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Abstract

A recent study reported lower anxiety in the 5xFAD transgenic mouse model of Alzheimer's
disease, as measured by reduced time on the open arms of an elevated plus maze. This is important
because all behaviors in experimental animals must be interpreted in light of basal anxiety and
response to novel environments. We conducted a comprehensive anxiety battery in the 5XFAD
transgenics and replicated the plus-maze phenotype. However, we found that it did not reflect
reduced anxiety, but rather abnormal avoidance of the closed arms on the part of transgenics and
within-session habituation to the closed arms on the part of wild-type controls. We noticed that the
5xFAD transgenics did not engage in the whisker-barbering behavior typical of mice of this
background strain. This is suggestive of abnormal social behavior, and we suspected it might be
related to their avoidance of the closed arms on the plus maze. Indeed, transgenic mice exhibited
excessive home-cage social behavior and impaired social recognition, and did not permit
barbering by wild-type mice when pair-housed. When their whiskers were snipped the 5xFAD
transgenics no longer avoided the closed arms on the plus maze. Examination of parvalbumin

(PV) staining showed a 28.9% reduction in PV+ inhibitory interneurons in the in barrel fields of
5xFAD mice, and loss of PV+ fibers in layers IV and V. This loss of vibrissal inhibition suggests a
putatively aversive overstimulation that may be responsible for the transgenics’ avoidance of the
closed arms in the plus maze.
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Introduction

Methods

Subjects

Alzheimer’s disease is the leading cause of dementia, characterized by progressive cognitive
deterioration and changes in personality and social behaviors. Pathognomonic features of
Alzheimer’s disease include aggregation of amyloid-f (AB) into neuritic plaques,
intracellular accumulations of hyperphosphorylated tau known as neurofibrillary tangles,
and widespread neurodegeneration. The inability to recapitulate cortical and hippocampal
neurodegeneration, arguably the most important pathological feature of Alzheimer’s disease,
is a major drawback of most mouse models. Like other transgenic lines that overexpress
amyloid precursor protein (APP), the 5XFAD transgenic mouse exhibits age-related
cognitive decline and development of plaques and plaque-associated pathology. However,
unlike other APP-overexpressing lines, the 5xFAD transgenics also exhibit robust age-
related neuronal loss in the subiculum, cortical layer V, and the medial septum/vertical limb
of the diagonal band (Devi & Ohno, 2010; Eimer & Vassar, 2013; Jawhar et al., 2012;
Joyashiki et al., 2011; Moon et al., 2012; Oakley et al., 2006; Ohno et al., 2007). This
makes them a valuable line in which to assess novel therapeutics that attempt to prevent
ongoing neurodegeneration.

Jawhar et al. (2012) recently reported an age-related anxiolytic phenotype in 5XxFAD
transgenics, measured by increased time on open arms in the elevated plus maze. However,
the transgenics in that study spent only 10% of the time in the closed arms at the most
advanced age, suggesting abnormal behavior not necessarily related to anxiety. In the plus
maze, most mice will spend 70-80% of the time in closed arms, and as anxiety decreases the
ratio will approach 50% (Brigman et al., 2009; Griebel et al., 2000; Wahlsten et al., 2003).
This suggests that transgenic mice were actively avoiding the closed arms in that study, as if
entering them was aversive. Understanding the influence of stress on experimental subjects
is important for the assessment of cognition, particularly for unitary tasks in which memory
or memory impairment is inferred from movement or lack of movement as opposed to
choice (Harrison et al., 2009b; Mcdonald & Overmier, 1998).

To examine these issues we conducted a more comprehensive assessment of anxiety and
novelty-induced stress. In doing this we discovered that the transgenic mice failed to barber
the whiskers of their cage-mates, a normal behavior for many strains of group-housed mice.
In the past we have seen this associated with altered social behavior (Lijam et al., 1997), and
we expected that it may also be related to the transgenics’ avoidance of the closed arms on
the plus maze. We report here abnormal social behavior and social recognition in the 5xFAD
transgenics, but normal anxiety. Instead, the plus-maze and barbering phenotypes may be
attributable to the loss of tonic inhibition in layer IV barrel cortex.

Mice were male and female 5xFAD transgenic (#006554, Jackson Labs) generated on a
B6SJLF1 background (line Tg6799; Oakley et al., 2006). Mice were bred in-house with
periodic back-crossing to B6SJLF1/J wild-type stock from Jackson Labs (#100012). The
wild-type and 5xFAD lines carry the recessive mutant Pde6b™! and Dysfi™ (dysferlin)
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alleles, which cause retinal degeneration and spontaneous peripheral myopathy,
respectively. All mice were genotyped for both mutant alleles and any mouse homozygous
for either of these mutations were excluded from the study. Most of the studies were
conducted in mice 9 months of age at the start of testing and sacrificed at 14 months of age.
Mice used for parvalbumin stereology were sacrificed at 12 months of age. The 5XxFAD
human transgenes harbor two point mutations in presenilin 1 (PSEN1; M146L & L286V),
and the Florida (1716V), London (V7171), and Swedish (KM670/671NL) mutations in APP.
They have detectable A as early as 6 weeks of age, largely intraneuronal, with robust
accumulation restricted to the subiculum and cortical layer V by 3 months (Fig. 1a-h).
Interestingly, the APP levels in these two brain areas are no higher than in surrounding
cortical and hippocampal regions (Oakley et al., 2006). Figure 1 shows representative
images from our lab, but the Af accumulation and neuronal loss in the 5xFAD transgenics
has been documented numerous times in the literature (Crowe & Ellis-Davies, 2013; Eimer
& Vassar, 2013; Jawhar et al., 2012; Oakley et al., 2006; Ohno et al., 2007) and significant
neurodegeneration has been reported as early as 2 months of age (Moon et al., 2012).
Oakley et al. showed that at 2-3 months the intraneuronal staining was almost exclusively
AP42. Mice were housed by genotype, 2-5 per cage in tub cages under standard conditions
in an AALAC-approved vivarium. All mice were produced by mating a 5XFAD sire with a
wild-type dam, and genotyped using PCR for both APP and PSENL1 transgenes. All 5XFAD
transgenics described herein were hemizygous for both mutant transgenes. Mice had free
access to food and water for the duration of the study. All experiments were conducted in
the light cycle and approved by the Institutional Animal Care and Use Committee.

