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Abstract

Pur-alpha is a highly conserved sequence specific DNA and RNA binding protein with established
roles in DNA replication, RNA translation, cell cycle regulation, and maintenance of neuronal
differentiation. Prior studies have shown that mice lacking Pur-alpha (-/-) display decreased
neurogenesis and impaired neuronal differentiation. We sought to examine for the first time, the
behavioral phenotype and brain histopathology of mice that are heterozygous (+/-) for Pur-alpha.
Standardized behavioral phenotyping revealed a decreased escape response to touch, limb and
abdominal hypotonia, and gait abnormalities in heterozygous Pur-alpha (+/-) mice, compared to
wild-type (+/+) littermates. Footprint pattern analyses showed wider-based steps, increased
missteps and more outwardly rotated hindpaws in heterozygous Pur-alpha (+/-) mice, suggestive
of cerebellar pathology. Barnes maze and novel object location testing revealed significant
memory deficits in heterozygous Pur-alpha mice, suggestive of hippocampal pathology.
Quantitative immunohistochemical assays of the vermal region of the cerebellum and CA1-3
regions of the hippocampus revealed reduced numbers of neurons in general, as well as reduced
numbers of Pur-alpha+-immunopositive neurons and dendrites in heterozygous Pur-alpha mice,
compared to wild type littermates. Past studies have implicated mutations in Pur-alpha in several
diseases of brain development and neurodegeneration. When combined with these new findings,
the Pur-alpha heterozygous knockout mice may provide an animal model in which to study
mechanisms of and treatments for Pur-alpha related cognitive deficiencies and neuropathology.
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Introduction

The Pur-alpha protein is required for neuronal development and differentiation. Pur-alpha
binds to single stranded DNA and RNA in a sequence-specific manner (binding to GGN
repeats within GC rich regions) and is a member of a protein family strongly conserved from
bacteria through humans (Gallia et al., 2000). It is a multifunctional protein essential for
DNA replication and gene transcription (see (Gallia et al., 2000, Johnson et al., 2006,
Johnson et al., 2013)) and is a critical component in the compartmentalized translation of
RNA ((Ohashi et al., 2002, Johnson et al., 2006). Pur-alpha is a widely expressed ubiquitous
protein that exhibits both developmental and tissue-specific regulation (Khalili et al., 2003,
Hokkanen et al., 2012, Mishra et al., 2013). For example, while Pur-alpha protein levels are
quite low in brain during embryogenesis, its levels quickly rise after the first postnatal week
in the mouse and reach their peak levels at 18 days postnatal. Pur-alpha is then maintained at
relatively high levels in the adult brain (Khalili et al., 2003). In addition to its nuclear
function, Pur-alpha is detected in the cytoplasm of neurons, particularly in dendrites at
branch points. Several studies have detected Pur-alpha in complex with polyribosomes and
heterogeneous nuclear ribonucleoproteins (nnRNP) proteins (Kanai et al., 2004).

Pur-alpha protein plays an important role in genome maintenance and has specialized
functions for regulating gene expression in specific organs. In the CNS, its role in mMRNA
transport and translation have led to the elucidation that Pur-alpha is a major contributor in
this regard, particularly in neurons (Li et al., 2001, Ohashi et al., 2002, Johnson, 2003, Kanai
et al., 2004, Johnson et al., 2006, Jin et al., 2007). Mutations of Pur-alpha may be involved
in several diseases of brain development and neurodegeneration. For example, Fragile X
Tremor Ataxia Syndrome (FXTAS), a neurodegenerative syndrome with progressive
intention tremor, gait ataxia and cognitive decline, is characterized by ubiquitin-positive
intranuclear inclusions throughout the brain in which Pur-alpha is present, as well as a
marked dropout of cerebellar Purkinje cells (Hagerman et al., 2005, Jin et al., 2007). A
trinucleotide CGG expansion repeat located in the 5-untranslated region (UTR) of the
Fragile X Mental Retardation gene (FMR1), leading to chromosomal instability and loss of
expression of the encoded FMR protein (FMRP), is the underlying cause of the Fragile X
Syndrome (Darnell et al., 2001, Darnell et al., 2009). FMRP regulates mRNA transport in
neurons and has been found in complex with mRNAs together with Pur-alpha and non-
coding RNA molecules in dendrites thus suggesting their role in regulating RNA transport
(Kobayashi et al., 2000, Kanai et al., 2004, Johnson et al., 2006). Next a role for Pur-alpha
has been demonstrated in the regulation of amyloid precursor protein (APP), which is
located on chromosome 21 and implicated in the pathogenesis of Down’s syndrome at both
transcriptional and post-transcriptional levels (Darbinian et al., 2008, Wiseman et al., 2015).
Recent studies have also identified de novo mutations in the PURA gene, which encodes
Pur-alpha, that are associated with neonatal hypotonia, encephalopathy with or without
seizures, neurodevelopmental delays, learning disabilities, and poor coordination or ataxias
in several young human subjects (Hunt et al., 2014, Lalani et al., 2014, Tanaka et al., 2015).
Dysregulation of Pur-alpha has also been shown in C90rf72-related Frontotemporal lobe
dementia in association with Amyotrophic Lateral Sclerosis, presumably resulting from
accumulation of intracellular inclusion bodies that contain Pur-alpha and RNA complexes,
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and RNA toxic gain-in-function effects (Daigle et al., 2016). Pur-alpha may even be
involved in enhancing HIV-1 transcription, with increasing concentrations of Pur-alpha
leading to increased transcription of HIV-1 (Chepenik et al., 1998).

