ice. Frozen female brains were
sliced starting from bregma +3.2 in consecutive 20 um
coronal sections 300 um apart, cutting sufficient sections for
determining total and non-specific binding of three ligands,
and thaw-mounted on gelatine-coated object slides. Quanti-
tative autoradiography was performed in order to measure
binding of 04B2* and o7nACh receptors using 100 pM
['*I]-epibatidine (with and without cytisine) and 1 nM ['*]-
o-bungarotoxin, respectively, according to established proto-
cols (Orr-Urtreger et al., 1997; Besson et al., 2007; Metaxas
et al., 2010; 2012) with minor modifications (see supplemen-
tal methods).

Statistical analysis

Behavioural experiments were analysed using SPSS 20.0 soft-
ware (IBM Corp., Armonk, New York, USA). Data were
inspected for normality (Kolmogorov-Smirnov test) and
homogeneity of variance (Levene’s test). Parametric tests
were used if the data met these criteria and replicates were
equal between groups. Variables dependent on one or more
factors were compared using univariate or multivariate analy-
sis according to general linear models. Bonferroni corrections
were made to adjust for multiple comparisons. All experi-
ments were analysed for the factors treatment, sex and geno-
type. Repeated measures were inspected for sphericity
(Mauchly’s test). Non-spherical within-subject effects were
subject to a Greenhouse-Geisser correction. Kruskal-Wallis
was used for non-parametric tests of more than two inde-
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pendent groups, followed by Dunnet’s-T3 multiple compari-
sons. Autoradiography data were analysed using Statistica 7
(StatSoft, Inc., Tulsa, OK, USA). Ligand binding was compared
for multiple factors using two- or three-way aNova, followed
by Duncan’s post hoc test where appropriate. Data are pre-
sented as mean + SEM. Significance was accepted when
*P < 0.05, **P < 0.01 and ***P < 0.001.

Results

Effect of chronic nicotine treatment on basal
activity and consummatory behaviour of WT
and G727Tg mice

Nicotine or saline was administered for 14 days using osmotic
pumps implanted s.c. Treatment with 24 mg kg™ day™' pro-
duced mean plasma nicotine concentrations of 315.65 + 83.7
pg L™ and cotinine concentrations of 104.9 £ 6.9 ug-L™" (Sup-
porting Information Figure S2A-C). There was no difference
between genotypes (see Supporting Information Table S1 for
summary of statistical analysis). Concentrations were within
the range of human smokers (nicotine: 6-498 ug L', coti-
nine: 4-96 ug L' in Shin etal, 2002; nicotine: 181-
3702 ug L''; cotinine: 21-4420 ug L' in Massadeh etal.,
2009). As nicotine was described to act as an appetite sup-
pressant in rodents (Chowdhury, 1990), we also analysed
caloric intake in WT and G72Tg mice chronically treated with
saline or nicotine, 24 mg kg™ day™, on days 7-14 following
food restriction. Neither genotype, nor sex, nor treatment
significantly affected food consumption (Supporting Infor-
mation Table S1). A second group of animals, receiving
24 mg kg day nicotine, that had free access to food also
had similar weights to the vehicle control group (Supporting
Information Table S1). We also checked if the rewarding
properties of nicotine might differ between genotypes in a
long-term two-bottle choice test. Neither preference nor total
amount of nicotine consumed (Supporting Information
Table S1) was altered in G72Tg compared with WT mice of
either sex. These data suggest that the rewarding properties of
nicotine are not influenced by the expression of G72. As
nicotine has sedative effects at high doses, we also tested
home-cage activity of mice, chronically treated with nicotine
or saline, administered by osmotic minipumps. However, we
found neither treatment, nor sex, nor genotype effects on
days 2-12 of treatment, indicating that the chronic treatment
did not affect the animal’s activity (Supporting Information
Table S1). Thus, all of the behavioural studies were performed
with a dose of 24 mg kg™ day, except the working memory
test, which was also done with a dose of 16 mg kg™ day™".