Mice were trained on a battery of behavioral tests to measure anxiety and memory from 9 to
11 months of age. The elevated plus maze, large open field, and light-dark tests of anxiety
were conducted first, followed by the first two sessions of the savings test, the water maze,
and finally the last two savings sessions. Assessments of home-cage social behavior and
dominance followed cognitive testing. Finally, an additional plus-maze session was given
after whiskers were cut in some mice at 14 months of age, and included an additional cohort
of age-matched mice with whiskers. All tasks except social cognition were conducted in the
same order for all mice. Social recognition was conducted in a separate cohort of
experimentally-naive 12-month-old mice.

Sensorimotor—Locomotor activity was assessed as part of the savings test of contextual
memory. Mice were placed in commercially-available activity monitors (MED-Associates,
Inc., Georgia, VT) for a 10-min. session, as previously described (Dhanushkodi et al., 2013;
Harrison et al., 2008, 2009a, 2010; Siesser et al., 2005; Siesser et al., 2006). The activity
monitors measured 27 x 27 cm, with 16 infrared photocell beams equally spaced in the x
and y axes of the horizontal plane, 1 cm from the floor of the monitor. An additional vector
of 16 photobeams was situated 5 cm above the floor to track rearing.

Anxiety—Three commonly-used anxiety tests were conducted as previously described
(Bernardo et al., 2009; Dhanushkodi & McDonald, 2011; Flanigan & Cook, 2011; Harrison
et al., 2009b, 2009c, 2010; Reiserer et al., 2007). All three tests were conducted in the same
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room, under fluorescent lighting that provided illumination of 750-900 lux at the maze
surfaces. Data from all tasks were collected using macros written for the public domain
software NIH Image (Harrison et al., 2009b; Miyakawa et al., 2001). The elevated plus
maze comprised four arms, 30 cm long x 6 cm wide, elevated 40 cm off the floor. The two
“closed” arms had clear acrylic walls 15 cm high. The other two arms were “open” (without
walls), but had 1-mm ridges along the edge to help prevent falling. Mice were placed gently
in the central area (8 x 8 cm) at the intersection of the four arms at the beginning of the 5-
min. session. An image was taken every 0.5 sec., and classified as being in open or closed
arms or in the central area. The primary measure of anxiety in this task is time on closed
arms as a percentage total time on arms, i.e., excluding time on the central area (Fernandes
& File, 1996; File, 2001; Harrison et al., 2009b). Videos were also analyzed for risk-
assessment behaviors such as stretch-attend postures and head-dipping, both inversely
related to anxiety. A stretch-attend posture was scored when the mouse stretched from the
central area onto an open arm of the maze, keeping its hind paws in the central area. Each
stretch-attend event was classified as either "open" or “center" depending on whether the
mouse subsequently entered the open arm or retreated back into the center. Head-dipping
occurred when a mouse looked over the edge of an open arm with its entire head outside of
and below the surface of the maze. Risk-assessment behaviors were analyzed as events per
minute on the open arms, to control for significant genotype differences in the amount of
time spent on open arms.

The large open field comprised a round, white tub formed from a single piece of low-density
polyethylene, 92 cm in diameter with 47-cm high walls. Mice were placed in the periphery
of the tub, facing the wall, and allowed to explore freely for 5 min. The field was initially
divided by the software into three virtual zones of approximately equal area: an 8.4-cm-wide
periphery (2,206.2 cm?), a central zone of 53.2-cm diam. (2,222.9 cm?), and an intermediate
zone that comprised a 57.0-cm-wide annulus (2,218.6 cm?) between the periphery and the
central zone (Dhanushkodi & Mcdonald, 2011). The activity and time spent in each zone
was recorded, as well as latency to leave the periphery and enter the central area.

The light/dark test assessed the tendency of mice to explore a novel, lighted area when a
dark area is available (Bazalakova et al., 2007; Bernardo et al., 2009; Dhanushkodi &
Mcdonald, 2011; Harrison et al., 2009b). The apparatus was an acrylic box 30 cm wide x 40
cm deep x 30 cm high, divided into light and dark compartments 20 cm deep. Mice were
placed in the dark compartment from a hinged lid at the top, which was connected to the
lighted compartment by a small hole. The latency to emerge into the light and time spent in
each compartment were measured.

Cognition—Three cognitive tests were used to help us understand the potential interaction
of anxiety and cognition: savings, water maze, and social recognition. Savings is the
tendency to learn something more quickly a second time (Ebbinghaus, 1885). For mice, the
savings test takes advantage of a mouse's tendency to habituate over time in an environment.
We have shown in three papers that APP/PSENL1 transgenic mice are impaired on a
contextual savings task (Harrison et al., 2009a; Harrison et al., 2010; Harrison et al., 2008).
In the present study, mice were placed in commercially-available activity monitors (MED
Associates) for four 10-min. sessions. The first two sessions were 24 hours apart, and the
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last 2 were 24 hours apart 6 weeks later, each time in the same activity monitor. The mouse
was left undisturbed in its home cage for the 24 hours between first two and last two
sessions. Savings is calculated as the difference in activity between sessions 3 and 1 divided
by the difference in activity between sessions 2 and 1.

