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Abstract: Intermediate filaments (also termed nanofila-
ments) are involved in many cellular functions and play
important roles in cellular responses to stress. The upreg-
ulation of glial fibrillary acidic protein (GFAP) and vimen-
tin (Vim), intermediate filament proteins of astrocytes, is
the hallmark of astrocyte activation and reactive gliosis in
response to injury, ischemia or neurodegeneration. Reac-
tive gliosis is essential for the protective role of astrocytes
at acute stages of neurotrauma or ischemic stroke. How-
ever, GFAP and Vim were also linked to neural plasticity
and regenerative responses in healthy and injured brain.
Mice deficient for GFAP and vimentin (GFAP/-Vim'")
exhibit increased post-traumatic synaptic plasticity and
increased basal and post-traumatic hippocampal neuro-
genesis. Here we assessed the locomotor and exploratory
behavior of GFAP/-Vim~- mice, their learning, memory
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and memory extinction, by using the open field, object
recognition and Morris water maze tests, trace fear condi-
tioning, and by recording reversal learning in IntelliCages.
While the locomotion, exploratory behavior and learning
of GFAP--Vim~'- mice, as assessed by object recognition,
the Morris water maze, and trace fear conditioning tests,
were comparable to wildtype mice, GFAP/-Vim~- mice
showed more pronounced memory extinction when tested
in IntelliCages, a finding compatible with the scenario of
an increased rate of reorganization of the hippocampal
circuitry.

Keywords: astrocytes; hippocampus; hippocampal
neurogenesis; intermediate filaments; nanofilaments;
reactive gliosis.

Introduction

Astrocytes in the central nervous system (CNS) partici-
pate in and control many aspects of CNS plasticity both in
health and disease (Eroglu and Barres, 2010; Pekna et al.,
2012; Pekny and Pekna, 2014; Pekny et al., 2016, 2019;
Stogsdill et al., 2017; Verkhratsky and Nedergaard, 2018).
Some of these functions seem to depend on astrocyte inter-
mediate filament system (Pekny et al., 2014; Pekny and
Pekna, 2016), a part of the cytoskeleton most often viewed
as conferring resilience towards cellular stresses (Pekny
and Lane, 2007). Indeed, mice carrying null mutations in
the GFAP and vimentin genes (GFAP-Vim~- mice) and
consequently having their astrocytes completely devoid of
cytoplasmic intermediate filaments (Eliasson et al., 1999;
Pekny et al., 1999), show reduced ability to handle acute
cellular stress (Wilhelmsson et al., 2004; Nakazawa et al.,
2007; Li et al., 2008; de Pablo et al., 2013). However, the
GFAP--Vim”- mice also exhibit increased synaptic plastic-
ityinthe hippocampus following its partial de-afferentation
by enthorhinal cortex lesions (Wilhelmsson et al., 2004)
and increased basal (Larsson et al., 2004; Wilhelmsson
et al., 2012), post-traumatic (Wilhelmsson et al., 2012) and
post-ischemic (Jarlestedt et al., 2010) neurogenesis. The
GFAP-Vim™- mice also support better long-term integra-
tion of neural grafts (Kinouchi et al., 2003), increased
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neuronal differentiation of neural stem/progenitor cells
grafted in the hippocampus (Widestrand et al., 2007) and
better regeneration of severed optic nerve (Cho et al., 2005).

Adult hippocampal neurogenesis in mice and other
mammals results in the reorganization of the hippocampal
circuitry (Laplagne et al., 2006; Tashiro et al., 2006) and
increased hippocampal neurogenesis was linked both to
better learning and increased forgetting of already acquired
memories (Deng et al., 2010; Sahay et al., 2011; Akers et al.,
2014). Despite many reports on the GFAP-Vim~'- mice and
arange of disease models these were exposed to (Lundkvist
et al., 2004; Wilhelmsson et al., 2004; Nakazawa et al.,
2007; Li et al., 2008; Verardo et al., 2008; Jarlestedt et al.,
2010; Lu et al., 2011; Macauley et al., 2011; Berg et al., 2013;
Kraft et al., 2013; Liu et al., 2014; Kamphuis et al., 2015;
Wunderlich et al., 2015; Laterza et al., 2018), their behavior
including learning and memory has not yet been system-
atically investigated. Here we applied a battery of tests to
evaluate the potential effects of increased hippocampal
neurogenesis in GFAP/-Vim™/- mice on the exploratory
behavior, learning and memory extinction.