Effect of chronic nicotine treatment on
working memory in WT and G72Tg mice

First we determined (i) whether working memory was defec-
tive in the G72Tg mouse model of schizophrenia and (ii)
whether deficits were rescued by different doses of chronic
nicotine. Working memory was tested in discrete paired-trial
alternation tasks using a Y-maze. We initially trained food-
restricted mice to retrieve food rewards placed at the end of
two arms. For this purpose, mice had to enter both goal-arms
alternately in two consecutive trials. Alternations were forced
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Figure 1

Chronic nicotine has beneficial effects on working memory in defec-
tive G72Tg, but impairs performance of WT mice. (A) Paired-trial
alternation training on a Y-maze was initiated after 4 days of chronic
treatment. Latency to gain the reward at the rear end of either goal
arm was analysed in forced runs (postnatal day 74-77; Nwrsaiine = 10,
NwThicotine at 16 mg = 11 ’ NwThicotine at 24 mg = 1 01 NrGsaline = 8/ NrGnicotine at 16 mg
= 8, Nricnicotine at 24mg = 9). (B) Working memory of trained mice
(postnatal day 81-84) chronically exposed to saline, 16 or
24 mg kg™ day™' nicotine for 10-13 days was tested as correct
alternation between both goal-arms in consecutive paired-trials with
10 s intertrials. *P < 0.05.

by blocking one of the two baited arms. During 7 days of
forced alternation training (days 73-80), the latency to gain
the reward significantly decreased over time (F:170) = 34.36,
P < 0.001) and was neither affected by nicotine treatment
nor genotype (Figure 1A). After the mean error rate dropped
below 30%, the side blocks were removed and working
memory was tested. In the memory test, trained animals had
to choose one of two baited goal-arms upon a first run and to
remember the choice in order to obtain the bait of the oppo-
site arm during the second run. Analysis of correct choices in
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paired-trial alternation indicated that (i) working memory
was defective in G72Tg animals and (ii) that increasing
amounts of nicotine progressively, but antithetically affected
both genotypes (Figure 1B). Multivariate statistical analysis
revealed a significant (F44) = 6.63, P = 0.003) interaction of
treatment and genotype for correct alternations. Bonferroni
post hoc test revealed that 24 mg kg™ day™' corrupted working
memory in WT mice (P = 0.033), but ameliorated impair-
ments in G72Tg animals (P = 0.021). These data suggest that
chronic nicotine is able to restore working memory in defec-
tive G72Tg animals.

Effect of chronic nicotine treatment on PPI in
WT and G72Tg mice

We investigated nicotine effects on sensory motor gating
deficits of G72Tg mice using the PPI test at three different
prepulse intensities of +5, +10 and +15 dB above background,
after 6 and 14 days of chronic treatment with 24 mg kg™!
day ! nicotine. Here, multivariate statistical analysis revealed
a significant interaction of treatment, sex and genotype after
6 (F7,71)=6.41,P=0.014 at +5 dB, Fy,1)=3.07, P=0.084 at +10
dB, F771)=6.47, P=0.013 at +15 dB) and 14 days (F,,1) = 6.51,
P=0.013 at +5 dB, F(7‘71) = 1101, P =0.001 at +10 dB, F(7,71) =
5.133, P = 0.027 at +15 dB) of chronic nicotine treatment.
Further comparison found no significant effects in males
(Supporting Information Table S1), but a treatment x geno-
type interaction was observed in females (Supporting Infor-
mation Table S1). Saline-infused G72Tg females were unable
to suppress the startle response in the PPI test (Otte et al.,
2009). However, 6 days of chronic nicotine produced a
remarkable increase in PPI of G72Tg females, which was
significant at different prepulse intensities (Figure 2A; treat-
ment effect: Fu,17 = 5.54, P = 0.031 at +5 dB, Fu,, = 4.32,
P =0.053 at +10 dB and Fg,17 = 9.63, P = 0.006 at +15 dB
above background). Most strikingly, after 14 days of chronic
nicotine treatment, sensory motor gating of G72Tg was
indistinguishable from saline-treated WT females (Figure 2B;
treatment effect: F,17 = 4.54, P =0.048 at +5 dB, Fu,17=9.17,
P =0.008 at +10 dB and F,17) = 4.86, P = 0.041 at +15 dB). In
contrast, in WT females nicotine significantly attenuated PPI
at prepulse intensities of +10 dB (F1,15) = 6.03, P = 0.024) after
14 days of treatment. Taken together, these data suggest that
nicotine impairs sensory motor gating in WT, but improves
deficits in G72Tg females.

