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Inherited defects in purine nucleoside phosphorylase (PNP) cause severe T cell immunodeficiency and progres-
sive neurological dysfunction, yet little is known about the effects of PNP deficiency on the brain. PNP-KO
mice display metabolic and immune anomalies similar to those observed in patients. Our objectives were
to characterize brain abnormalities in PNP-KO mice and determine whether restoring PNP activity prevents
these abnormalities.
We analyzed structural brain defects in PNP-KO mice by magnetic resonance imaging, while assessing motor
deficits using the accelerating rotarod and stationary balance beam tests. We detected morphological abnor-
malities and apoptosis in the cerebellum of PNP-KO mice by hematoxylin and eosin, electron microscopy,
TUNEL and activated caspase 3 staining. We treated PNP-KO mice with PNP fused to the HIV-TAT protein
transduction domain (TAT-PNP) from birth or from 4 weeks of age.
Magnetic resonance imaging revealed a smaller than normal cerebellum in PNP-KO mice. PNP-KO mice dis-
played motor abnormalities including rapid fall from the rotating rod and frequent slips from the balance
beam. The cerebellum of PNP-KO mice contained reduced purkinje cells (PC), which were irregular in
shape and had degenerated dendrites. PC from the cerebellum of PNP-KO mice, expanded ex vivo, demon-
strated increased apoptosis, which could be corrected by supplementing cultures with TAT-PNP. TAT-PNP in-
jections restored PNP activity in the cerebellum of PNP-KO mice. TAT-PNP from birth, but not treatment
initiated at 4 weeks of age, prevented the cerebellar PC damage and motor deficits.
We conclude that PNP deficiency cause cerebellar abnormalities, including PC damage and progressive motor
deficits. TAT-PNP treatment from birth can prevent the neurological abnormalities in PNP-KO mice.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Purine nucleoside phosphorylase (PNP) is a ubiquitous cytoplasmic
enzyme essential for purine metabolism. Inherited defects that disrupt
the function of PNP lead to severe T-cell immune deficiency with in-
creased susceptibility to infections and autoimmunity (Markert, 1991).
More than 50% of PNP-deficient patients exhibit diverse neurological
dysfunction including progressive cognitive and developmental delay
as well as motor coordination abnormalities and ataxia (Markert, 1991;
Dalal et al., 2001; Tabarki et al., 2003), as reviewed recently (Micheli et
al., 2011). The neuro-developmental abnormalities typically appear
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prior to the immune disturbances suggesting that they result from im-
paired purine metabolism (Simmonds et al., 1987). Allogeneic bone
marrow transplantations can restore immune function in PNPdeficiency,
however many patients continue to suffer neurological abnormalities,
possibly because of irreversible brain damage at young age that occurs
prior to treatment initiation (Classen et al., 2001; Baguette et al., 2002;
Delicou et al., 2007). The limited reports of the brain abnormalities in
PNP-deficient patients that are available, have precluded better under-
standing of the effects of PNP deficiency in the brain and analysis of treat-
ment effects. Interestingly, similar to PNP deficiency, patients suffering
from Ataxia telangiectasia (AT), caused by inherited defects in the ATm
gene also develop severe T cell immunodeficiency together with pro-
gressive coordination abnormalities and ataxia. Brain imaging and path-
ological studies of patients suffering from AT typically reveal progressive
cerebellar atrophy and degeneration of purkinje cells (PC), although the
precise etiology leading to the neuronal damage is still not clear (Tavani
et al., 2003).