Results

GFAP-'-Vim~'- mice exhibit normal locomotor
and exploratory behavior

To assess the locomotor and exploratory behavior, we
used the open field test. GFAP-Vim™/- and wildtype
mice showed comparable speed of locomotion, distance
travelled, activity, rearing, grooming and open space
exploration (Table 1), suggesting normal locomotor and
exploratory behavior.

Table 1: Locomotor and exploratory behavior.

Parameter WT GFAP--Vim -
Average speed (cm/s) 5.34+0.19 5.95+0.26
Total distance travelled (cm) 3203+112 3569+155
Activity (% of total time) 48.2+1.1 50.7+1.4
Number of rearings 34.8+1.62 32.1+1.83
Number of groomings 5.53+0.42 5.87+£0.65
Distance travelled in the center 11.72+1.38 9.56+0.82
zone (% of total distance travelled)

Time spent in the center zone 6.16+0.87 4.62+0.47

(% of total time)

Two-month-old male wildtype (WT; n=15) and GFAP/-Vim~/- (n=15)
mice were assessed in the open field test. Data are presented as

a mean £ SEM; there were no differences between the groups as
assessed by two-tailed t test.
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Normal short- and long-term memory
retrieval of GFAP-'-Vim~/- mice in the
object recognition test

Given the 74% increase in the hippocampal neurogenesis
of GFAP-/-Vim~'- mice (Wilhelmsson et al., 2012) and the
association between neurogenesis and cognitive functions
(Deng et al., 2010; Sahay et al., 2011; Akers et al., 2014), we
subjected the mice to three different learning and memory
tests. To assess declarative memory, we used the object
recognition test, a task based on the natural preference
of mice for exploring novel rather than familiar objects.
During the training session with two identical objects
presented, GFAP/-Vim~'- and wildtype mice showed com-
parable total object exploration time (Figure 1A). When
an object was replaced by a novel one at 6 and 24 h after
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Figure 1: Normal long-term and short-term memory as assessed by
the object recognition test.

The total time of exploration (A) was comparable between
GFAP-'-Vim~'- and wildtype (WT) mice (2 months old) during the
sessions of training and assessments of short-term memory (STM,
6 h) and long-term memory (LTM, 24 h). The discrimination ratio

(B) shows that both groups of mice spent more time exploring the
novel object during STM and LTM sessions compared to the training,
while there were no differences in discrimination ratio between
GFAP-Vim~'- and WT mice in STM and LTM as analyzed by analysis
of variance (ANOVA) followed by the Holm Sidak post hoc test.
n=13-14 mice per group. #*p <0.001; #¥p <0.005; #p < 0.05 for
Training vs. STM and vs. LTM, for individual groups.



DE GRUYTER

training session, both GFAP-Vim~- and wildtype mice
showed exploration preference towards the novel object,
with no differences between the groups (Figure 1B). Thus,
GFAP-Vim~- mice show normal short- and long-term
memory retrieval in the object recognition test.

Normal spatial learning and memory
retrieval of GFAP/-Vim~'- mice
in the Morris water maze test

We assessed spatial learning and memory using the
Morris water maze test in which mice are trained to find
a platform hidden below water surface in a pool. Both
GFAP-Vim - and wildtype mice learned to find the plat-
form over 8 days of training, as shown by the latency to
find the platform and by the total distance swum, with no
difference in learning curves between GFAP/-Vim~- and
wildtype mice (Figure 2A-B). The average speed of swim-
ming was also comparable between groups (Figure 2C). At
day 9 and 15, the memory retention of the platform loca-
tion was assessed in probe trials, in which the platform
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was removed. In both trials, GFAP-Vim~- and wildtype
mice showed comparable performance as assessed by time
spent in platform quadrant, the latency to the first crossing
of platform area, and the number of platform area cross-
ings (Figure 2D). These results point to a normal spatial
learning and memory retrieval of GFAP-Vim~'- mice.

Normal short- and long-term memory
retrieval of GFAP-/-Vim~'- mice in contextual
and trace fear conditioning tests

Fear associated memory is dependent on amygdala and
hippocampal functional circuits (Curzon et al., 2009)
and was assessed by contextual and trace fear condition-
ing tests. GFAP/-Vim”/- and wildtype mice were condi-
tioned to an unpleasant electric impulse associated with
an auditory cue after a time delay of 20 s. The next day,
the natural fear response was assessed by the extent of
freezing behavior in the same conditioned context but
without the unpleasant stimulus or the auditory cue.
GFAP-Vim™- and wildtype mice showed comparable
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Figure 2: Comparable spatial learning and memory retrieval of GFAP-/~

O WT (n=11) @ GFAP~Vim™ (n = 11)

Vim~/- and wildtype mice in the Morris water maze test.