Our lab has developed knockout mice that are either homozygous (/=) or heterozygous for
Pur-alpha (+/-). Pur-alpha deficient (/=) mice develop in our lab show severe neurological
problems, such as severe tremor and spontaneous seizures, and expire by 4 weeks of age
(Khalili et al., 2003). Heterozygous mice lacking one allele for the Pur-alpha gene (+/-)
produce less Pur-alpha protein in whole-cell brain extracts and live to adulthood, although
they display developmental delays and undergo occasional spontaneous seizures during
routine handling (Khalili et al., 2003, Mishra et al., 2013). These latter results combined
with those described above in association with mutations or dysregulation in Pur-alpha
suggest that chronic reduction of Pur-alpha leads to neuropathogenic effects. However, the
overall behavioral phenotype and brain histopathology have yet to be examined in Pur-alpha
(+/-) mice.

Thus, our goals here were to examine for the first time, whether Pur-alpha (+/=) mice
display altered sensorimotor reflexes, locomotive or cognitive dysfunction, and brain
neuropathology. Specifically, we examined the hippocampus, cerebellum, amygdala, and
prefrontal, frontal and parietal cortices for morphological and neurohistological changes
following a comprehensive neurological screen, gait analysis and cognitive memory assays.
We hypothesized that mice heterozygous for the Pur-alpha knockout allele would show
memory deficits concomitant with neurodegeneration in the hippocampus, as well as
locomotor ataxias and other gait abnormalities concomitant with neurodegeneration in the
cerebellum.

The Temple University Institutional Animal Care and Use Committee approved all
experiments, and in accordance with the guidelines laid down by the National Institute of
Health. Mice that were heterozygous for Pur-alpha (+/-) were bred at Temple University by
crossing C57/BL6 females with heterozygous Pur-alpha (+/-) knockout males. Homozygous
deletion of Pur-alpha is lethal during late development; therefore mice are maintained as
heterozygous (Khalili et al., 2003). Twenty-four wild-type C57/BL6 mice (+/+; 15 females
and 9 males) and 24 heterozygous Pur-alpha knock-out (+/-; 12 females and 12 males)
littermates underwent behavioral testing from 7 weeks to 11 months of age. Progeny were
screened by PCR analysis using primer sets to distinguish, based on size of the amplicon,
between the wild-type gene and knockout which contains a neomycin cassette inserted into
the Pur-alpha gene (Khalili et al., 2003). After weaning at day 21, mouse pups were handled
for two weeks before onset of experiments. Mice were group-housed with same-sexed
siblings on a 12:12 light dark cycle with food and water ad libitum. Mice were allowed at
least one hour to acclimate before behavioral testing, after being moved to the animal
behavioral testing facility. Experimenters were blind to animal genotype during all analyses.
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Primary behavioral phenotype assessment including open field assays

Characterization of the neural behavioral phenotype was performed on 18 mice per group
(wild-type: 12 females and 9 males; heterozygous Pur-alpha (+/-): 9 females and 9 males)
using the Irwin Observation Test Battery (Irwin, 1968) with Paylor’s and Crawley’s
refinements (Crawley and Paylor, 1997, Paylor et al., 2006, Crawley, 2007). This
standardized set of assays is also termed the SHIRPA (an acronym of SmithKline Beecham,
Harwell, Imperial College, Royal London Hospital, phenotype assessment).

General health screen—A general physical examination of the mice was first conducted
in home cages. All mice were weighed and presence of any superficial anatomical
abnormalities, whisker condition (missing, sparse, short versus normal), coat quality,
palpebral closure, presence of nasal and lacrimal discharge, respiration, and head, body,
limbs and tail morphology were recorded and scored (0=normal or absent, and 1 = abnormal
or present, as appropriate for the observation) (Crawley and Paylor, 1997, Paylor et al.,
2006, Crawley, 2007). Any unusual patterns of locomotion, hyperactivity to handling or
fighting in the home cage were also recorded.

Assay of neurologic reflexes—Next, the same18 mice/group mice underwent
evaluation of their neurologic reflexes (Crawley and Paylor, 1997, Paylor et al., 2006,
Crawley, 2007). For this, mice were removed from their home cage and placed on a
disposable pad. Whisker response, pinna reflex and eye blink were tested by gently brushing
the whiskers, ears, or eyelids of awake and freely moving mice with a sterile cotton swab
(score: 0= no response; 1= reflexive response). Escape to touch was performed by
approaching the mouse with a bent index finger (response score: 1 = mild, 2= moderate, and
3 = vigorous). Positional passivity was scored with increasing intensity of restraints,
followed by assessment of abdominal and limb tone (score: —1 = low, 0= normal, +1 = high
tone). Trunk curl, hind-limb extension and visual placing reflexes were assessed by gently
restraining the animal by the tail and then lowering the mouse to the testing surface rapidly.
Righting and toe pinch reflex assays were performed last. Acoustic startle was recorded in
the same 18 mice/group as above in response to a training clicker (<70 dB) and scored: 0=
no response, 0.5 reduced response, and 1= startle/Preyer reflex and momentary freezing. An
additional 6 mice/group (n=3/gender/genotype; average of 5 months of age) were tested in
response to a loud handclap (=120 dB) using similar scoring.

Open-field activities—Mice (n=18/gp) were transferred in 27.3 cm x 27.3 cm clear open
field boxes. The first 3 minutes of activity were scored for immediate transfer arousal and
short-term spontaneous activity and behaviors (Crawley and Paylor, 1997, Paylor et al.,
2006, Crawley, 2007). Vocalizations and biting were noted on occurrence. Spontaneous
activity was tracked using a digital camera attached to the ceiling and ANY-Maze software
to assess average distance moved, speed and the percent time spent in center versus the
periphery. Locomotive abilities were qualitatively assessed as the animal walked around the
open field box (scored: normal = 0; abnormal = 1). The equipment was cleaned with 70%
isopropanol after each mouse.
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Motor function

Gait abilities were assessed further in 4 wild-type (+/+) and 5 heterozygous (+/-) Pur-alpha
mice using footprint pathway methods. The mice were trained to walk along a 50 cm long,
12 cm wide, paper-covered runway towards an enclosed box (Barlow and others 1996;
Carter and others 1999; Clarke and Still 1999). Foot drags and missteps were recorded from
the inked footprint patterns, as was angle of forepaw and hindpaw rotation, stride length,
forepaw and hindpaw base width and front/hind footprint overlap.