Effect of chronic nicotine treatment on social
memory in WT and G72T¢ mice

G72Tg animals and WT littermates of both sexes were repeat-
edly habituated to the experimental setup of the comparti-
mentalized encounter test and sociability was analysed after 9
days of chronic treatment with 24 mg kg day' nicotine.
Social interaction was measured as time spent in voluntary
investigation of an object mouse, presented in the cage. Inter-
action time was not significantly different between groups,
indicating that neither G72-expression nor treatment
affected sociability (Figure 3A).

Two or 4 h after the initial conspecific exposure, social
memory was measured as time in voluntary investigation of
the familiar mouse, compared with a second, novel, unfamil-
iar mouse in another cage. Statistical analysis of social
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Chronic nicotine (24 mg kg™' day™") has beneficial effects on PPI in
defective G72Tg, but impairs performance of WT female mice. (A)
PPl of the acoustic startle response was analysed after 6 days of
chronic nicotine (postnatal day 62; n = 10 each group) at prepulse
intensities of +5, +10 and +15 dB above background (65 dB white
noise). (B) Likewise, PPl was analysed after 14 days of treatment
(postnatal day 70; n = 10 each group). *P < 0.05; **P < 0.01.

interaction time revealed a significant interaction of treat-
ment, genotype and object mouse (Fse0) = 4.54, P =0.037 at
2h, Fasesy = 5.17, P = 0.026 at 4 h) and was followed by
further inter- and inner-group comparison. Indeed, after 2 h,
saline-treated WT animals spent twice as much time investi-
gating the novel, rather than the familiar object mouse (F,1s)
= 7.00, P = 0.016; Figure 3B), indicating recognition of the
familiar mouse. In contrast, saline-treated G72Tg mice did
not display any preference at any intertrial period. However,
nicotine increased interaction time with the novel object
mouse (F32 = 3.12, P = 0.087 for treatment x object interac-
tion, Fu6 = 4.83, P = 0.043 for object) in G72Tg mice to a
level of saline-treated WT animals. Most notably, preference
of nicotine-treated G72Tg animals for the novel object mouse
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Figure 3

Chronic nicotine (24 mg-kg™ day™") for 9 days has beneficial effects
on social memory of G72Tg, but not WT mice. (A) Social interaction
with an unfamiliar mouse at 5 min-intervals of a compartimentalized
encounter test was not significantly affected by sex, genotype or
treatment (postnatal day 56, n = 20 each group). (B) Social recog-
nition of the familiar mouse was measured as preference compared
with a second, novel animal after 2 and 4 h intertrials (Nrtcsaine = 9,
n =10 for the other groups). *P < 0.05; **P < 0.01.

was still significant after 4 h intertrials (Fg 36 = 4.28, P = 0.046
for treatment x object interaction, Fg 5 = 4.77, P = 0.042 for
object), when WT mice failed to show social memory.

To determine if G72Tg mice simply responded more to
novelty, we also performed a novel object preference test.
After habituation to two objects in 3 x 6 min sessions, one of
the objects was replaced with a different one and the inter-
action time with the novel object in a 3 min session was
analysed. G72Tg and WT animals made a similar number of
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nose contacts with the novel object (WT: 5.1 £ 1.3, n = 9;
G72Tg: 7.6 £1.9,n=9; Fas =1.19, P=0.293) and showed a
similar nose contact time (WT: 1.8 £ 0.9 s; G72Tg: 2.1 £ 0.5 s;
F1,149=0.13 P=0.720). These data suggest that G72Tg animals
do not have an increased novelty preference. Rather, nicotine
diminishes social memory in WT mice and particularly
improves conspecific recognition in impaired G72Tg animals.

Effect of chronic nicotine treatment on
associative learning in WT and G72Tg mice
An operant conditioning paradigm was used to study asso-
ciative learning of food-restricted G72Tg and WT animals of
both sexes and was initiated after 4 days of chronic treatment
with 24 mg kg™ day™ nicotine or saline. Our control experi-
ments indicated that neither nicotine treatment nor G72-
expression influenced the appetite of mice undergoing
restricted (Supporting Information Table S1) or free access to
food protocols (Supporting Information Table S1), nor did it
impair basal activity (Supporting Information Table S1), or
affect motivation to perform the task (Supporting Informa-
tion Table S1). Food was used to reward sensor activation
when a light cue was presented. In 10 training days, both
saline-treated WT and G72Tg animals progressively increased
the amount of reward feeding per day (Figure 4A), indicating
that both genotypes learned to associate the task with the
reward. In contrast, in WT animals chronically treated with
nicotine, the number of dispensed rewards remained con-
stantly low over the entire training period. Finally, at training
day 10 Kruskal-Wallis statistical analysis, followed by
Dunnett’s-T multiple comparisons revealed reward feeding to
be significantly diminished by nicotine treatment in WT
mice compared with saline WT controls (P < 0.001) and
compared with saline-treated G72Tg mice: (P = 0.004;
Figure 4B). These data indicate that nicotine abolishes estab-
lishment of associative memory in WT animals. In contrast,
G72Tg mice chronically treated with nicotine still showed
moderate learning of the task and achieved approximately