http://dx.doi.org/10.1016/j.nbd.2012.04.001
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By knocking out the Pnp gene, we previously generated a mouse
model (PNP-KO) that closely recapitulates the metabolic and immune
abnormalities found in PNP-deficient patients (Arpaia et al., 2000).
Typically, PNP-KO mice demonstrate significantly reduced thymus
weight and thymocytes numbers as well as profound T cell dysregu-
lation by 4–6 weeks of age, which worsens until the mice demise at
10 weeks of age from pancytopenia, massive splenomegaly and
weight loss, even without any evidence of infection (Arpaia et al,
2000; Toro and Grunebaum, 2006; Papinazath et al., 2011). PNP-KO
mice helped elucidate the effect of disrupted purine homeostasis on
the immune system, including the deoxy-guanosine accelerated
apoptosis of the CD4+CD8+ thymocytes (Papinazath et al., 2011).
In addition, we used the PNP-KO mouse model to assess enzyme re-
placement treatment with TAT-PNP. TAT-PNPwas produced by fusing
the human PNP with the 11 essential amino acids of the protein
transduction domain (PTD) of HIV TAT, which prevented loss of the
enzyme in the urine or antibody neutralization, thereby resulting
in extended biological activity in vivo (Toro et al., 2006). Treating
PNP-KO mice with frequent TAT-PNP injections restored purine
homeostasis, corrected the immune abnormalities and prolonged the
survival of these mice with no adverse effect (Toro and Grunebaum,
2006). Additionally immune fluorescence showed that TAT-PNP
crossed the blood brain barrier and reached neuronal and non-
neuronal cells in the brain of PNP-KO mice (Toro and Grunebaum,
2006), suggesting that TAT-PNP could also prevent the neurologic
abnormalities associated with PNP deficiency.

We reasoned that studying the neurological abnormalities of PNP-KO
mice would enrich our understanding of PNP deficiency effects on the
brain. Therefore, we analyzed the brain structures, motor and coordina-
tion, memory and spatial skills in PNP-KO mice, eventually focusing on
the cerebellum. To establish direct relationship between PNP deficiency
and the neurological abnormalities, and to determine whether timely
restoration of PNP can prevent these abnormalities, we treated PNP-KO
mice with TAT-PNP from birth or from 4 weeks of age.

Materials and methods

PNP-KO mice and TAT-PNP treatment

PNP deficiencywasdetermined inmice (C57BL/6) by PCR analysis or
absence of PNP enzyme activity in tail blood samples, as previously de-
scribed (Toro and Grunebaum, 2006). PNP-KO mice, maintained in a
pathogen-free environment, received twice-a-week intra-peritoneal in-
jections of 1 unit/g body weight of TAT-PNP dissolved in PBS, as previ-
ously described (Toro and Grunebaum, 2006). The amount of PNP
required to convert 1 μmol of inosine to hypoxanthine in 1 min at
37 °C was defined as 1 enzyme unit (Arpaia et al., 2000). As delivery
controls, PNP-KO mice were also injected with equal volumes of PBS
or with TAT-ADA, a recombinant protein generated by fusion of the 11
essential amino acids of the TAT PTDwith human adenosine deaminase
(TAT-ADA) and produced similar to TAT-PNP. All procedures were
approved by the Animal Safety Committee at the Hospital Sick Children,
Toronto, Ontario, and performed in accordance to the guidelines of the
Canadian Council for Animal Care.

Magnetic resonance imaging of the brain

Unbiasedmagnetic resonance imaging (MRI)was performed as pre-
viously described (Spring et al., 2007). Briefly, 4% paraformaldehyde in
vivo fixed brains were imaged using a T2-weighted, three-dimensional
spin-echo sequence and aligned. Imageswere registered to an unbiased
average (Lerch et al., 2008). All brain structures >3 mm3 in volume
were analyzed by voxel-based approach and Jacobian values were
used to compare the size of specific brain structures. The Jacobian
value is the value needed to rescale the volume in a single voxel to
make it equal to the average of all brains included in the study. Multiple
comparison bias was corrected using a stringent b1% false discovery
rate.