Spatial learning and memory were assessed in a water maze, 118 cm in diameter, as
previously described (Bernardo et al., 2009; Bernardo et al., 2007; Dhanushkodi &
Mcdonald, 2011; Ding et al., 2008). The water ranged from 22.5-23.0° C and was made
opaque using non-toxic white tempera paint. A clear acrylic platform 10 cm in diameter was
submerged 0.5 cm below the surface of the water. Water maze testing was conducted in four
phases: channel training, cued-platform, hidden-platform, and probe. Channel training
involved four trials on each of two days in which mice were placed in one side of a channel
within the pool and trained to swim straight to the platform on the other side. The channel
consisted of pair of acrylic walls that spanned the diameter of the pool, with a platform on
one side adjacent to the wall. The platform was 0.5 cm below the surface of the water and
the channel walls were 15 cm apart. Mice were placed in one end and were given 60 s to
reach the platform on the other side. The purpose of the channel training was to acclimate
the mice to the water environment and training regimen involving four trials and an escape
platform, as well as to measure their swim speed while swimming straight. Swim speed is
typically measured during acquisition or probe trials, during which mice may have short
latencies or be turning repeatedly in search of the platform. With short-latency trials mice do
not reach full speed; similarly, when turning mice typically slow down. Thus these measures
may not be the most accurate measure of the mouse’s swim speed. In channel training as
well as all other phases, mice were placed gently in the water at the edge of the pool, facing
the wall, to begin each trial. Swim speed during channel training was taken from the last
three trials on the second day of training, in a 67-cm stretch of straight swimming beginning
34 cm from the starting point and ending 7 cm from the proximal edge of the platform.

Two daily sessions of cued-platform training were conducted after channel training. Four
trials per session were conducted in spaced fashion, i.e., each mouse received its first trial
before the first mouse received its second trial. In this phase, the platform was marked by a
black acrylic ball 30 cm above the platform, atop a 0.5-cm diameter vinyl pole arising from
the center of the platform. The platform and starting locations varied randomly across trials,
with four possible platform locations in equivalent locations in the center of each of four
virtual quadrants in the pool. Data were captured and analyzed using NIH Image macros
specially-written for water maze (Harrison et al., 2009b; Miyakawa et al., 2001). Swim
paths were recorded and swim distances, escape latencies, and search error were calculated
from the recordings. Swim speed and the amount of time spent in the periphery (8 cm) of the
pool were also recorded.

At the end of cued-platform training, hidden-platform reference-memory training was
conducted as previously described (Bernardo et al., 2007, 2009; Dhanushkodi & McDonald,
2011; Harrison et al., 2008, 2009a, 2009b, 2009¢, 2010). In this task, mice were trained to
find the hidden platform using the visuospatial extra-maze room cues, with four massed
trials per day for 11 days and a 20-sec. inter-trial interval (ITI). The platform location did
not change during the course of training, but the starting location varied randomly from trial
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to trial. Mice not finding the platform within 60 s were placed gently on the platform for the
duration of the ITI.

A probe trial to assess memory was conducted 24 hours after the last hidden-platform
session, in which the platform was removed and mice were allowed to swim freely for 60 s.
Swim paths were recorded and used to calculate the amount of time spent in a 40-cm diam.
zone centered on the former platform location and equivalent positions in each of the other
three quadrants. Platform crossings and time spent in the 40-cm target zone were used as
primary measures of spatial memory. The 40-cm zone, centered in the target quadrant, is a
more precise measure of spatial memory than total time in the target quadrant for several
reasons. First, the area is less than half that of the quadrant as a whole. Second, the circular
zone reaches nearly to the radii defining the sides of the quadrant but excludes the periphery;
thus adventitious peripheral swimming is not counted toward a good memory score. Finally,
with a quadrant analysis in a pool this size greater accuracy is not always associated with
quadrant location. For example, in a 118-cm-diam. pool a mouse might be as far as 41 cm
from the platform but still inside the target quadrant, and as near as 22 cm from the platform
but in a neighboring quadrant.

Social recognition

Five 2-min. social recognition sessions were conducted for each mouse. In each session, a
juvenile mouse, 30-35 days old, was placed in a clean tub cage with the adult 5xFAD or
wild-type mouse. The sessions were video-recorded and scored for interaction. The same
juvenile mouse was used for the initial test and recognition tests at 90 min. and 24 h.
following the initial test. Immediately after each recognition test, a novel juvenile mouse
was placed in the cage for 2 min. The social recognition scores were calculated as the ratio
of time spent exploring a juvenile on re-exposure divided by the initial exposure, i.e.,
recognition/initial*100. A discrimination ratio was also calculated to determine whether
mice spent more time exploring the novel juvenile. Mice spending equal time exploring both
juveniles (poor memory) received a score of 100; greater exploration of the novel juvenile
resulted in scores greater than 100.

Home-cage and social behaviors

As part of our normal colony management, we check for wounds, missing fur, whisker
status, etc., in all mice. Male and female mice of many strains bite or “barber” each others’
whiskers, as well as the fur surrounding the whiskers. Typically, it’s the dominant mouse
who barbers the whiskers of the other mice in the cage, and it is not uncommon to see mice
in the colony without whiskers. All mice were housed by genotype, and we noticed that the
5xFAD mice did not engage in the home-cage whisker-barbering behaviors normally
exhibited by mice of this background strain. Only one wild-type mouse in each cage had
vibrissae, whereas all 5xFAD transgenics had a full complement. In the past we discovered
that lack of barbering was associated with deficient social behavior (Lijam et al., 1997).
Thus, after water-maze testing the home cage behaviors were recorded for a duration of 4
hours, and social interactions scored. Dominance was measured using a two-mouse tube test,
as previously described (Lijam et al., 1997). Each 5xFAD transgenic was tested against
eight wild-type mice of the same gender—two with full whiskers and six without whiskers.
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Mice were placed simultaneously at the ends of a darkened tube, 30 cm long x 2.5 ¢cm in
diameter, and tails gently pulled to encourage entry. After meeting in the middle of the tube,
the mouse that backed out was deemed submissive. Following the dominance test, the cage
compositions were re-arranged for many of the mice, such that one wild-type mouse without
whiskers was paired in a cage with one 5XFAD transgenic with a full set of whiskers. After
two weeks together the mice were re-examined for whisker status. At 14 months of age,
whiskers were cut to <1 mm in length, and mice were re-assessed on the elevated plus maze.
A cohort of experimentally-naive mice of the same age, five of each genotype and all with a
full set of whiskers, was assessed on the plus maze at the same time.