Learning and Memory Tests

Novel Object Location memory—A spatial memory task was used in which mice were
trained briefly to the location of three objects in open field boxes in 17 animals per group: 8
female and 9 male wild-type (+/+) mice; 11 female and 6 male heterozygous (+/-) Pur-alpha
mice. The objects used were equal in shape and size (65 cm high x 60 cm long x 30 cm
deep) and were plastic objects with no natural significance to mice. The mice were
habituated to an empty open field arena in two 5-min trials, separated by a 3 min inter-trial
interval. Twenty-four hours later, mice were permitted to explore three new objects placed
into a diagonal arrangement in three 5-min acquisition trials, also with a 3 min inter-trial
interval. Between each acquisition trial, mice were removed and the objects cleaned. One
hour later, memory retention was probed by returning the mouse to the arena in which two
objects had been moved to two new locations, and given 3 minutes to explore the objects.
Nose-point tracking was used to define exploration of an object (Benice and Raber, 2008).
The magnitude of reaction to spatial changes of familiar objects was determined, as
described previously (Delcour et al., 2012).

Novel Object Recognition memory—In this memory task, the three objects differed in
shape in order to assay ability to recognize objects. At the retention interval of 1 hour,
memory was probed by returning the mouse to an arena in which two objects had been
replaced with two “new” objects, and the third object was replaced with an identical version
of the “familiar” object. Duration of contacts (i.e., exploration time) was measured for both
“novel” and “familiar” objects during the 3 min testing session. Nose-point tracking was
again used. The magnitude of reaction to novel objects was determined, as described
previously (Delcour et al., 2012).

Barnes Maze—Twelve wild-type (+/+) and 11 heterozygous Pur-alpha mice (+/-)
underwent Barnes Maze testing for spatial memory: 7 male and 5 female wild-type mice,
and 5 male and 6 female heterozygous mice. A commercially available maze was used
(Stoelting Co.). Dark curtains were hung to form a 177 cm x 177 cm square around the maze
to exclude extraneous cues. Four spatial cues consisting of simple geometric figures (plus,
square, circle, triangle) were hung on the four curtains. Mice were transported to testing
room and allowed 1-2 hours to acclimate. The first habituation trial lasted for 1 minute,
before the experimenter used their hands to guide the mouse to the target hole. If the mouse
did not enter on its own volition, a gentle tail-pull was used to encourage entry into the
escape tunnel. The escape tunnel was then covered and the mouse rested for one minute
before moving the mouse to a holding cage for a 3 minute inter-trial interval during which
time the maze was cleaned with 70% isopropanol. Acquisition training began one hour later,
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with mice being placed on the maze and permitted to explore for 5 minutes. If the mouse
entered the escape tunnel, the trial was terminated, the target hole covered and the mouse
permitted one minute of rest in the target hole. If the mouse did not exit the maze within the
trial, the experimenter guided the mouse to the target hole as before and the mouse was kept
there for 1 minute. Four acquisition trials were performed per day, for 4 days, for a total of
16 acquisition trials. The first memory retention trial occurred 24 hours later (on the fifth
day) and again on day 30. For this, the escape tunnel was removed from the target hole and
replaced with a shallow tray. The ability of the mice in finding the target hold was tested in a
5 minute trial. Trials were recorded using a CCD monochrome camera and analyzed using
ANY-Maze tracking software. Using nose-point tracking, average speed around the maze
and distance traveled and latency to entrance of the animal’s head into the target hole, blank
holes, or neighboring holes were recorded per trial. The search strategy for each mouse to
the target hole was scored from ANY-Maze captured videos as spatial, random or serial
(Rosenfeld and Ferguson, 2014).

Immunochemistry in brain sections and quantification method

Brains were collected after behavioural testing from 10 wild-type (+/+) and 10 heterozygous
Pur-alpha mice (+/-), when the mice were 11 months of age. One side of each brain was
harvested for histological assessment (the other half was reserved for separate biochemical
experiments not included here). The brain half to be assayed histologically was immersion
fixed in formalin fixative and paraffin embedded. Brains were sectioned into 4 micrometer
thick mid-sagittal or coronal serial sections and mounted onto charged slides (Thermo Fisher
Scientific, Waltham, MA, USA). Half of the brains per group were sectioned longitudinally,
and the other half coronally (n=5/group/genotype). Sections on slides were processed for
immunocytochemical analysis using the streptavidin-biotin-peroxidase method to detect Pur-
alpha- and neurofilament-labelled cell staining (Vecta Elite ABC Peroxidase Kit, Vector
Laboratories, Inc., Burlingame, CA) (Khalili et al., 2003). Briefly, a monoclonal mouse anti-
Pur-alpha antibody developed in the laboratory of Dr. Edward M. Johnson (clone 10B12)
and a mouse anti-total neurofilament antibody (SMI33; Biolegend, San Diego, CA) were
used. Sections were counterstained with haematoxylin.

Specificity of the anti-Pur-alpha antibody has been previously described (Khalili et al.,
2003). We also performed no primary antibody control staining in which serum was
substituted for the primary antibody, followed by secondary antibodies. No labeling was
observed as a result of incubation of tissues with serum and then secondary antibodies alone.