60% reward, which was not significantly different from
control levels. These data suggest that G72-expression pro-
tects against adverse effects of chronic nicotine on associative
learning. It is important to note that basal activity in sensor
activation was not significantly different between groups, as
analysed by the total number of nose-pokes on the first day of
training (Supporting Information Table S1). However, as the
total number of nose-pokes (Supporting Information
Table S1) constantly doubles the amount required for reward
feeding during 10 days of training, these data also suggest
that animals associated the sensor activation task, but not the
cued active phase period, with the reward.

Effect of chronic nicotine treatment on spatial
learning in WT and G72Tg mice

Memory acquisition training in the Morris water maze was
started at day 7 of chronic treatment with 24 mg kg™' day™
nicotine or saline and performed for seven consecutive days.
Saline-treated WT controls progressively decreased escape-
distance to the hidden platform during the initial three to
four training days (Figure 5A), indicating fast spatial learning.
In saline-treated G72Tg animals, the reduction of path-length
was delayed to 5-6 days, indicating deficits in spatial learn-
ing, as others have described (Otte et al., 2011). Surprisingly,
irrespective of genotype, escape-distance to the hidden plat-
form was most prolonged in nicotine-treated animals, but
finally reached control levels at training day 7. Repeated
measures analysis revealed a significant interaction of treat-
ment x genotype x time (F146) = 2.36, P = 0.048), and further
comparison indicated a significant interaction of genotype
and time in saline-treated (Fe 108y = 2.40, P = 0.033), but not
nicotine-treated animals. These data suggest that chronic
nicotine at doses of 24 mg kg’ day' and G72-expression
significantly impair, but does not abolish spatial learning.
Animal velocity significantly decreased over time (Fy 145 =
41.21, P < 0.001), but was not affected by either nicotine
treatment or genotype (Supporting Information Table S1).
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Chronic nicotine (24 mg kg™ day™") has adverse effects on associative learning of WT mice. (A) Associative learning was measured as number of
rewards earned per day after 4 to 14 days of treatment in an operant conditioning fixed-ratio three schedule. (B) Associative memory was
considered established at training day 10 (postnatal day 84; n = 20 each group). **P < 0.01; ***P < 0.001.
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After 14 days of treatment, the hidden platform was
removed and long-term memory was analysed as preference
for the former target quadrant (Figure 5B). Here, univariate
statistical analysis, followed by further comparison revealed
that saline-treated WT (F1,15y = 12.88, P = 0.002), G72Tg (Fq,15)
= 4.51, P = 0.048) and nicotine-treated WT mice (Fus =
12.03, P = 0.003) significantly preferred the target quadrant.
However, in nicotine-treated G72Tg animals, there was no
difference in path-length in any quadrant. Intergroup com-
parison of nicotine-treated mice confirmed the significant
effect of genotype on quadrant preference (Fg,5 = 5.66, P =
0.029). Thus, these data suggest that the combination of
nicotine treatment and G72-expression impairs long-term
memory formation.

Nicotine differentially alters nACh receptor
density in distinct brain regions of WT and
G727Tg mice

Lastly, we determined whether chronic treatment with
24 mg kg! day' of nicotine might also alter nACh receptor
density in brain tissue of G72Tg compared with WT mice. We
used female mice for these experiments, because they showed
a stronger phenotype in the PPI test. Cytisine-sensitive ['*°I]-
epibatidine binding was used to quantify a482*nACh recep-
tor density (Whiteaker etal.,, 2000; Marks etal.,, 2002;
Metaxas et al., 2010; 2012; 2013). Three-way aNovA found a
significant effect of treatment (F 719 = 75.51, P < 0.001) and
interaction of treatment x region (F31,s25) = 1.47, P =0.030) for
signal-density. Two-way ANovA in each brain region followed
by Duncan’s post hoc test revealed treatment within the same
genotype to be significant in several areas. Irrespective of
genotype, 04B2*nACh receptor binding was significantly
up-regulated in many brain regions of nicotine-treated mice
compared with saline controls (Figure 6A, Supporting Infor-
mation Table S1). Increases were observed in the vertical
diagonal band, the hypothalamus and many cortical regions,
comprising the frontal association, prelimbic, primary and