Three-month-old mice were trained and learned to find a hidden platform over 8 consecutive days with no difference between GFAP-/-Vim~/-
and wildtype (WT) mice in the latency (A), the distance swum to locate the platform (B), and the swim speed (C). On day 9 and 15, probe

trials were performed with the platform absent, with GFAP--Vim~/- and

WT mice showing comparable performance as assessed by time

spent in platform quadrant (Time), latency to first platform area crossing (Latency), and number of platform area crossings (Crossings)

(D). The data were analyzed by two-way repeated-measures ANOVA (A—

###p <0.001 for the time factor (A and B).

(C), probe trial data in D by two-tailed ¢ test. n=11 mice per group.
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freezing response, indicating normal fear-associated
memory of GFAP-Vim~~ mice (Figure 3A). Associative
fear memory was also assessed by measuring the freez-
ing response to the conditioned auditory cue in a novel
context 1 day and 2 months after the initial fear condition-
ing. GFAP-Vim~- and wildtype mice showed comparable
initial freezing behavior when placed in the novel context
before the presentation of the auditory cue (Figure 3B, pre
CS), and a comparable increase in the freezing response
after the auditory cue presentation (Figure 3B, CS-pre CS),
both at 1 day and 2 months after the conditioning. This
suggests that GFAP-Vim~'- mice have normal fear-associ-
ated memory and its retention.

GFAP-'-Vim~'- mice show increased memory
extinction of place learning when recorded
in the IntelliCage housing environment

To assess place learning and memory extinction over
days, we used the IntelliCage system, which allows
continuous automated monitoring and data collection
(Karlsson et al., 2011). Groups of mice were housed over
several days in cages in which water is accessed by a
nose poke within chambers in all four corners of the
cage. During the learning trial, the water access was
limited to one of the four corners. After 5 days, the water
access was changed to the opposite corner for additional
5 days to assess reversal learning and the place memory
extinction for the previous drinking corner (Figure 4A).
During the reversal learning and memory extinction
period, GFAP-Vim~'- and wildtype mice showed normal
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learning as assessed by the increasing number of visits
to the new drinking corner over time (Figure 4B, dotted
lines) and comparable place memory extinction as
assessed by reduced number of visits to the previous
drinking corner over time (Figure 4B, continuous lines).
Interestingly, GFAP-Vim~/- mice exhibited a reduced
number of nose pokes per visit in the previous drink-
ing corner compared to wildtype mice, showing that
GFAP-Vim- mice were less persistent in trying to
retrieve water in the previous drinking corner, a para-
meter that serves as a measure of memory extinction
learning (Karlsson et al., 2011; Kalm et al., 2013). These
results indicate that the GFAP-Vim”~ mice exhibit
increased memory extinction.

Discussion

Astrocytes regulate the micro-environment of the adult
neurogenic niche (Song et al., 2002; Lu and Kipnis, 2010;
Pekna et al., 2012; Pekny et al., 2016; Garber et al., 2018)
and the synaptic integration of the newly formed neurons
into existing hippocampal circuits (Tashiro et al., 2006;
Toni et al., 2007) promotes the formation of new memo-
ries (Sahay et al., 2011; Anacker and Hen, 2017). The func-
tional involvement of the newly generated neurons is
suggested to lead to improved behavioral pattern separa-
tion, such as the ability to distinguish between different
contexts or spatial cues, by modulating feedback inhibi-
tory circuits in the hippocampus, so that fewer mature
hippocampal neurons respond to incoming stimuli (Gon-
calves et al., 2016).
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Figure 3: GFAP/-Vim~'- and wildtype mice show comparable associative learning and memory in contextual and cued trace fear

conditioning tests.

Freezing behavior of mice in response to the conditioning context assessed 24 h after conditioning (A), and in response to the conditioned
stimulus (CS) in a new context (B) assessed 24 h and 2 months after conditioning showed no differences between GFAP-Vim~'- and
wildtype (WT) mice. n=12 mice per group. Differences between groups were analyzed by two-tailed t test (A) or (B) two-way repeated-
measures ANOVA followed by the post hoc Dunnett test (pre CS vs. CS; ##p <0.0001) or the Sidak test (WT vs. GFAP-Vim~/-, p>0.05).
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A IntelliCage system experimental set up
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Figure 4: GFAP-/-Vim~'- mice show increased spatial memory
extinction in IntelliCage housing.