The cerebellum and hippocampus were assayed in mid-sagittal longitudinal sections;
amygdala, prefrontal, frontal and parietal cortices were assayed in coronal sections. Heights
of the prefrontal, frontal and parietal cortices were assayed as previously described (Delcour
etal., 2012). Zonal arrangement of hippocampal and prefrontal, frontal and parietal cortices
were examined qualitatively. Numerical densities of the total neuronal population
(neurofilament-labelled cells), Pur-alpha immunostained neuronal population and Pur-alpha
immunostained dendritic population were estimated using stereological optical dissector
methods, a Nikon E800 microscope equipped with a motorized stage, and an image analysis
software controlled computer (Bioquant Life Science, Nashville, TN). The region of interest
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was circumscribed at 10.5 x magnification using a 1x objective on “live” digitized
microscope images on a monitor, and the volume of reference estimated. Neurons and
dendrites were counted in this region using a 40x oil objective and the optical dissector
sampling method, as described previously (Delcour et al., 2012). Ten optical dissectors were
counted in 5-10 separate regions in the volume of interest (dependent on size of structure
measured). For the cerebellum, the density of Purkinje cell bodies and dendrites were
quantified in the mid-line vermis.

Graph-Pad Prism was used for all statistical analyses. Two-way repeated measures ANOVAs
were used to analyse behavioral tests using the factors: genotype and behavioral assay
(Figures 1A, 2C), genotype and gender (Figures 1B and C, 3B, Table 1 results), genotype
and limb (Fig. 2B), genotype and hole visited (Fig. 4), or genotype and time (Fig. 5A-E).
Two-way ANOVAs were used to analyse the brain histopathology with the factors genotype
and structure analysed (total number of neurons, and number of Pur-alpha immunostained
neurons or dendrites). Fisher least significant difference tests were used for post-hoc
analyses in most cases, although Mann-Whitney U (non-parametric) tests were used as the
post-hoc tests for the neuronal and dendritic counts due to the small sample size for each
brain region assayed. P values of < 0.05 were considered significant. Results were expressed
as mean = SEM.

No differences by weight by adulthood, but increased spontaneous early death of
heterozygous Pur-alpha (+/-) mice, compared to wild-type (+/+) mice

Mice did not differ by weight between the two genotypes after week 7 or throughout the
course of the 11 month experiment. No differences in superficial anatomical abnormalities,
whisker condition, coat quality, morphology or other general physical characteristics were
observed between the two groups. However, the prevalence of spontaneous early deaths in
the Pur-alpha colony over its 16 year history was higher in the heterozygous Pur-alpha (+/-)
mice than wild-type mice, with 129 early deaths recorded in the heterozygous Pur-alpha (+/
=) mice (7.14 %), versus only 8 early deaths recorded in the wild-type (+/+) mice (0.44%),
out of a total of 1805 mice.

Heterozygous Pur-alpha (+/-) mice show decreased escape to touch and hypotonia

With regard to neuro-reflexive functions, significant decreases in an escape response to
touch and tone in the limbs and abdomen were observed in heterozygous Pur-alpha (+/-)
mice (p<0.05 in post hoc test), compared to wild-type (+/+) mice (Fig. 1A; the two-way
ANOVA showed a significant difference in the interaction of behavioral assay and genotype,
p=0.02). The reduced escape to touch matched qualitative observations of reduced anxiety
during handling in the heterozygous Pur-alpha (+/-) mice, compared to wild-type mice (data
not shown). There was a trend towards a reduced acoustic startle response to a training
clicker noise of < 70dB in heterozygous Pur-alpha (+/-) mice (p=0.06 post hoc test result;
Fig 1A). Therefore, the acoustic startle response to a loud handclap (=120 dB) was tested in
six additional animals per group and again, a trend towards a reduced response was observed
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in heterozygous Pur-alpha (+/=) mice of both sexes (p<0.07 post hoc test result; Fig. 1A).
Similar results were observed after dividing the groups by sex, although a stronger trend
towards a reduced acoustic startle was observed in female heterozygous Pur-alpha (+/-)
mice compared to wild-type mice (Fig. 1B,C). The heterozygous Pur-alpha (+/=) mice
displayed no differences in time spent in the perimeter of the open field arena (a fear
response), compared to wild-type mice (Fig. 1D). However, both male and female
heterozygous Pur-alpha (+/=) mice displayed gait abnormalities during this general health
screen (p<0.05 each sex), compared to wild-type mice that showed none (Fig. 1E; two-way
ANOVA showed a significant difference between genotypes, p<0.0001). These gait
differences did not affect speed of movement in the open field arena (Fig. 1F).

Heterozygous Pur-alpha (+/-) mice show increased missteps, outwardly rotated hindpaws
and wide-based gait

We next used footprint pattern analyses to further explore the gait differences in a smaller
cohort of mice (Fig. 2). Heterozygous Pur-alpha (+/-) mice displayed increased incidence of
foot drags, missteps, wide-based steps and outwardly rotated hindpaws when walking
forward, compared qualitatively to wild-type littermates (Fig. 2A). Footprint pattern analysis
showed increased rotation in the hindpaws of heterozygous Pur-alpha (+/-) mice (p<0.05),
compared to wild-type littermates (Fig. 2B; the two-way ANOVA showed a significant
difference in the interaction of genotype and limb, p=0.01). Footprint pattern analysis also
showed wider-based steps in both forepaws and hindpaws, and less overlap in forepaws and
hindpaws during forward walking in heterozygous Pur-alpha (+/=) mice (p<0.01 each),
compared to wild-type littermates (Fig. 2B,C; the two-way ANOVA showed a significant
difference in the interaction of genotype and behavioral assay, p=0.02).

Heterozygous Pur-alpha (+/-) mice show deficits in spatial memory, but preservation of
novel object recognition

In the novel object location task that tests an animal’s ability to detect “where” features,
heterozygous Pur-alpha (+/=) mice displayed deficits at the 1 hour memory retention testing
point (Fig. 3A,B). Specifically, both male and female heterozygous Pur-alpha (+/-) mice
spent less time exploring the “moved” versus “unmoved” objects (p<0.05 each), compared
to male and female wild-type mice (Fig. 3A,B; two-way ANOVA showed a significant
difference by genotype, p=0.005). No sex differences were observed in either group.