secondary motor, cingulate, somatosensory, piriform, retros-
plenial, visual and auditory cortices. Irrespective of treat-
ment, G72-expression significantly impaired o04p2*nACh
receptor binding in the interpeduncular nucleus only (geno-
type effect: Fi1,7 = 5.20, P = 0.031). While chronic nicotine
treatment significantly increased 04p2*nACh receptor
binding in the olfactory tubercles, medial septum, posterior
and lateral dorsal thalamic nuclei of WT mice, up-regulation
did not reach significance in transgenic animals suggesting a
relatively minor effect of G72-introduction on 04p2*nACh
receptor regulation by nicotine. In other brain regions
expressing 04p2*nACh receptors, binding was not different
between groups (Supporting Information Table S2). For
control, cytisine-resistant and cytisine-sensitive binding was
compared and shown to be equal in the medial habenula and
interpeduncular nucleus, indicating that detection of other
nACh receptor subtypes was restricted to those regions only
(Supporting Information Figure S3B; Whiteaker et al., 2000;
Marks et al., 2002). Non-specific binding was identical to
film background (Supporting Information Figure S3A). These
data suggest that chronic nicotine significantly increased
o4p2*density in many brain regions irrespective of genotype
and that G72-expression might modestly impair up-
regulation in a few specific brain regions.

We used ['**I]-0. — bungarotoxin to label o.7nACh receptors
for receptor autoradiography (Figure 6B), as in brain tissue
this ligand has been shown to specifically bind to this
subtype (Orr-Urtreger et al., 1997). a7nACh receptor density
was not significantly up-regulated by chronic nicotine treat-
ment in individual genotypes. This was expected, as a7nACh
receptors are known to have lower affinity for acetylcholine
and therefore to be more resistant to up-regulation upon
chronic nicotine exposure. However, three-way ANOVA
revealed a significant genotype effect (Fi47s = 33.304, P <
0.001). Two-way aNova for each brain region followed by
Duncan’s post hoc test found significant differences between
WT and G72Tg mice. Irrespective of treatment, G72-
expression significantly increased ['*I]-o. — bungarotoxin
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binding in the dorsal endopiriform (Fu 30 = 5.73, P = 0.023),
ventral medial geniculate (Fu.4 = 4.46, P = 0.045) and the
cornu ammonis region of the hippocampus (Figure 6C; F s
= 4.30, P = 0.048). Moreover, we found 07nACh receptor
density to be up-regulated in the DG (P =0.049, Duncan’s post
hoc test) and ventromedial hypothalamus (VMH; P = 0.026,
Duncan’s post hoc test) of nicotine-treated G72Tg, compared
with nicotine-treated WT mice. This significant up-regulation
was not observed between saline-treated G72Tg and WT
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mice. In contrast, in the cingulate cortex (CgCx); and
basomedial amygdala (BMA) nicotine abolished genotype-
increased ['*I]-o. — bungarotoxin binding, seen in saline-
treated G72Tg mice (genotype x treatment interaction: CgCx;
Fups) = 4.42, P = 0.044 and BMA; F2,) = 6.87, P = 0.015
respectively). In other brain regions expressing a7nACh
receptors, differences in autoradiographic ligand binding
were negligible (Supporting Information Table S2). Non-
specific binding was homogenous across each brain section



(Supporting Information Figure S3C). Taken together, these
data suggest that G72-expression might facilitate increased
0o7nACh receptor density in the cornu ammonis layer of the
hippocampus, the dorsal endopiriform and the ventral
medial geniculate irrespective of nicotine treatment and
facilitates 7nACh receptor activation in the DG and VMH
only following nicotine treatment.