Histology and immunohistochemistry

Mice were perfused transcardially under brief isoflurane anesthesia, first with ice cold saline
and then with 4% paraformaldehyde for 30 min. Brains were removed and fixed overnight in
the same fixative, and 40-um coronal sections were taken through the rostral-caudal extent
of the hippocampus for histological analysis. Sections were stained with mouse anti-NeuN
(MAB 377, 1:1000, Millipore) to illustrate neuronal loss or 4G8 mouse antibody targeting
human and mouse Ap and APP (S1G-39220, 1:500, Signet Laboratories), followed by a
horse anti-mouse biotinylated secondary antibody treated with avidin-biotin complex
(Vectastain Elite ABC kit, Vector Labs) and visualized using diaminobenzidine. Images
were captured using a Nikon Microphot FX microscope. To visualize GABAergic
interneurons in the somatosensory cortex, sections were stained with 4',6-diamidino-2-
phenylindole (DAPI; D1306, Invitrogen) and/or a rabbit anti-rat antibody targeting
parvalbumin (PV-25, 1:5000, Swant). Sections were visualized using 3,3'-diaminobenzidine
(DAB) for stereology or an Alexa Fluor 594 donkey anti-rabbit 19G (A21207, 1:200,
Invitrogen Molecular Probes) for imaging with a BioRad MRC 1024 confocal microscope.

Unbiased stereology—Stereological quantification of DAB-stained PV-positive neurons
were conducted in three mice of each genotype as previously described (Dhanushkodi et al.,
2013) using Stereo Investigator software (MicroBrightField). Sections were counter-stained
with methylene blue to better identify barrels. For each mouse, PV+ neurons were counted
in layer 1V barrels and barrel-associated layer V of the left hemisphere of one-eighth of the
cortical sections (10-11 sections per mouse), starting with a random section for each mouse.
The contour of layer V was first delineated using Stereo Investigator's anatomical mapping
tool at low power. PV+ cell bodies were then counted in frames of 25 x 25 um in each of the
selected sections, generated using Stereo Investigator's random sampling grid. The frames
were selected using the systematic random sampling scheme, which provides an unbiased
and efficient sampling technique. In every counting-frame location, the top of the section
was identified, after which the plane of the focus was moved 4 pm deeper through the
section (guard zone) to prevent counting inaccuracies due to uneven section surfaces. The
resulting focal plane served as the first point of the counting process. All PV-positive cells
that came into focus in the next 8-pm segment (dissector height) were counted if they were
entirely within the counting frame or touching the upper or right side of the counting frame.
One wild-type mouse was excluded because the identified region of interest only included
48 sampling frames and generated an unacceptably high Gunderson coefficient of error. For
the remaining mice 623-1153 counting frames per mouse were sampled in layer V and 433—
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761 counting frames per mouse from 29 (wild-type) and 30 (5xFAD) barrels were sampled
inin layer IV.

Statistical analyses

Results

Most behavioral data were analyzed using factorial analyses of variance (ANOVA) or
repeated-measures ANOVA (RMANOVA), with genotype as a between-subjects factor,
followed when appropriate by orthogonal t-tests. Conceptually-similar measures were
analyzed together using multivariate ANOVA (MANOVA) fitted to a sum matrix. Time-
series data were analyzed using hierarchical linear modeling, with time as a balanced
continuous repeated measure and subject as a random nominal factor nested within
genotype. Dominance scores were analyzed using single-sample t-tests against chance
(50%). Test statistics for skewness and kurtosis were calculated as skewness and excess
kurtosis divided by their respective standard errors (Cramer, 1997). To protect against
spurious Type 1 errors, follow-up analyses were conducted only after a significant omnibus
effect, except with comparisons having specific a priori hypotheses. All comparisons were
two-tailed with a set at 0.05.

Mice of both genotypes learned to swim quickly to the platform during channel training;
swim speeds did not differ between groups [data not shown; F(1,31) = 2.2; p = .149;
Genotype x Session F(1,31) = 0.7, p = .393]. In addition, both groups learned to find the
cued platform equally well [Fig. 2a; genotype F(1,31) = 0.3; p = .587; Genotype x Session
F(1,31) = 1.5, p =.234]. In contrast, the 5XFAD transgenics had significantly longer path
lengths when swimming to the hidden platform [F(1,30) = 19.7, p < .0001]. Swim speeds
did not differ by genotype during acquisition of the hidden-platform task [F(1,30) = 1.4, p
=.245], but 5XFAD transgenics spent significantly more time swimming in the periphery
[F(1,30) = 9.1, p =.0051]. Peripheral swimming is often observed during initial sessions and
may be indicative of anxiety, thigmotaxis, or an inability to make spatial associations, e.g.,
after hippocampal lesions (Bernardo et al., 2007; Clark et al., 2007; Inostroza et al., 2011;
Wolfer et al., 1998). There was no genotype difference in peripheral swimming during cued-
platform training [genotype F(1,31) = 1.7; p = .206; Genotype x Session F(1,31) <0.1,p =.
951]. Thus we can be confident that the peripheral swimming on the part of the 5XxFAD mice
during hidden-platform training is attributable to a spatial learning impairment and not a
thigmotactic or acute stress response. Twenty-four hours after the last hidden-platform
session a probe trial was conducted in the absence of a platform. Figure 2b shows that
5xFAD mice spent significantly less time than wild-type mice in the 40-cm zone
surrounding the center of the platform location [F(1,27) = 11.7, p = .0020], and crossed the
former platform location significantly fewer times [F(1,27) = 10.6, p = .0030]. Platform
crossings and 40-cm zone time in equivalent positions in the other three quadrants did not
differ between genotypes [F's < 1.6, p's > .221].