In contrast, the novel object recognition task that tests an animal’s ability to detect “what”
features revealed no significant differences in either group’s ability to recognize novel
objects at the 1 hour retention testing point (Fig. 3C). No sex differences were observed in
either group.

In the Barnes Maze assay, heterozygous Pur-alpha (+/=) mice also displayed memory
deficits, in the form of increased numbers of blank holes visited, compared to wild-type
littermates (Fig. 4). The two-way ANOVA revealed significant differences between the
genotypes (p=0.001) and hole visited (p<0.0001), while the posthoc tests showed increased
visits to several blank holes by Pur-alpha (+/-) mice, as indicated in Fig. 4. Despite the
ability to walk at normal speeds in the open field test (Fig. 1F), the heterozygous Pur-alpha
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(+/-) mice had slower speeds around the maze on the 4" day of acquisition training, at the
24 hour retention trial (day 5) and at the 30 day retention test, compared to wild-type
littermates (Fig. 5A). Part of the reason for the slower velocity was that heterozygous Pur-
alpha (+/-) mice traveled longer distances around the maze before their head entered the
target hole on both retention day tests (days 5 and 30; Fig. 5B,C). The heterozygous Pur-
alpha (+/-) mice traveled shorter distances before investigating a blank hole during the
fourth acquisition trial and 24 hour retention trial (day 5), compared to wild-type littermates
(Fig. 5D), and showed a similar trend during the 30 day retention test. They also showed an
increase in the primary latency before their head entered the target hole at the 24 hour
retention trial (day 5) (Fig. 5E), although both genotypes had similar latencies during the 30
day retention test. The heterozygous Pur-alpha (+/=) mice had a higher prevalence for
random or serial search strategies on 24 hour retention trial (day 5), than the wild-type mice
that more commonly used a spatial search strategy (Fig. 5F). For succinctness here, specifics
of ANOVA and significant posthoc findings are reported in individual panels of Figure 5.
Table 1 shows that there were no sex differences observed in either group regarding Barnes
Maze results.

Heterozygous Pur-alpha (+/-) mice show no gross morphological differences in several
brain regions compared to wild-type mice

No differences in overall size of the brains were visible between the two groups at tissue
collection or after sectioning of the brains. No differences in height of several regions of the
cerebral cortex (prefrontal, frontal cortex, and parietal cortices were examined) were
detected (data not shown), nor did there appear to be altered zonal arrangements in these
same cortices between the two groups. Nor were gross morphological differences observed
in the hippocampus or cerebellum between the two groups (Fig. 6A-H).

Heterozygous Pur-alpha (+/-) mice show reduced numbers of neurons and dendrites in the
hippocampus, cerebellum and amygdala

In contrast to above, differences in neuronal density, dendritic density and length, and
numbers of neurons and dendrites stained for Pur-alpha were apparent between the two
groups in the cerebellum and hippocampus. In the wild-type (+/+) mice, most neurons and
dendrites in each of these regions showed clear immunostaining for Pur-alpha (Fig. 6A-D.
In the cerebellum (Fig. 6G,H; Fig. 7A), there were reduced numbers of Purkinje cell bodies
and dendrites immunostained for Pur-alpha in heterozygous Pur-alpha (+/-) mice (p<0.01
each), compared to wild-type (+/+) littermates. The total number of Purkinje cell bodies in
heterozygous Pur-alpha (+/-) mice (immunostained for Pur-alpha and hematoxylin stained
only) was also reduced (p<0.05), compared to wild-type (+/+) littermates (Fig. 7; the two-
way ANOVA showed a significant interaction between genotype and structure of p=0.006.
Such frank differences were not observed in the cerebellum granule cell layer of
heterozygous Pur-alpha (+/-) mice, compared to wild-type (+/+) littermates (data not
shown). In the CA1-3 regions of the hippocampus (Fig. 6E,F; Fig. 7B), we observed reduced
numbers of neuronal cell bodies overall, and reduced numbers of Pur-alpha+ neuronal cell
bodies and dendrites in heterozygous Pur-alpha (+/-) mice (p<0.05 and p<0.01,
respectively), compared to wild-type (+/+) littermates.
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A small reduction of Pur-alpha-immunopositive neurons and dendrites were observed in the
amygdala after two-way ANOVA analysis by genotype (p=0.03), although there were no
significant post-hoc findings (Fig. 7C). However, the prefrontal cortex showed no significant
changes between the two genotypes (Fig. 7D).

Discussion

Here we present for the first time an extensive assessment of the behavioral phenotype and
brain histopathology of mice that are heterozygous for the Pur-alpha allele. The
heterozygous Pur-alpha (+/=) mice showed a tendency to spontaneous early deaths. They
also show limb and abdominal hypotonia, ataxic gait abnormalities suggestive of cerebellar
pathology, and cognitive memory deficits suggestive of hippocampal pathology. The
heterozygous Pur-alpha (+/-) mice also showed reduced anxiety, a reduced escape to touch,
and a trend towards reduced acoustic startle responses suggestive of amygdala pathology.
Histological assays of the vermal region of the cerebellum, CA2 and 3 regions of the
hippocampus, and amygdala revealed reduced neurons in general in heterozygous Pur-alpha
(+/-) mice, as well as reduced numbers of neurons and dendrites that were immunoreactive
for the Pur-alpha protein in these same brain regions.