Discussion

The present study demonstrates that chronic nicotine treat-
ment enhanced several cognition-related functions that
were impaired in G72Tg mice, a genetic animal model of
schizophrenia. In contrast, chronic nicotine had detrimental
effects on cognitive performance in WT controls. Interest-
ingly, a7nACh receptors, which have been implicated in
schizophrenia-related cognitive deficits (Levin, 2012), were
differentially regulated in several brain regions of G72Tg mice
either irrespective of nicotine treatment or only after nicotine
treatment. Together, these data show that G72 modulates the
behavioural and molecular effects of chronic nicotine expo-
sure. Our findings support the hypothesis that the intense
smoking behaviour observed in many schizophrenic patients
might reduce specific cognitive impairments. It may therefore
represent a form of self-medication, although the latter was
not directly addressed in the present study by means of nico-
tine self-administration.

In order to investigate the impact of chronic heavy nico-
tine consumption on cognition, we first tested memory per-
formance in mice receiving either 16 or 24 mg kg' day™' of
free-base nicotine for 14 days. We found that the higher dose
completely restored working memory deficits in G72Tg mice,
while impairing performance of WT controls. We then
decided to continue the study with the higher dose only,
because (i) the lower dose did not produce significant effects
and (ii) the plasma nicotine and cotinine levels obtained with
the higher dose was within the range observed in human
smokers (Shin et al., 2002; Massadeh et al., 2009). Nicotine
levels in our study were similar to those reported by others
(AlSharari etal., 2013), but surprisingly, nicotine levels
exceeded cotinine levels in our experiments, although the
half-life of nicotine is typically shorter than that of cotinine
(Florescu et al., 2009) and other rodent studies with lower
doses of nicotine reported that cotinine levels were higher
than nicotine after chronic treatment (Marks et al., 2004;
Doura et al., 2008). This high nicotine level may be the result
of low expression of cytochrome P450 2A6 (CYP2A6), the
main nicotine degrading enzyme. It is known that chronic
nicotine results in a down-regulation of CYP2A6 expression
and, thus low nicotine metabolism, which in some cases can
exceed cotinine levels in heavy smokers (see Massadeh et al.,
2009). Accordingly, 24 mg kg™ day ' nicotine also attenuated
PPI after 6 and 14 days of chronic treatment in defective
G72Tg females at different prepulse intensities. This is in line
with effects of chronic nicotine found in type III neuregulinl
heterozygous female mutant mice (Chen et al., 2008), and
makes a strong case for nicotine to ameliorate deficits in
sensory information processing caused by distinct schizo-
phrenia susceptibility genes. Our focus on female G72Tg mice
reflects the known sex differences that have been described

Nicotine cognitive effects in G72Tg mice

for PPI in rodents (Ison and Allen, 2007). Furthermore,
chronic nicotine treatment completely restored social recog-
nition in impaired G72Tg animals after intertrial periods of
2 h and even 4 h. Taken together, beneficial effects of nico-
tine in female G72Tg mice were found on cognition-related
functions, processing information in a rather short-term
memory range.

These findings are in line with human studies reporting
nicotine as enhancing related cognitive domains in abstinent
schizophrenic smokers. Nicotine patches reversed spatial
working memory impairment associated with haloperidol
therapy in the delayed matching to sample test (Levin et al.,
1996). Likewise, nicotine delivered via nasal spray improved
delayed yes/no-recognition of visuospatial designs (Myers
etal., 2004) and acute smoking re-instatement selectively
enhanced PPI deficits in schizophrenic smokers (George et al.,
2006). Most interestingly, as seen for strain-differences of
rodents, PPl-enhancing nicotine effects were also highly
genotype-dependent in humans, which demonstrates a
strong genetic modulation, indicating the high predictive
validity of animal PPI to model human sensorimotor gating
phenomena. Thus, chronic nicotine in G72Tg mice resem-
bled procognitive effects of acute nicotine administration on
short-term memory processes in abstinent schizophrenic
smokers.

In order to elucidate corresponding molecular mecha-
nisms underlying the beneficial effects of nicotine in G72Tg
mice, we focused on nACh receptor systems and whether
they are differentially altered by nicotine in G72Tg compared
with WT female mice. Although most behavioural tests
showed no sex difference, we focused on females, as nicotine
effects on PPI deficits were more pronounced in females than
males. In the DG and VMH of G72Tg female mice, nicotine
significantly increased 07nACh receptor binding, compared
with nicotine-treated WT mice. In contrast, in the CgCx and
BMA, nicotine treatment normalized the a7nACh receptor
signal, which was elevated in G72Tg compared with WT mice
under saline control conditions.