Histological evaluation of the cerebellum

Brains, fixed in 4% paraformaldehyde, paraffin embedded and sec-
tioned were stained with hematoxylin and eosin. Sections were visual-
ized with the Nikon Ellipse TE2000-EE microscope and photographed
using the Hamamatsu AG camera. An observer, unaware of the mice
genotype or treatment, calculated the density of PC/mm at 2 linear
millimeters or more of the granular-PC border in coronal sections
from the lateral cerebellum in the region of the folium within 100 μm
of the depth of the primary fissure. All sections contained full view of
the granular and molecular layers and corresponded to areas identified
as affected by the MRI. Thickness of the molecular layer in these areas
was also measured.

Electron microscopy of the cerebellum

For electron microscopy, ultrathin sections were cut from tissue
fixed in 2.5% glutaraldehyde, postfixed in 1% OsO4, dehydrated and
embedded in Embed 812-araldite. Sections were stained in uranyl
acetate and lead citrate and examined in a JEOL JEM 1011 transmis-
sion electron microscopy (JEOL USA, Peabody, MA). Images were
recorded with a CCD camera (AMT Corp., Danvers, MA). Apoptosis
of PC in electron microscopy sections was determined by nuclear
chromatin compaction, margination to the periphery of the cell or
break-up to discrete marginated fragments.

Apoptosis evaluation in the cerebellum

Apoptosis of PC in the cerebellum sections was also analyzed using
the Terminal deoxynucleotidyl transferase dUTP Nick End Labeling
(TUNEL) and activated caspase-3 staining, performed as previously
described (Kanungo et al., 2009). Briefly, for the TUNEL assay, biotin
16-dUTP (Roche Applied Science, Germany) was incorporated into the
3′-OH ends of the DNA fragments by recombinant TdT (Invitrogen,
Burlington, Ontario) and detected by streptavidin-horseradish peroxi-
dase (HRP) conjugate followed by 3,3′-diaminobenzidine (DAB) sub-
strate with hematoxylin counter stain (Vector Laboratories, CA.).
Activation of caspase-3 was probed using rabbit antibody to cleaved
caspase-3 (NewEnglandBiolabs,MA.) followed by biotinylated second-
ary antibody, streptavidin-HRP and DAB.

Apoptosis evaluation in purkinje cells cultured ex vivo

PC cultures were established from cerebellum of 0–1 day old mice,
as previously described (Furuya et al., 1998). Briefly, each cerebellum
was digested with 0.1% trypsin for 10–15 min and rinsed with HBSS.
Dissociated cells were obtained by gentle trituration with 0.05% DNase
in HBSS and plated (2×105 cells) in duplicates in DMEM/F12 supple-
mented with 10% heat inactivated FCS and N-2 (Invitrogen) on poly-L-
ornithine-coated cover-slips. After 10 days, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, blocked
with 5% BSA and incubated overnight with mouse monoclonal anti-
calbindin D-28K antibody (Sigma, St. Louis, MO) followed by secondary
Alexa 488-conjugated anti-mouse antibody (Invitrogen). PCwere iden-
tified by their size, shape and reactivity with anti-calbindin antibodies.
Apoptosis of PC was demonstrated using rabbit antibodies to cleaved
caspase-3, as described above, which were detected using donkey
goat rhodamine-conjugated anti-rabbit antibody. Confocal microscopy
was used to determine the number of cells with cleaved caspase 3
among 100 randomly selected PC in >4 different slide regions. In
some experiments, at the initiation of the culture and 5 days later,
10 units/ml TAT-PNP were added (Toro et al., 2006).
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Fig. 1. PNP-KOmice have small cerebellum. Brains from 10-week old PNP-KOmice or nor-
mal littermates (N=10 in each group)were imaged using T2-weighted, three-dimensional
spin-echo sequence, aligned and adjusted for brain volume. A b1% false discovery rate was
used. Upper image is a representative composition section through the cerebellum (the sec-
tion plane is shown in the inserted diagram). Color-highlighted areas demonstrate voxel
size in regions that differed significantly between PNP-KO mice and normal littermates.
Color intensity indicates T-values ranging from 3.4 (purple) to 7 (red). Lower image is a
“box and whiskers plot” of the relative voxel sizes of the right cerebellum of PNP-KO mice
( ) and normal littermate ( ) from the upper image, as well as from the corpus callosum
and thalamus. The bold line represents themedian, the boxes represent the quartile and the
lines represent the range. *=pb0.0002.
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Neurological function