Pur-alpha is a member of a protein family that is strongly conserved across species (Johnson,
2003). It plays multiple roles in DNA replication and gene transcription (Gallia et al., 2000,
Johnson, 2003). Prior studies have shown that Pur-alpha is essential for proper early
postnatal development of the mouse brain (Khalili et al., 2003, Zeng et al., 2005, Johnson et
al., 2006, Hokkanen et al., 2012). We have previously reported that homozygous Pur-alpha
(=/-) mice show no evidence of Pur-alpha protein production in whole brain extracts, and in
immunohistochemically-stained cerebral cortex, cerebellum and hippocampus (Khalili et al.,
2003, Mishra et al., 2013). They also showed significantly reduced numbers of neurons,
reduced synaptic connections, abnormal dendritic development in their hippocampus and
cerebellum relative to wild type (+/+) mice, and reduced numbers of cells in bronchial
epithelium, thymus and spleen (Khalili et al., 2003), as well as abnormal dendritic
development in their cerebellum and hippocampus (Johnson et al., 2006). Unfortunately, the
homozygous Pur-alpha (=/-) mice developed in our lab do not gain weight normally, show
increased incidence of tremors and seizures, and die typically by 1 month of age (Khalili et
al., 2003). Another group has also developed a Pur-alpha deficient (/=) knockout mouse
model (Hokkanen et al., 2012). These mice display a persistent continuous tremor after 2
weeks of age, a significant loss of Purkinje cell density by 5 months of age, megacephaly
and expiration by 6 months of age (the latter two considerably later than our homozygous
Pur-alpha (=/-) mice) (Hokkanen et al., 2012), though it should be noted that these animals
contain a large deletion of sequences flanking the PURA coding region and this, as well as
possible off-target effects, may account in part for the differences observed between the two
models.

Due to the early lethality of the knockout mice and the haploinsufficiency in Pur-alpha levels
in heterozygous animals (Khalili et al., 2003, Mishra et al., 2013), we decided to pursue
behavioral studies in mice that are heterozygous (+/-) for the Pur-alpha protein. We have
previously reported that heterozygous Pur-alpha (+/-) mice show a 25% reduction in the
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Pur-alpha protein from wild-type levels at postnatal day 5 and a 50% from wild-type levels
by adulthood (Khalili et al., 2003, Mishra et al., 2013), and a loss in coordinated RhoA
expression during development, albeit less of a loss than in homozygous Pur-alpha (-/-)
mice (Mishra et al., 2013). They also display delays in weight gain during development,
although they eventually recover so that by adulthood they are nearly indistinguishable in
body weight and morphology from wild-type (+/+) littermates (Khalili et al., 2003).
However, Pur-alpha (+/-) mice have occasional spontaneous seizures during routine
handling (Khalili et al., 2003). We further report here an increased prevalence of
spontaneous early deaths in heterozygous Pur-alpha (+/-) mice, compared to wild-type (+/+)
mice, over a 16 year history of 0.44% versus 7.14%.

We have previously reported that heterozygous Pur-alpha (+/=) mice have a slight waddling
gait (Khalili et al., 2003). We extended those findings here to show that heterozygous Pur-
alpha (+/-) mice display gait ataxias, such as wider-based steps, less overlap in forepaws
and hindpaws, and increased foot drags and missteps, as well as more outwardly rotated
hindpaws during forward walking. Such gait changes are typically associated with cerebellar
degeneration (Ivanov et al., 2004, Takeuchi et al., 2012), matching our findings of neuronal
loss in the cerebellar vermis of heterozygous Pur-alpha (+/-) mice. These mice also showed
limb and abdomen hypotonia during SHIRPA testing, changes also typically attributed to the
cerebellum. The increased foot drags and outward hindpaw rotation during forward walking
could also be related to peripheral nerve degeneration (Sereda et al., 1996), the possibility of
which we are exploring in a separate study, although similar gait changes have been
observed in association with cerebellar dysfunction (Ivanov et al., 2004, Takeuchi et al.,
2012). Protein-altering de novo mutations in PURA, which encodes the Pur-alpha protein,
have recently been described in several young human subjects (Hunt et al., 2014, Lalani et
al., 2014, Tanaka et al., 2015). Three of four subjects diagnosed with PURA syndrome
presented with hypotonia, poor coordination or wide-based gait and had Pura-alpha
mutations that included two different frameshifts, one in frame deletion and one missense
mutation (Hunt et al., 2014). In another study, eleven human subjects with 5931.3
microdeletion syndrome and de novo mutations in PURA had significant hypotonia and
developmental delays; most had seizures and abnormal EEGs (Lalani et al., 2014). In a third
recent study, six subjects with several novel variants in PURA also shared similar clinical
features of hypotonia, developmental delays and seizures or seizure-like movements (Tanaka
et al., 2015). Thus, the phenotype of the Pur-alpha (+/-) mice studied here display several
striking parallels with some of the young human subjects harboring PURA mutations and
may be useful for further mechanistic studies in this regard.

Heterozygous Pur-alpha (+/-) mice also showed significant cognitive deficits, specifically
spatial memory deficits. This included short-term memory deficits (1 hour) in a novel object
location memory test, evidenced by reduced reaction times to a new location of the moved
objects. A lower reaction time in this test may result from impairments in encoding object
spatial configuration or disturbances in short-term memory processing, a pattern of cognitive
deficit that is consistent with hippocampal dysfunction (Benice et al., 2006, Murai et al.,
2007, Delcour et al., 2012). In Barnes Maze testing, the heterozygous Pur-alpha (+/-) mice
had slower velocities and traveled longer distances before finding the target hole during the
4t acquisition trial and both retention test days. This was despite their ability to walk at
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normal speeds in an earlier open field test (the latter indicating that their gait abnormality
did not affect their speed). They also visited more blank holes during the 5 day retention test
than wild-type littermates (+/+), further indicative of spatial memory deficits. At the 30 day
retention trial, the wild-type mice also show signs of forgetting the location of the target
hole, reducing the difference between the two genotypes in the primary latency for the head
entering the target hole. The heterozygous Pur-alpha (+/-) did not develop the typical direct
spatial search strategy, but retained random or serial search strategies (or a mix), also
highlighting their difficulties in navigating to a specific location using spatial cues (Bach et
al., 1995, Lieb et al., 1999, O’Leary and Brown, 2013). Like the novel object location
memory test results, these findings are indicative of hippocampal pathology, since an intact
hippocampus is needed for both storage and retrieval of spatial location memories
(Eichenbaum et al., 2007, Murai et al., 2007, Farovik et al., 2011). Such pathology was
evident in the CA2 and CAS3 regions of the hippocampus as reduced numbers of neurons
overall, reduced numbers of Pur-alpha immunostained neurons and dendrites, and shorter
Pur-alpha immunostained dendrites. The lack of significant histopathological findings in the
prefrontal cortex and the preservation of novel object recognition abilities suggests that
prefrontal cortical function is spared in the heterozygous Pur-alpha (+/-) mice (Wais, 2011).