Indeed, 0.7nACh receptors are very likely to be involved in
the ameliorative effects of nicotine in G72Tg mice. The
o7nACh receptor gene is located in a region of chromosome
15, where linkage studies have found significant association
with schizophrenia (Leonard and Freedman, 2006). Selective
agonists of a7nACh receptors have already been demon-
strated to be effective for pharmacotherapy of schizophrenia
symptoms. For example, the a7nACh receptor agonist
TC-5619 was shown to prevent impairments in PPI and socia-
bility of the th(tk-)/th(tk-) mouse model for schizophrenia
and object recognition in rats (Hauser et al., 2009). TC-5619
is currently in phase II, clinical trials for medication
of schizophrenia symptoms (ClinicalTrials.gov identifier:
NCT01488929). Furthermore, a7nACh receptor expression
was significantly increased in the hippocampus of schizo-
phrenic smokers (Mexal et al., 2010), indicating a possible
target-region for the beneficial effects of nicotine. The hip-
pocampus is well known for its pivotal role in spatial memory
(Bird and Burgess, 2008; Sanderson and Bannerman, 2012)
and lesions of the DG or perforant path subregions were
shown to affect spatial learning, for example, in the modified
Hebb-Williams maze (Lee and Kesner, 2004). Furthermore,
o7nACh receptor signalling in this region is known to have a
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particular effect on cognitive performance (Levin, 2012). As
o7 was shown to be the main nACh receptor subtype in the
hippocampus, and receptor density was highest of all brain
regions (Fabian-Fine et al., 2001), alteration of a7nACh recep-
tor signalling (see Dajas-Bailador and Wonnacott, 2004 for
review) might considerably affect information processing in
this area. In accord with this, we found an increase in
o7nACh receptor density in the DG of chronic nicotine-
treated G72Tg compared with nicotine-exposed WT animals,
which was accompanied by a restoration of short-term
memory impairment in G72Tg mice. Further, the DG has
been demonstrated to express the highest levels of G72 tran-
scripts in the forebrain of transgenic animals (Otte et al.,
2009). The fact that a7nACh receptor density is unaltered in
the DG of saline-treated G72Tg compared with WT mice
suggests that activation of 07nACh receptor signalling in the
DG by endogenous ligands may not be involved in the
impaired basal cognitive state of G72Tg animals. However,
the increase of a.7nACh receptor density in this area follow-
ing chronic nicotine exposure in G72Tg mice could be an
attractive explanation for the beneficial effect of chronic
nicotine on short-term cognitive-related functions in
schizophrenics, although direct causality remains to be
demonstrated.

In contrast to the beneficial effects seen in G72Tg
animals, chronic nicotine impaired working memory, PPI and
social recognition of WT littermates. A focus on brain regions
featuring genotypic differences in nACh receptor densities,
which are also regulated by nicotine, has identified the CgCx
to be involved in error detection, decision-making and learn-
ing tasks (Gehring and Taylor, 2004). It has also been shown
to be involved in schizophrenia pathology, as in subjects with
a high risk of psychotic incidence, the anterior part of the
CgCx featured several structural and neurochemical abnor-
malities (Smieskova et al., 2010). We found that chronic nico-
tine produced an alteration of o7 nACh receptor binding in
the CgCx, which was lower in saline-treated WT compared
with G72Tg mice. As nACh receptors are mainly found on
GABAergic interneurons in cortical regions (Timofeeva and
Levin, 2011), enhanced a7 nACh receptor density might
increase inhibition in the CgCx. The latter in turn might
reduce activity of the CgCx and thereby contribute to cogni-
tive deficits, although direct causality remains to be demon-
strated. Additionally, chronic nicotine produced a genotype-
independent increase of a4B2*nACh receptor density in the
CgCx and many other cortical regions, also known to
contribute to cognitive processing. Accordingly, increased
04pB2*nACh receptor signalling in cortical interneurons
(Timofeeva and Levin, 2011) might also increase inhibitory
tone in those areas.

In our experiments, nicotine-induced impairments of
long-term spatial learning in the Morris water maze, were
independent of genotype. This is in line with findings in
isolated NMRI mice (a strain closely related to CD1), which
also showed impaired learning upon daily s.c. administra-
tions of nicotine before water maze acquisition training
(Moragrega et al., 2003). These data suggest that irrespective
of disease state, chronic nicotine consumption might, in
general, have adverse long-term effects on cognition. The
latter is supported by studies examining associations between
smoking and cognitive decline in a decade-range, for
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example, the Whitehall cohort study (Sabia ef al., 2012). In
this study, smokers in transition from midlife to old age were
shown to experience faster decline in many cognitive func-
tions, compared with non-smokers.