All neurological examinations were performed following appro-
priate acclimatization and training using PNP-KO and normal litter-
mate mice with similar size and weight. Tests were conducted by
researchers unaware of the mice genotypes or treatments. Muscle
strength was determined by forelimb grasping of a proximal smooth,
metal, triangular pull bar as previously described (Henderson et al.,
1996). Auditory Fear Conditioning was tested as previously described
(Han et al., 2009). Briefly, mice were exposed to a tone (2800 Hz, 30 s,
85 dB) that terminated with 2 s of a mild electrical foot shock
(0.6 mA). After 24 h, mice were exposed again to the tone (without a
foot shock). We analyzed the time with no activity (“freezing”) during
the 2 min prior to stimulation, 3 min after the shock and during the
3 min after exposure to the repeat tone on the following day. The per-
centage of freezing following re-exposure to the tone was defined as
Memory index. The Morris Water Maze was performed as previously
described (Kee et al., 2007). Briefly, mice were trained daily to reach a
submerged platform in a circular pool containing opaque water while
being recorded by the Water Maze video-based tracking system
(Actimetrics, Wilmette, IL, USA). The percentage of time spent in the
quadrant containing the submerged platform following 7 and 10 days
of training was calculated from the video recording using software
from Noldus (Ethovision 2.3.19). Motor deficits were determined
using the accelerating rotarod and the balance beam tests. The acceler-
ating rotating rod test was performed as described previously with
slight modifications (Philibin et al., 2008). Briefly, following 3 training
sessions at constant and accelerating speeds on the rotarod apparatus
(Letica LE8500, Panlab, Barcelona, Spain), mice were rested for 120 min,
before being tested at accelerating speed, which was initiated at 4 rpm
and increased gradually to 40 rpm for 300 s. Each mouse was tested 4
times and the latency to fall for eachmousewas calculated. The balance
beam test was performed as previously described with slight modi-
fications (Herson et al., 2003). Briefly, a 0.9 meter long rod (0.01 m in
diameter) was positioned 0.3 m above soft bedding. Analysis began
only when the mouse crossed the full length of the rod without prod-
ding. The number of hind feet slips during 3 consecutive trials was
averaged and expressed relative to 1 m.

Statistical analysis

Data are expressed as the mean±standard deviation (SD). Two-
tailed Student's t-testwas used to compare themean between 2 groups,
multiple groups were compared using 1-way ANOVA, while multiple
variables were examined by 2-way ANOVA. A p-value of b0.05 was
considered to be statistically significant.

Results

PNP-KO mice have smaller than normal cerebellum

To identify structural brain abnormalities associated with PNP
deficiency, unbiased MRI of brains from 10-week old PNP-KO mice
fixed in vivo were examined. MRI revealed that both cerebellar hemi-
spheres of PNP-KO mice were smaller than normal littermates, as
shown in Fig. 1. The relative voxel size in the cerebellum of PNP-KO
mice (0.92±0.04) was significantly decreased compared to normal
littermates (1.08±0.11). There were no differences in the MRI signal
intensity within the cerebellum between PNP-KO mice and normal
littermates. The corpus callosum and the thalamus of PNP-KO mice
(relative voxel sizes of 0.93±0.09 and 0.98±0.03, respectively)
were also significantly smaller than in normal mice (relative voxel
sizes 1.06±0.04 and 1.02±0.04, respectively). In contrast, other
areas such as the frontal and cerebral cortex, hippocampus and
midbrain were not significantly different from normal littermates,
indicating that specific brain areas were more susceptible to the ef-
fects of PNP deficiency.