Past studies have implicated Pur-alpha in the mediation of neurodegeneration in the context
of HIV-1 infection, particularly through its association with the key viral regulatory Tat
protein (for review see Johnson et al, 2013). Humans with HIV show astrogliosis, myelin
pallor within white matter tracts, and deficits in synaptic transmission in areas of the brain
involving the dopaminergic system, including the prefrontal cortex and hippocampus
(Gelman et al., 2012, Gelman, 2015). All of these have been described in the Pur-alpha
mouse model (Khalili et al, 2003). Similarly, deficits in learning and memory, executive
functioning, and speed of informational processing are common in HIV-1 associated
neurological disease (HAND), even in patients on antiretroviral therapy (Heaton et al.,
2011). Absent in our Pur-alpha mouse model are any signs of overt inflammatory effects,
which play a critical role in HIV-1 infection and in more severe stages of HAND, but that
are minimal in patients with mild CNS disease. Thus, Pur-alpha heterozygous knockout
mice with their deficits in learning, memory and speed of informational processing, as
shown with Barnes maze testing, may provide a well-defined animal model in which to
study mechanisms of HIV-1 associated neurological disorders, including cognitive
deficiencies.

The reduced anxiety, reduced escape to touch, and reduced response to acoustic startle
observed in the heterozygous Pur-alpha (+/-) mice are behaviors typically indicative of
docility or reduced fear. These behaviors may be the result of the decreased numbers of
neurons overall and decreased numbers of Pur-alpha immunostained neurons and dendrites
in the amygdala (Trogrlic et al., 2011), although deficits in escape to touch have also been
associated with Purkinje cell loss in the cerebellum (Chintala et al., 2009). Jacquelin et al
found similar reductions in escape to touch (as well as ataxic motor and other behavioral
changes) in homozygous Dab1(scm) mouse mutants that had cell ectopias in the cerebellar
cortex, hippocampus, and neocortex, compared to non-ataxic controls on postnatal day 22
(Jacquelin et al., 2012). The Dab1(scm) mutants showed hypometabolic neuronal activity in
cerebellar cortical layers and efferent deep cerebellar nuclei, estimated by cytochrome
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oxidase histochemistry on cerebellar sections, relative to non-ataxic mice, despite normal
metabolism in both regular and ectopic Purkinje cells. The reduced response to acoustic
startle was an unexpected finding. It is interesting that one human subject with PURA
syndrome lacked awareness of danger (Hunt et al., 2014), a behavior finding that could be
similar to the reduced anxiety, acoustic startle and reduced escape to touch responses seen in
our heterozygous Pur-alpha (+/-) mice. However, since the magnitude of the reduced
acoustic startle responses was small and did not reach significance in the heterozygous Pur-
alpha (+/-) mice, further studies are needed to determine their source, and cognitive or
biological significance.

Limitations of this study include not prolonging the novel object location retention test to
longer time frames than 1 hour. However, Murai et al have shown that wild-type (+/+) mice
were able to discriminate an object in a novel location at < 2 hours after the final acquisition
trial, but not at > 2 hours (Murai et al., 2007). Therefore, we utilized the Barnes Maze to test
for long-term memory deficits, with good success. Sex differences were not examined in
every assay due to limited numbers of mice and/or tissues in subsets of assays. A
longitudinal assessment could also be employed in future studies to examine the effects of
development and aging in mice that are heterozygous for a regulator of amyloid precursor
(that is, Pur-alpha) (Darbinian et al., 2008). Lastly, additional studies are needed to
determine the reasons for the reduced acoustic startle reflexes in the heterozygous Pur-alpha
(+/-) mice.

In conclusion, mice heterozygous for Pur-alpha have impaired gait and limb tone as well as
several memory deficits, which may relate to observed deficits in the cerebellum and
hippocampus, respectfully. Based on our previous results where we observed neuronal loss
in the cortex, cerebellum and hippocampus, and cell loss in many non-neural tissues of
homozygous Pur-alpha (=/-) mice (Khalili et al., 2003, Mishra et al., 2013), we anticipate
other brain regions and organs may be effected in heterozygous Pur-alpha (+/-) mice during
development, although this is still under investigation. These results are encouraging and
support further research using Pur-alpha heterozygous knockout mice to study mechanisms
or treatments of several neurodegenerative and neurocognitive disorders, such as Fragile X
Tremor Ataxia Syndrome, PURA Syndrome and neuroAIDS. For example, peripheral
neuropathology is a clinical problem observed in patients with HIV, which may result from
the virus itself, co-morbidities, or the use of some antiretroviral therapies. We are pursuing
that topic in a separate study.
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Figure 1.
Select results (neural reflexes and open field activities) from a general health screen. (A)