Reversal place learning and memory extinction set up with
IntelliCage system (A). Mice with microtransponders were housed
in IntelliCages and habituated for 5 days (Period 1). Next, the water
access after a nose poke was randomly limited to one of the four
cage corners for 5 days (Period 2). For assessment of reversal place
learning and memory extinction, each mouse was assigned a new
drinking corner, and the number of visits and nose pokes in each
corner was recorded for 5 days (Period 3). Wildtype (WT; n=12) and
GFAP--Vim='- mice (n=8) showed comparable drinking behavior
assessed by the number of visits to the new drinking corner (B,
dotted lines), and decreased number of visits to the previous
drinking corner over time (B, continuous lines). The number of nose
pokes per visit in the previous drinking corner was reduced for
GFAP--Vim~'- compared to WT mice (C), indicating that GFAP-/-Vim~/~
mice showed decreased persistence in trying to access water in the
previous correct corner and thus exhibit more efficient extinction
of place memory compared to WT mice. The generalized estimating
equations statistical model was used to determine differences
between groups and for the time factor. ##p <0.001; *p < 0.05 for
time factor (B and C); *p <0.05 for GFAP/~Vim~/- vs. WT (C).
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We report here that GFAP/-Vim~'- mice which exhibit
increased adult hippocampal neurogenesis (Larsson
et al., 2004; Wilhelmsson et al., 2012) showed normal
locomotor and exploratory behavior, which is in contrast
to the previously reported increased locomotion of Vim/-
mice (Colucci-Guyon et al., 1999). GFAP/-Vim/- mice
showed normal motor performance in the open field test
and normal swimming speed in the Morris water maze.
We did not find any alteration in exploratory behavior or
anxiety in GFAP/-Vim™/- mice, as evidenced by normal
exploratory parameters assessed in the open field, or in
the baseline freezing response in the novel context in the
trace fear conditioning test. This supports the contention
of an overall normal baseline behavior of GFAP-Vim~
mice, which is a prerequisite for proper evaluation of their
performance in other tests and in studies assessing func-
tional recovery or disease progression.

We also report that GFAP-/-Vim~'- mice show normal
short- and long-term memory retrieval in the object rec-
ognition test, spatial learning and memory retrieval in
the Morris water maze test, and short- and long-term
memory retrieval in contextual and trace fear condi-
tioning tests. However, the GFAP/-Vim~/- mice show
increased memory extinction of place learning, indicat-
ing faster forgetting.

One possible explanation for the normal learning
and memory retrieval in GFAP”/-Vim”- mice, despite
their increased hippocampal neurogenesis, could be that
the tasks performed were not challenging enough with
regards to requirements on pattern separation ability.
Given that synaptic function is also critical for hippocam-
pus-dependent cognitive functions (Dragoi et al., 2003;
Nakazawa et al., 2003; Deng et al., 2010), altered synap-
tic plasticity and neurotransmission may present another
explanation for the very subtle effect of GFAP/-Vim'-
astrocytes on cognition. Notably, mice with reduced
neurogenesis may exhibit enhanced place and reversal
learning due to higher synaptic density (Perez-Alcazar
et al., 2014; Shi et al., 2015). In addition, memory and
forgetting processes are regulated at the level of NMDAR
composition (Ge et al., 2019).

Recent studies show that astrocyte signaling on the
synaptic as well as network level is linked to cognitive per-
formance. For example, normal long-term memory forma-
tion is dependent on L-lactate shuttling from astrocytes to
neurons (Suzuki et al., 2011), and mice with suppressed
astrocyte exocytosis show impaired performance in the
object recognition test (Lee et al., 2014). Indeed, astrocytes
may contribute to normal cognitive function in several
ways; through theregulation ofneurogenesis (Wilhelmsson
et al., 2012; Pekny and Pekna, 2016; Wilhelmsson et al.,
2019) and the integration of new hippocampal neurons
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(Toni et al., 2007), and by affecting signal transmission,
circuit formation, synaptic density and function (Santello
et al., 2019). In support of this notion, astrocytes regulate
synaptogenesis (Christopherson et al., 2005; Liauw et al.,
2008; Eroglu et al., 2009; Kucukdereli et al., 2011; Stogs-
dill et al., 2017), synapse maturation (Allen et al., 2012) as
well as synapse elimination (Chung et al., 2013). In addi-
tion, the release of D-serine by hippocampal astrocytes is
required for NMDAR-dependent long-term potentiation
(Henneberger et al., 2010), and supports the integration
of new neurons into the hippocampal circuits (Sultan
et al., 2015). Although increased levels of D-serine in mice
did not affect the initial learning and memory retrieval
in the Morris water maze task, they were associated with
better reversal learning and faster memory extinction
(Labrie et al., 2009). Similarly, our data support the con-
tention that learning and memory duration are normal in
GFAP/-Vim™'- mice, but memory extinction is increased.
Whereas synaptic density does not appear to be altered
in GFAP”/-Vim™'- mice (Wilhelmsson et al., 2004), D-serine
secretion by astrocytes in the hippocampus of these mice
and the role of astrocytes in the developmental changes in
the composition of NMDARSs remain to be elucidated.