Motor deficits in PNP-KO mice

PNP-KO mice cage behavior is not overtly different from normal
littermates; however PNP-deficient patients typically suffer from
motor dysfunction and ataxia. Therefore, PNP-KO mice were exam-
ined using the accelerating rotarod and balance beam tests, which
are sensitive tools to detect motor deficits in mice (Cendelín et al.,
2010). The time that 6- and 10-week old PNP-KO mice remained on
the accelerating rod was significantly reduced compared to normal
littermates (Fig. 2A). Moreover, 2-way ANOVA demonstrated that
the time PNP-KO mice remained on the rotarod deteriorated with
age (p=0.013). In addition, 6- and 10-week old PNP-KOmice slipped
more frequently from the balance beam than normal littermates
(Fig. 2B). Again, 2-way ANOVA demonstrated that the number of
slips worsened with age among PNP-KO mice (p=0.003). The differ-
ences between 10-week old PNP-KO mice and normal littermates
were not caused by defective memory and learning abilities, which
were assessed by the Auditory Fear Conditioning and the Morris
Water Maze tests. The Memory index calculated using the Auditory
Fear Conditioning test was 38.1±9.2% in 10-week old PNP-KO mice,
which was not different (p=0.22) than the 32.0±8.1% of the time
that normal littermates did not move (Fig. 2C). Notably, objective
assessment of PNP-KO mice cage movement prior to stimulation
was also not different than in normal littermates. Similarly, the
percentage of time 10-week old PNP-KO mice spent in the quadrant
containing a submerged platform following 7 and 10 training days
in the Morris Water Maze were not different than normal littermates
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(Fig. 2D). Muscle strength in PNP-KO mice, determined by forelimb
grasping, was also not significantly different than normal littermates
(data not shown).

Abnormal cerebellar purkinje cells in PNP-KO mice and increased
apoptosis ex vivo

The smaller than normal cerebellum in PNP-KO mice, the motor
deficits in PNP-deficient patients and mice, as well as the similarities
with AT patients who have significant cerebellar abnormalities, led us
to focus our studies on the cerebellum. Hematoxylin and eosin
stained sections of the cerebellum, in areas corresponding to the
MRI abnormalities in Fig. 1, demonstrated that PC in the cerebellum
of normal littermates formed a confluent layer between the molecu-
lar and granular layers and had relatively uniform size and round
shapes (Fig. 3A top). In contrast, there were many vacant spaces be-
tween the PC in the cerebellum of PNP-KO mice and the cell bodies
were ovoid or irregular in shape (Fig. 3A bottom). The granular cells
as well as the morphology and thickness of the molecular layer in
the cerebellum of PNP-KO mice were not affected nor was there an
inflammatory reaction. To quantitatively analyze effects on cerebellar
PC, we calculated PC “density” as the number of PC/mm at the border
of the granular layer in the hematoxylin and eosin stained cerebellar
sections. There was no difference in density between 1-day-old PNP-
KOmice and normal littermates; however at 2, 6 and 10 weeks of age,
significant reduction in the PC density were noted in PNP-KO mice
(Fig. 3B). To investigate whether increased apoptosis was contribut-
ing to the abnormalities of PC in PNP-KO mice, we also stained for
TUNEL and activated caspase 3 in the cerebellum sections. TUNEL
did not label more PC in the cerebellum of PNP-KO mice than in
normal control (Fig. 3C). Similarly, cerebellum sections of PNP-KO
mice did not contain increased activated caspase-3 positive cells
(data not shown). To further understand the effects of PNP deficiency
on brain cells, we also assessed apoptosis of PC grown ex vivo from
the cerebellum of PNP-KO or normal littermate mice. Cultures from
PNP-KO mice demonstrated significantly increased number of cells
expressing activated caspase-3 compared to normal mice (Fig. 3D).
Additionally, 1-way ANOVA demonstrated that supplementing cul-
tures established from PNP-KO mice with the TAT-PNP recombinant
protein, but not the carrier control TAT-ADA, normalized the expres-
sion of activated caspase-3 (p=0.181).