Several neural reflexes were decreased in heterozygous Pur-alpha (+/-) mice (both sexes
mixed), compared to wild-type (+/+) littermates (both sexes mixed) (two-way ANOVA
showed a difference between the genotypes, p<0.0001). Posthoc analysis showed a
significantly decreased escape behavior, limb tone and abdominal tone in the heterozygous
mice, as well as a trend towards a reduction in acoustic startle to two different sudden
noises. (B, C) Similar results were observed after dividing the groups by sex. (D-F) In the
open field assay, both male and female heterozygous Pur-alpha (+/=) mice showed similar
amounts of time spent in the perimeter versus the center of the arena and similar mean
speeds, yet increased gait abnormalities. *p<0.05, compared to wild-type (+/+) littermates.
Mean + SEM shown.
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Figure 2.
Gait abnormalities were evident in heterozygous Pur-alpha (+/-) mice during forward

walking. (A) Representative figures show that heterozygous Pur-alpha (+/-) mice have more
foot drags, missteps, outwardly positioned hindpaws, and wider-based steps, compared
qualitatively to wild-type (+/+) mice. (B) Footprint pattern analysis showed that hindpaws of
heterozygous Pur-alpha mice were more rotated than wild-type (+/+) littermates
(specifically, hindpaws showed an increased angle during walking so that they pointed away
from the forward direction of the mouse). (C) Footprint pattern analysis also showed that
heterozygous Pur-alpha mice had wider fore base and hind base gaits, and less overlap
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between forepaws and hindpaws during forward walking. **p<0.01, compared to wild-type
(+/+) littermates. Mean £ SEM shown.
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Figure 3.
Assessment of memory abilities in novel object location and novel object recognition assays

in wild-type mice (+/+) and heterozygous Pur-alpha (+/-) mice. (A) Cartoons showing the
design of the novel object recognition assay of the location of three objects in an open field
chamber. Mice were allowed to explore the location of 3 objects during a 3 minute
acquisition assay. For the retention test that occurred 1 hour later, two objects were moved
and one object remained in the same location. (B) Both male and female heterozygous Pur-
alpha mice showed similar decreases in percent time exploring moved objects relative to
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unmoved objects, compared to age-matched male and female wild-type (+/+) littermates.
This is indicative of a deficit in spatial location memory in the heterozygous Pur-alpha mice.
(C) Neither group showed deficits in novel object recognition. *p<0.05, compared to wild-
type (+/+) littermates. Mean £ SEM shown.
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Figure 4.
Assessment of memory abilities in a Barnes maze test at 24 hours after the last day of

acquisition training. (A) Heterozygous Pur-alpha (+/-) mice showed increased numbers of

visits to several blank holes (*:p<0.05), compared to age-matched wild-type (+/+)
littermates. *p<0.05, compared to wild-type (+/+) littermates. Mean + SEM shown.
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Figure 5.

Further assessment of memory abilities in Barnes maze tests. Animals were trained for 4
days to learn the maze (4 trials/day for a total of 16 trials) before being tested in retention
tests at 24 hours (day 5 of testing) and 30 days after the last day of acquisition training. (A)
Heterozygous Pur-alpha (+/-) mice showed slower average velocity around the Barnes maze
on the last day of acquisition training, and at both retention test time points, than wild-type
(+/+) littermates. (B,C) Heterozygous Pur-alpha mice showed longer total distance traveled
and greater distance prior to their head entering the target hole, at both retention test time
points. (D) Heterozygous Pur-alpha mice had shorter distances prior to their heads entering a
blank hole during the last day of acquisition training and 24 hour (day 5) retention test. (E)
Heterozygous Pur-alpha mice had an overall longer latency before the head entered the
target hole during the 24 hour (day 5) retention test. (F) Representative cartoons showing
that wild-type (+/+) mice had a higher prevalence for a direct spatial search strategy as
shown on left, while heterozygous Pur-alpha mice showed more random, serial, or a mix (as
shown on right) during the Day 5 Retention Test. *:p<0.05 and **p<0.01, compared to wild-
type (+/+) littermates. Mean £ SEM shown.
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Figure 6.
Reduced Pur-alpha immunostained neurons and dendrites in hippocampus and cerebellum of

mature (11 months of age) heterozygous Pur-alpha (+/=) mice, compared qualitatively to
wild-type (+/+) mice littermates. (A-D). Low power and higher power photomicrographs
from hippocampal (Hippoc) CA2 and CA3 regions and vermal cerebellum (Cbl) region of
wild-type (+/+) mice. Insets in A and B show neurons with cytoplasm intensely stained for
Pur-alpha as well as long intensely stained dendrites. (E-H) Low power and higher power
photomicrographs from hippocampal (Hippoc) CA2 and CA3 regions and cerebellum and
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vermal cerebellum (Cbl) region of heterozygous Pur-alpha (+/-) littermates. Arrows in the
insets of panels E and H indicate hippocampal neurons and Purkinje cells lacking Pur-alpha
staining, respectively. Panel F and its inset shows that neurons in the CA3 region of a
heterozygous Pur-alpha mouse have little to no Pur-alpha stained dendrites. Scale bars in A,
C, E and G = 100 micrometers; Scale bars in B, D, F and H = 25 micrometers.
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Fig. 7.

R(?duced numbers of Pur-alpha immunostained neurons and dendrites in hippocampus,
cerebellum and amygdala of mature (11 months of age) heterozygous Pur-alpha (+/-) mice,
compared to wild-type (+/+) mice littermates. (A) Estimated total number of Purkinje cell
bodies, Pur-alpha immunostained (+) Purkinje cell bodies, and Pur-alpha + Purkinje cell
dendrites in the cerebellum. (B-D) Estimated total number of neuronal cell bodies, Pur-
alpha-immunopositive neuronal cell bodies, and Pur-alpha-immunopositive dendritic
elements in the hippocampus CA1-3 region, amygdala and prefrontal cortex. Results of two-
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way ANOVA shown at upper right in each panel; significant posthoc findings shown as
*p<0.05 and **p<0.01, compared to wild-type (+/+) littermates. Mean £ SEM shown.
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