Home-cage social behavior was assessed for 4 hours, and videos were coded for sniffing,
following, mounting, tail-pulling, and grooming cage-mates. There was a significant overall
increase in social behaviors among the transgenic mice [not shown; A = 0.044, F(1,8) = 9.8,
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p = .0139]. Follow-up tests for specific behaviors showed that, except for grooming one
another, the number of social events was significantly higher among 5xFAD transgenics
than in wild-type controls for each of the social behaviors [F’s > 6.0; p’s < .0393]. Similar
results were obtained for the amount of time spent engaging in each social activity [F’s >
6.1; p’s < .0389]. Bouts of self-grooming and time spent self-grooming were similar
between genotypes [F's < 1.2, p's > .283], as was time sleeping [F(1,8) = 0.1, p = .890].
Neither genotype proved more dominant than the other on the dominance test, and there
were no significant differences between contests against whiskered or whiskerless wild-
types (data not shown; t’s <1.6, p’s > .170). When whiskerless wild-type mice were housed
together in pairs with full-whiskered 5xFAD transgenics, all of the mice of both genotypes
had a full set of whiskers after 2 weeks. On the social interaction tests, 5xFAD mice had
significantly impaired social recognition overall [Fig. 2c; F(1,27) = 6.6, p = .0164]. Follow-
up tests showed that transgenics were impaired at both the 90-min. and 24-hour retention
intervals [t's > 2.0, p's < .0465]. In contrast, transgenic mice were unimpaired on the
discrimination test conducted immediately following the recognition tests [Fig. 2d; genotype
F(1,27) = 1.3, p = .259; Genotype x Test F(1,27) = 0.5, p = .508].

Compared to wild-type controls, 5xFAD transgenics were hyperactive in the activity
monitors. In fact, they scarcely habituated during the session; thus savings could not be
calculated. Figure 2e shows within-session data collapsed across the four activity sessions.
5xFAD transgenics had significantly more locomotor activity than wild-type controls [Fig.
3a; F(1,29) = 33.2, p <.0001; Genotype x Time F(1,277) = 20.1, p < .0001]. Ambulatory
activity decreased significantly during the session in wild-type mice [F(1,198) =55.1,p <.
0001], but not in 5XxFAD transgenics [F(1,108) = 0.5, p = .498]. There were no main or
interaction effects of genotype on velocity while moving in the activity monitors [Fig. 2f;
F’'s<0.9, p’s >.354].

5xFAD transgenics were also more active than wild-type controls in the open field test of
anxiety (Fig. 3a). The main effect of genotype was not significant [F(1,34) = 3.6, p = .0660],
but the Genotype x Block interaction [F(4,136) = 3.6, p = .0076] showed that 5xFAD
transgenics did not habituate to the apparatus during the session. There were no genotype
differences on any measure of anxiety in the open field, including time in periphery or
center and latency to exit the periphery or enter the center [Figs. 3b,c; F’'s < 0.7, p’s > .233].
Similarly, on the light/dark test wild-type and 5xFAD mice did not differ in the amount of
time spent in the light and dark compartments or the latency to emerge from the dark
compartment [Fig. 3d; F’s < 1.6, p’s > .221].

On the elevated plus maze, 5XFAD mice spent significantly less time in closed arms
compared to wild-type mice [Fig. 3e; F(1,34) = 17.1, p = .0002]. The proportion of entries
into closed arms was also significantly lower in transgenic mice [F(1,34) = 8.1, p = .0075].
Time in the central area did not differ between genotypes [data not shown; F(1,34) = 0.6, p
=.429]. Risk assessment behaviors (head-dips, stretch-attend postures, and the proportion of
stretch-attend postures followed by entry onto an open arm) also did not differ by genotype
on the plus maze [data not shown; F’s < 0.5, p’s > .500]. There was no genotype difference
in the absolute number of closed-arm entries [Fig. 3f; F(1,34) = 1.4, p =.246], but 5xFAD
mice spent significantly less time per entry on the closed arms compared to wild-type
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controls [data not shown; F(1,34) = 5.2, p =.0288]. This replicates the phenotype reported
by Jawhar et al. (2012) and may indicate reduced anxiety in the transgenics. However, we
suspected that the plus-maze data in Jawhar et al. reflected more than simply acute anxiety,
so we examined the time course of activity in our mice and found that the behaviors during
the session changed differently in the two genotypes. An analysis of distance traveled in the
plus maze showed that transgenic mice were more active and failed to habituate [Fig. 4a;
distance F(1,34) = 6.6, p = .0147; Genotype x Distance F(9,306) = 2.4, p =.0117]. Like the
activity monitors and large open field, activity of wild-type mice significantly diminished
during the session [F(9,198) = 12.0, p = .0012], while 5xFAD transgenic mice maintained a
high level of activity throughout the session [F(9,108) = 1.2, p = .287]. In terms of total arm
entries, closed-arm entries, and closed arm time, Figure 4b shows that transgenic and wild-
type mice performed similarly during the first 90 sec. of the 5-min. session [F’s < 2.4, p’s > .
131], but were significantly different by the end [F’s > 6.0, p’s <.0200]. Analysis within
genotype showed that wild-type mice increased time in closed arms by the end of the session
[F(1,22) = 4.9, p = .0384], whereas closed-arm time of 5XFAD transgenics did not change
significantly [F(1,12) = 0.04, p = .839]. Although time in closed arms may be indicative of
high anxiety, it can be confounded with habituation within the session. Specifically, as
exploratory activity wanes, mice will spend more time resting in the preferred environment
of the closed arms.