Interestingly, several studies indicate that the per-
formance in spatial learning tasks is not impaired in
mice in the absence of neurogenesis, but the same mice
show impairment in reversal learning tasks (Kalm et al.,
2013; Swan et al., 2014), suggesting that the newly born
neurons might rather be involved in cognitive flexibil-
ity than spatial learning per se. This would fit with the
model in which neurogenesis facilitates cognitive flex-
ibility by allowing the formation of new distinct memory
traces (Burghardt et al., 2012; Garthe et al., 2016; Anacker
and Hen, 2017). Neurogenesis-mediated inhibition of
hippocampal neurons may enable reversal learning by
reducing memory interference through the extinction of
previously learned associations (Epp et al., 2016). In this
scenario, our data showing that GFAP-/-Vim~'- mice more
readily forget previously acquired memories would be in
line with the increased rate of hippocampal neurogenesis
seen both in the adult and old GFAP/-Vim~'- mice (Larsson
et al., 2004; Wilhelmsson et al., 2012).

Materials and methods
Mice

Male mice 2-3 months old carrying a null mutation in GFAP (Pekny
etal., 1995) and Vim (Colucci-Guyon et al., 1994) genes and wild-type
control mice on the same genetic background (C57BL/6-129Sv-12901a)
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were used for all the experiments and were housed in a barrier facil-
ity with a 12 h light/dark cycle with free access of food and water.
A single colony of mice was used for all the experiments, heterozy-
gotes were used for backcrosses, and the experimental groups were
generated from littermates or within the next two generations. Exper-
iments were conducted according to protocols approved by the Goth-
enburg Ethics Committee.

Open-field test

The activity of mice on the first day of habituation to the object recog-
nition test arena was recorded as an open-field task to study locomo-
tor and exploratory behavior as previously described (Wilhelmsson
et al., 2019). A mouse was placed in the open-field and allowed to
explore for 10 min and recorded. The Viewer video tracking system
(Biobserve, Bonn, Germany) was used for the analysis.

Object recognition test

The object recognition test is used to assess declarative memory and
is based on the preference of mice to spend more time with a novel
object than a familiar one (Winters et al., 2008; Engelmann et al.,
2011). The test was performed as previously described (Bevins and
Besheer, 2006; Wilhelmsson et al., 2019). On each of 3 consecutive
days, mice were habituated to the room for 60 min, then to the empty
arena for 10 min. During the familiarization session, two identical
objects (A and B) were placed 5 cm from the walls. Six hours later,
short-term memory (STM) was assessed by replacing object B with
a novel object C. Long-term memory (LTM) was assessed 24 h after
by replacing the object C with a novel object D. Mice were allowed to
explore the objects for 10 min per session and then returned to their
cages. Exploration was defined as directing the nose to the object at
a distance <2 cm or touching the object with the nose or forepaws.
Mice that showed unequal exploration of the two identical objects, or
failed to explore each object for at least 20 s during the familiarization
session were excluded. Sessions were recorded and analyzed with a
video tracking system (Viewer, Biobserve). Results are expressed as a
discrimination ratio, calculated as the time spent exploring the novel
object divided by the sum of the time spent exploring the novel and
familiar object.