In conclusion, we found chronic nicotine ameliorated the
impairment of short-term cognition-related functions caused
by the G72 susceptibility gene of schizophrenia in mice. We
found G72-expression to significantly affect the density of
a7nACh receptors in specific brain regions, which collec-
tively might contribute to cognitive performance in a
complex interplay. Most interestingly, o7nACh receptor
density was significantly increased in the DG of chronically
nicotine-treated G72Tg versus nicotine-treated WT animals.
This effect was not observed in saline-treated mice. In con-
trast, a general adverse effect of nicotine was found on long-
term spatial learning of both genotypes and cognitive
performance of WT animals. These results suggest that the
beneficial cognitive effect of nicotine in G72-related schizo-
phrenics might be due to increased a.7nACh receptor signal-
ling upon nicotine exposure in the DG subregion of the
hippocampus. Our findings might therefore also recommend
screening of schizophrenic patients for G72 and other sus-
ceptibility genes, (i) in order to regulate smoking behaviour,
and (ii) for the treatment of cognitive deficits with a7nACh
receptor-targeted pharmacotherapy of responders carrying a
particular genetic predisposition.
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Figure S1 Time schedule of behavioural experiments.
Figure $2 Nicotine and cotinine concentrations were ana-
lysed in individual and pooled samples of blood plasma of
G72Tg (n = 8) and WT (n = 10) animals, treated with
24 mg kg day! of free-base nicotine for 14 days. Multivari-
ate statistical analysis according to general linear models
revealed no significant differences. Also shown are the
nicotine/cotinine ratios from individual animals.

Figure S3 (A) 04B2*nACh receptor binding is up-regulated
by chronic nicotine treatment irrespective of genotype.
Computer-enhanced colour autoradiograms of total and
cytisine-resistant binding, following saline or nicotine treat-
ment in WT and G72Tg mice. Coronal brain sections were cut
at the level of the frontal cortex (bregma 1.98), caudate
(bregma 1.10), dorsal hippocampus (bregma —1.46), substan-
tia nigra (bregma -3.40) and the interpeduncular nucleus
(bregma -3.64). Specific 04p2*nACh receptor binding
(fmol-mg™' tissue equivalent) was calculated following
subtraction of (B) cytisine-resistant from (A) total ["*°I]-
epibatidine images. Adjacent sections were incubated with
300 uM  (-)-nicotine hydrogen tartrate to calculate non-
specific binding (NSB), which was indistinguishable from
background. (C) Computer-enhanced autoradiograms of
a7nACh receptor binding, following saline or nicotine treat-
ment in WT and G72Tg mice. Coronal brain sections were cut
at the level of the caudate (bregma 1.10), dorsal (bregma
—-1.46), and ventral hippocampus (bregma -3.64). Total
07nACh receptor binding (fmol-mg™ tissue equivalent) was
determined by incubation with ['*I]-a — bungarotoxin.
Adjacent sections were incubated with 1 mM nicotine
(non-specific binding; NSB).

Table S1 Table for the description of statistics, in order of
their appearance.

Table S2 G72-expression and nicotine treatment did not
significantly alter nACh receptor density. Brain sections were
bound with ['®I]-epibatidine for quantitative o4p2* and
['*I]-0. — bungarotoxin for 07nACh receptor autoradiography.
Ligand binding (fmol-mg™' tissue equivalent) was calculated
from five to nine replicates per group as value £ SEM. AcbC,
nucleus accumbens core; AcbSh, nucleus accumbens shell;
AV, anteroventricular thalamic nuclei; BLA, basolateral amyg-
dale; CA2/3, cornu ammonis region 2 and 3; CPu, caudate
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putamen; DLG, dorsal geniculate nucleus; DM, dorsomedial superior colliculus; M1, primary motor cortex; MHb, medial
hypothalamus; fr, fasiculus retroflexus; Hip, hippocampus; habenual; S, subiculum; SN, substantia nigra; SuG, superficial
InG, intermediategrey layer of the superior colliculus; LH, grey layer of the superior colliculus; VLG, ventral medial
lateral hypothalamus; InG, intermediategrey layer of the geniculate; VTA, ventral tegmental area; ZI, zona incerta.
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