Although differences between wild-type and transgenic mice were not statistically
significant in the first 90 s of the plus-maze session, there was still a substantive difference
(~16%) in time on closed arms between the genotypes (Fig. 4b, right). We suspected that
this might be related to whisker sensitivity in the transgenics, so we re-tested the mice on the
elevated plus maze 5 months later, at 14 months of age, after all behavioral testing was
completed. The day before re-testing, we trimmed the whiskers of all mice to <1 mm. A
small cohort of experimentally-naive mice of the same age, all with a full set of whiskers,
were tested at the same time. Figure 5a shows that 14-month-old transgenics with whiskers
spent even less time than 9-month-old transgenics (Fig. 3e) on the closed arms of the plus
maze, replicating the age-dependent effect described by Jawhar et al. (2012). Whiskered
transgenics spent less time in closed arms and made fewer closed-arm entries than wild-type
controls [F's > 6.8, p's < .031]. Time in the center area did not differ [data not shown; F(1,8)
< 0.1, p =.922]. Figure 5c shows that, unlike wild-type mice, 5XFAD transgenics did not
habituate to the closed arms as the session progressed [F(1,4) < 1.8, p =.249]. This
difference is more pronounced than the effect observed in younger mice (Fig. 4b), and
confirms our assertion that much of the difference in arm distribution can be explained by a
failure to habituate on the part of the mutant mice.

When whiskers were trimmed, however, the age-related decrease in closed-arm time was not
evident (Fig. 5b). Although closed-arm time and closed-arm entries were both significantly
lower in transgenics than wild-type mice (F's > 7.6, p's < .011), the genotype differences in
the first 90 s of the session disappeared (Fig. 5d). The behavior of the whiskerless wild-type
mice was largely similar to that of their full-whiskered counter parts (Fig. 5¢c—d), but that of
the transgenic mice differed sharply. During the first 90 s of the session, closed-arm entries
and closed-arm time were no different between whiskerless transgenic and wild-type mice
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[Fig. 5d; F's < 0.6, p's > .483]. By the end of the session however, significant genotype
differences emerged [F's > 11.1, p's < .0025], reflecting habituation of wild-type but not
5xFAD mice. Repeated-measures analyses within genotypes confirmed that behavior of
whiskerless wild-type mice changed significantly during the session [F's > 4.7, p's <.044],
but that of their transgenic counterparts remained stable [F's < 1.0, p > .337].

Fluorescent staining of cortical sections from 14-month-old mice showed a reduction in PV+
fibers and an apparent reduction in PV+ cell bodies in 5XFAD mice in layers V and VI,
compared to wild-type controls (Fig. 6). Although it appears as if the 5XFAD transgenics
have more PV+ cell bodies in layer 1V barrels compared to wild-type controls in Figure 6,
there was considerable variation and some barrels were nearly devoid of PV+ perikarya
(Fig. 7a—i). Stereological quantification of PV+ neurons in 12-month-old mice showed that
the density of PV+ neurons in layer V did not differ between genotypes [t(4) = 1.8, p=.
269], but transgenics exhibited a 28.9% loss of PV+ cell bodies in layer 1V {Fig. 7j; t(4) =
6.8, p = .0066]. The areas sampled did not differ between groups [t's < 1.0, p's > .426].
Figure 7k shows that the distribution of PV+ neurons in the barrels of 5xFAD transgenics
was significantly skewed (2.10) and kurtotic (3.58) compared to wild-type mice (0.56 &
1.01 respectively; critical value for both test statistics = 2.0). Although many barrels in
5xFAD mice contained normal numbers of PV+ neurons, a subset appeared to have reduced
numbers, creating a bimodal distribution.

Discussion

We report here normal anxiety but impaired cognition and social behavior in the 5XxFAD
transgenic mice. We replicated the effect reported by Jahwar et al. (2012) showing an age-
dependent increase in open-arm time in the 5XxFAD mice. However, we cannot attribute this
phenotype to decreased anxiety; instead we show that this behavior is better explained by
the transgenic mice avoiding the closed arms and failing to habituate within the session. The
avoidance of the closed arms may be attributable to abnormal or excessive vibrissal
sensation due to decreased tonic inhibition or impaired sensory integration after loss of
inhibitory innervation. Similarly, the deficit in social recognition may be attributable to the
subicular degeneration characteristic of these transgenics. Taken together, these results
demonstrate functional impairments in the 5xFAD transgenics that are consistent with the
discrete lesions putatively induced by brain-region-specific AB overexpression.

On the elevated plus maze, 5XFAD mice spent more time on open arms than wild-type
controls, replicating the previously-published effect of Jahwar et al. (2012). However, a
more detailed analysis showed that performance of 5xFAD transgenics was similar to that of
wild-type mice in the beginning of the session, but diverged as the wild-types began to
habituate after the first 90 s. Habituation in the plus maze is accompanied by a tendency to
linger in closed arms as a preferred place to rest. In contrast, the performance of transgenic
mice varied little over time in terms of locomotor activity or the proportion of arm choices.
Specifically, the relatively normal plus-maze performance exhibited by 5xFAD transgenics
in the first 90 s of the session persisted, but the behavior of wild-type mice changed. If time
in the closed arms is a valid measure of acute stress response to a novel environment in the
wild-type mice, it would have been highest at the beginning of the session; instead, we saw
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the opposite pattern: time in closed arms increased as the session elapsed. In this sense the
full 5-min. plus-maze session cannot be used to accurately reflect the state of acute anxiety
in the present study, and we cannot use data beyond the first 90 sec. to infer differences in
anxiety between the genotypes. Given this and performance on the other anxiety tests, we
conclude that the 5XxFAD transgenics do not exhibit differential anxiety. This is important
when measuring cognition, especially using unitary, aversively-motivated tasks such as the
reference-memory version of the water maze or conditioned freezing (McDonald, 1998 #80;
Harrison, 2009 #665). Both increases and decreases in anxiety can be misinterpreted as
cognitive impairments in the water-maze (Abeliovich et al., 1993; Bowers et al., 2000;
Grant et al., 1992; Miyakawa et al., 1994). Thus we can be confident that the spatial
learning impairments exhibited by the 5xFAD transgenics in the present study are not
attributable to lower anxiety.