Morris water maze task

The Morris water maze task was done similarly as previously described
(Dupret et al., 2008). The circular water maze had a diameter of 100 cm
and a platform with a diameter of 10 cm was submerged 1 cm below the
water surface in one of the quadrants. Temperature was constant at
18°C. The mice were trained for eight consecutive days with 5 daily tri-
als (with 20 s rest between trials) starting from different positions, until
they were able to find the platform within approximately 10-20 s. On
the probe trial days 9 and 15, respectively, the platform was removed
and all mice performed a single trial of 60 s. The latency to the first
platform area crossing, the number of crossings and the time spent in
the platform quadrant were recorded using a video-tracking system
(2020 Plus tracking system, HVS Image, Hampton, UK).
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Contextual and cued trace fear conditioning tests

Mice were tested for amygdala- and hippocampus-dependent asso-
ciative cognition by contextual and cued trace fear conditioning as
described (Curzon et al., 2009). The mice are trained to associate an
aversive unconditioned stimulus (US; unpleasant electric impulses)
with the conditioned stimulus (CS; the context or a cue). In trace fear
conditioning, the CS and US are separated by stimulus-free “trace”
interval. After training, the natural fear response (freezing of body
movements) to the context or cue is measured.

Mice were habituated to the Automatic Reflex Conditioner (Ugo
Basile, Gemonio, Italy), a rectangular plexiglass chamber with a
metal grid floor in a sound-attenuating box to which a digital cam-
era is attached to record the sessions. The mice were acclimatized
to the testing room for 1 h, placed in the conditioning chamber, and
allowed to explore it for 10 min. The next day, mice were placed in the
same chamber and subjected to the conditioning cue (a 70 dB, 670 Hz
tone) for 20 s, followed by a trace period of 18 s and a foot shock
(0.5 mA, 2 s). This sequence was delivered 8 times at 60 s intervals.
The mice were returned to their home cages, and the chamber was
cleaned with 50% ethanol.

Contextual and cued fear responses were assessed 24 h after the
conditioning session. During the contextual test, mice were placed in
the conditioning chamber, their freezing behavior was recorded for
3 min, and the mice were returned to their home-cages for 1-3 h. The
cued fear response was then assessed by placing the mice in a novel
context with different properties (a plastic cylinder with striped walls
and plastic floor, and novel odor of vanilla extract). After 3 min of
exploration (pre-CS), the auditory cue was presented 4 times for 20 s
at 60 s intervals (CS), and fear responses were recorded. The cued
fear response was assessed again 2 months later in another novel
context. Freezing behavior was defined as the absence of all body
movements except those associated with respiration and were scored
manually every 5th second throughout the contextual and cue tests.
Freezing time was calculated as the percent of total time scored.

Place memory extinction in the IntelliCage test

Mice were tested for hippocampal-dependent reversal place learning
and memory extinction using the IntelliCages (New Behavior, Zurich,
Switzerland), a system for unbiased monitoring of mouse behavior
in a home cage setting (Galsworthy et al., 2005; Karlsson et al., 2011).
Two weeks prior to testing, mice were anesthetized with isoflurane
(Abbott Laboratories, North Chicago, IL, USA) and implanted subcu-
taneously with microtransponders (DATAMARS, PetLink, Lamone,
Switzerland) to allow individual animal identification in the Intel-
liCages. Mice were housed in the IntelliCages in groups of up to five
animals per cage. The GFAP/-Vim /- (n=8) and WT (n=12) mice had
a habituation period of 5 days in the IntelliCages during which the
animals were acclimatized to performing nose pokes to gain access to
the water bottles in all the four corners of the cage. During the 3 first
days of the habituation period, all doors were open. During the last
2 days of the habituation the doors were closed, hence the mice had
to practice doing a nose poke to open the door to access water. This
was followed by a place learning period for which each animal was
randomized to one drinking corner (the most visited corner during
the habituation was excluded), in which a nose poke activates the
door giving the mouse access to two water bottles. In the incorrect
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corners, the doors to the water bottles did not open in response to
nose pokes. After 5 days, the animals were randomized to a new cor-
ner for the reversal learning and the number of visits and nose pokes
for each corner were recorded. Animals were observed daily to ensure
that the system registered drinking and visits. Food was provided ad
libitum during the experiments in the IntelliCage and plastic houses
were provided as shelters. Data from the IntelliCages were analyzed
using the IntelliCage software (IntelliCage Plus, 2.4, New Behavior
AG, Zurich, Switzerland) and SPSS 23.0 (SPSS, Chicago, IL, USA).
Only the active (dark) period (16.00-08.00) was analyzed, visits
not leading to a nose poke or visits lasting longer than 180 s were
excluded from the analysis.

Statistical analysis

Statistical analyses were done with Microsoft Excel, SPSS 23.0 or
GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, CA, USA).
Differences were considered significant at p <0.05. Values are pre-
sented as mean *standard error of the mean (SEM). Generalized esti-
mating equations (GEE) in SPSS software were used to analyze the
different variables measured in the IntelliCage system; this method
has previously been described (Karlsson et al., 2011).
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