Although habituation of wild-type mice was responsible for some of the differences in time
on closed arms, it cannot explain it all. Transgenic mice spent ~16% less time in the closed
arms even in the first 90 s. We suspected that this may be related to their lack of barbering
behavior. We had observed this phenomenon before in the Dvi-/- mice (Lijam et al., 1997),
and discovered that it was associated with submissiveness and a deficit in social behavior.
However, the 5XFAD transgencis engaged in more, not less social behavior, and were not
submissive, suggesting that the 5XxFAD mice did not allow their cagemates to barber their
whiskers. When re-tested on the plus maze with whiskers trimmed, transgenic mice were no
longer reluctant to enter the closed arms and the remaining genotype differences during the
plus-maze session could be explained entirely by their failure to habituate. In contrast,
transgenic mice of the same age but with a full complement of whiskers avoided the closed
arms at the beginning and end of the 5-min. session. These data suggest that vibrissal input
may be aversive in the transgenic mice, and this putative aversiveness is driving avoidance
of the closed arms.

In addition to the plus-maze phenotype, 5XFAD transgenics had abnormal social behavior
and impaired social memory. Social behaviors are complex and involve many parts of the
brain, including the striatum, prefrontal cortex, and amygdala. Considerable evidence also
implicates the subiculum as a mediator of some social behaviors and social cognition.
Gonzalez-Lima et al. (1994) showed that individually-housed mice given twice-daily
opportunities for social interaction had significantly higher 2-deoxyglucose incorporation in
the subiculum than socially-deprived controls, suggesting that higher subicular metabolic
activity is associated with social activity. Inhibition of cannabinoid receptors in the
subiculum had a profound affect on social recognition, impairing acquisition, consolidation,
and retrieval (Segev & Akirav, 2011). Given its complexity, we cannot make a definitive
connection between subicular pathology in the 5xFAD transgenics and their excessive
home-cage social behaviors in the present study. Indeed, the social behaviors themselves
may reflect their hyperactivity, an impaired sense of smell, a general cognitive deficit, or a
combination of these and other things unrelated to social behavior. Nevertheless, the
relationship between early subicular Af deposition and excess social activity is consistent
with what is known about AB production, specifically that Ap is generated in response to
neural activity. Converging evidence from a number of studies suggests that early AB
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accumulation in Alzheimer's patients occurs in the default-mode network, i.e., those brain
regions that remain active while we are passive (Greicius et al., 2004; Koch et al., 2012;
Sorg et al., 2009; Wang et al., 2006; Zhang et al., 2010). Two studies have demonstrated a
specific relationship between A and vibrissal activity—specifically that Ap production is
increased by vibrissal stimulation and decreased by vibrissal deprivation (Bero et al., 2011;
Tampellini et al., 2010). Given the excess social behavior exhibited by the 5XFAD mice, the
importance of vibrissae to social communication in mice, and the role of the subiculum in
mediating social behavior, it is not surprising to see such intense A deposition in these two
discrete areas.

Each layer 1V barrel takes input from a single vibrissa, and has a complex network of
interconnecting inputs and outputs to confer specificity and sensitivity for a given whisker.
Layer V neurons are also active during vibrissal stimulation, but have larger, less-restricted
receptive fields (Manns et al., 2004; Simons, 1978, 1995; Staiger et al., 2000; Wright &
Fox, 2010). Layer V neurons are the major output neurons of the cortex, and receive inputs
from and send afferents to all cortical regions and layers, as well as subcortical and
brainstem areas such as the thalamus. Several characteristics of layer V pyramidal neurons
are relevant to our behavioral results. First, these neurons send collaterals horizontally to
other layer V pyramidal neurons. This and the amplified input from layer 1V via thalamic
nuclei serve to integrate and synchronize signals across layer V neurons (Simons, 1995;
Staiger et al., 2000). Second, layer V pyramidal neurons arborize inhibitory interneurons in
layer IV as well as throughout layer V (Tanaka et al., 2011; Thomson et al., 1996). These
fast-spiking GABAergic interneurons in layers IV and V assist in the surround-inhibition
that confers specificity in many sensory systsems, including vibrissal input (Connors et al.,
1988; Kyriazi et al., 1998; Kyriazi et al., 1996). The loss of these inhibitory and integrative
functions after degeneration of layer V pyramidal neurons and layer IV inhibitory
interneurons may have made made presence in the closed arms of the plus maze more
aversive with age for the 5xFAD mice. Instead of precise, meaningful input afforded by the
finely-tuned neurons of the barrel cortex, they are overwhelmed with disorganized
information that may not have meaning.

Although the disproportionate Af deposition in the subiculum and layer V in 5XxFAD mice
may be associated with whisker-mediated social activity, we don’t know why the
transgenics exhibit excessive social behavior in the first place. We also do not know why the
5xFAD mice are hyperactive compared to controls. Indeed, these may be manifestations of
the same behavior but measured in different ways. Mice are complex organisms with
complex behaviors, and our understanding is always restricted by what and how we
measure. In the present study we show that a relatively simple plus-maze task can be
affected by non-anxiety-related processes such as hyperactivity and putatively aversive
vibrissal hypersensitivity. The potential for obfuscating or confounding factors is even
greater with the assessment of cognition. A valid assessment of memory is a critical
component of an animal model of Alzheimer’s disease, and any possible involvement of
non-cognitive processes such as anxiety or sensorimotor function must be ruled out
(Mcdonald et al., 1996). Given the prevalence of impaired social behaviors and social
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cognition in Alzheimer’s disease and the importance of animal models in the development
of novel treatments, issues such as these warrant further investigation.
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Figure 1. Early Ap accumulation in the subiculum and cortical layer V in 5xFAD mice
(a) Subicular (a,b) and layer V (c,d) A accumulation in 3-month-old 5xFAD transgenics

(b,d) compared to wild-type controls (a,c). Panels e-h are higher-magnification images of
panels a—d, showing that A accumulation at this age is largely intraneuronal. (i,j) NeuN-
stained cortical sections from 14-month-old wild-type (i) and 5XFAD (j) mice. Transgenics
show a considerable loss of pyramidal neurons, primarily in layer V but also evident in layer
V1.
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Figure 2. 5XFAD transgenics have impaired spatial and social memory
(a) At approximately 10 months of age, mice of both genotypes learned quickly to find the

cued platform in the water maze. On the hidden-platform version of the task, transgenic
mice took significantly longer to find the platform. (b) On the probe trial conducted 24
hours after the last acquisition session, wild-type mice showed proficient memory by
spending significantly more time in the target zone than in equivalent positions in the other
three quadrants. In contrast, 5XFAD transgenics did not show selective search for the former
platform location, indicative of impaired spatial memory. On the social recognition, 12-
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month-old mice were exposed to a novel juvenile mouse for 2 min. in a clean tub cage.
Ninety min. later mice were re-exposed to the same juvenile (recognition), followed by a 2-
min. exposure to a novel juvenile (discrimination). Twenty-four hours after the initial
exposure, mice were re-exposed to the initial juvenile followed by exposure to a third novel
juvenile. (c) 5xFAD mice showed significantly impaired recognition at both 90 min. and 24
hr. following initial exposure (no recognition = 100). (d) Discriminability was somewhat
poorer in transgenic mice, although the difference was not statistically significant (no
discrimination = 100). (e) In the locomotor activity assessment conducted at 9 months of
age, wild-type mice habituated significantly over the course of the 10-min. session, where as
activity of transgenic mice remained high. (f) When moving in the activity monitors, the
velocity did not differ between genotypes.
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Figure 3. 5XFAD transgenics spend less time in the closed arms of the plus maze but are normal
on all other indices of anxiety

Anxiety testing was conducted when mice were 9 to 10 months of age. Mice were placed in
the open field or light/dark box for a 5-min. period and allowed to explore freely. (a) As in
the activity monitors, 5XxFAD transgenics failed to habituate in the 92-cm diam. open field.
(b—c) The percent time in the peripheral and central zones (b), and latencies to exit the
periphery and enter the central area (c), were normal in transgenic mice. (d) The latency to
emerge from the dark, and percent time spent in the dark half of the light/dark box did not
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differ between genotypes. (€) Transgenic mice spent significantly less time on the closed
arms and had a lower proportion of close-arm entries in the elevated plus maze. (f) 5xFAD
mice made more entries onto the open arms than wild-type controls. The number of entries
onto the closed arms did not differ between genotypes.
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Figure 4. The differences in plus-maze behavior largely emerge after the first 90 s of the 5-min.
session

(a) The locomotor activity levels of the two genotypes was similar at the beginning of the 5-
min. session. After the first 90 s, wild-type mice habituated significantly while activity of
the transgenics remained high. (b) The two genotypes had similar numbers of total and
closed-arm entries in the first 90 s of the session. The number of total entries decreased for
both genotypes by the end of the session. However, the proportion of closed-arm entries
significantly increased in wild-type mice but did not significantly change in 5XxFAD
transgenics. Wild-type mice spent more time in the closed arms than transgenics in the first
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90 s of the session. By the end of the session, wild-type mice were spending nearly all of the
time in the closed arms, whereas this proportion remained constant in 5xFAD mice. Because
of these differences, data from the full 5-min. session cannot be used as a measure of acute
stress in the present study.
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Figure 5. Aged, whiskerless 5XxFAD transgenics behave normally in the first 90 s of the plus-maze
session

The whiskers of the 5xFAD and wild-type mice were trimmed and they were given a second
session on the plus maze at 14 months of age. A small group of age-matched naive mice
(n=5/genotype) with a full complement of whiskers was used for comparison. (a) Consistent
with the age-related phenotype reported in the literature, the older, whiskered 5XxFAD mice
spent less time on the closed arms compared to the younger, whiskered transgenics (Figs. 2e,
3b). (c) Similar to the younger mice, older wild-type mice tended to habituate to the closed
arms as the session progressed, whereas the transgenics persisted in avoiding the closed
arms. (b) In contrast, the 14-month-old whiskerless transgenics spent about the same amount
of time in the closed arms over the 5-min. session as they did when they were younger and
whiskered. (d) Further analysis showed that behavior of 5XxFAD transgenics in the first 90 s
of the session was indistinguishable from that of wild-type mice, and genotype differences
were attributable to behavior later in the session when wild-type mice habituated to the
closed arms.
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Wild Type 5xFAD

Parvalbumin
DAPI

Figure 6. 5XFAD mice have reduced parvalbumin-positive fibers in layers V and VI
Parvalbumin-positive inhibitory neurons with cell bodies in layer V project to adjacent

targets in layer V as well as pyramidal neurons in layer V. Wild-type mice (left panel) show
a dense innervation throughout layers 1V, V, and VI, but a marked reduction is observed in
14-month-old transgenics in layers V and VI (right panel). Scale bar = 100 pm.
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Figure 7. Some barrels in 5XFAD transgenics lack parvalbumin-positive cell bodies
Although it was possible to observe some barrels in 5XFAD transgenics with a greater

number of PV-positive neurons than wild-type controls (e.g., Fig. 6), the overall pattern was
mixed. As with layer V, 12-month-old transgenics exhibited a marked reduction of PV+
fibers in layer 1V in many sections (a—f). Many barrels in transgenic mice were almost
completely devoid of PV+ neurons in 14-month-old transgenics (g-i, arrows). Stereological
quantification of DAB-stained PV+ neurons in 12-month-old mice showed a significant
reduction in layer 1V but not layer V (j). The distribution of PV+ neurons per barrel was
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bimodal in 5XFAD mice, suggesting loss of PV+ neurons in a subset of barrels (k). Scale bar
=50 ym a—f, 100 pm g-i.
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