Electron microscopy analysis of the cerebellum demonstrated that
contrary to the preserved adjoining neuronal processes in normal
mice (Fig. 4A left), there were numerous vacant spaces surrounding
the PC processes in PNP-KO mice (Fig. 4A right). Higher power elec-
tron microscopy examination showed that normal control mice had
round plump PC with dense neuronal processes (Fig. 4B left), while
PC from PNP-KO mice exhibited granular cytoplasm and degenerated
Fig. 2. Motor deficits in PNP-KO mice. (A) PNP-KO mice remain less time on the acceler-
ating rotarod: The length of time (s) that 6 and 10-week old normal littermates mice
and PNP-KO mice (N=10 in each group) remained on an accelerating rod. Each mouse
was tested 4 times and the results are the mean+SD of 4 independent experiments.
*=pb0.001. (B) PNP-KO mice slip more frequently when crossing a balance beam: The
number of hind-paw slips that 6 and 10-week old normal littermate mice and PNP-KO
mice (N=10 in each group) while crossing a balance beam. Each mouse was tested 3
times and the results are the mean+SD of 4 independent experiments. *=pb0.001.
(C) PNP-KO mice “freeze” normally in the Auditory Fear Conditioning test: 10-week-old
normal littermate mice (N=8) and PNP-KO mice (N=10) were exposed to an auditory
tone and mild electrical foot shock. After 24 h, mice were exposed again to the tone. The
percentage of time with no activity (“freezing”) during the 2 min prior to stimulation
(reflecting spontaneous cage movement), 3 min after the shock and during the 3 min
after exposure to the repeat tone the following day (reflecting memory) were analyzed.
Results are the mean+SD of 2 independent experiments. (D) PNP-KO mice search nor-
mally for a submerged platform: 10-week-old PNP-KO mice and normal littermates
(N=6 in each group)were trained to find a submerged platform in a pool filledwith opa-
que water (Morris Water Maze test). The percentage of time mice spent in the target
quadrant containing the submerged platform following 7 and 10 days of training was
recorded. Results are the mean+SD of 2 independent experiments.

image of Fig.�2
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dendrites (Fig. 4B right). Moreover, in contrast to the abundant den-
dritic spines in PC processes from normal mice (Fig. 4C left), there
were few spines in PNP-KO mice (Fig. 4C right). Similar to the
TUNEL and activated caspase 3 staining, electron microscopy analysis
of PNP-KO mice cerebellum did not show changes typical of apopto-
sis, such as nuclear chromatin compaction, margination or break-up.
TAT-PNP treatment can prevent cerebellar PC and functional
abnormalities in PNP-KO mice if initiated at birth

To confirm that PNP deficiency was responsible for the cerebellar
abnormalities in PNP-KOmice and to determine the ability to prevent
these abnormalities by restoring PNP function, we treated PNP-KO
mice with the TAT-PNP recombinant protein that we had produced
and characterized (Toro et al., 2006). Similar to other researchers
working with various TAT-fused molecules (Schwarze et al., 1999),
we previously showed by immune fluorescence that TAT-PNP could
cross the blood brain barrier and enter cells in the brain of PNP-KO
mice (Toro and Grunebaum, 2006). Therefore, we hypothesized that
TAT-PNP could also restore PNP activity in the cerebellum. Indeed, fol-
lowing intra-peritoneal injections of TAT-PNP (1 unit/g body weight),
PNP enzyme activity in the cerebellum of PNP-KO mice increased to
13.1±0.8 nmol/min/mg protein, an activity similar to that observed
in normal littermates (10.4±1.2 nmol/min/mg protein) and signifi-
cantly higher than the activity in PNP-KO mice treated with PBS or
TAT-ADA (Fig. 5A). Moreover, 72 h after injecting PNP-KO mice with
TAT-PNP, PNP activity in the cerebellum, as well as the liver (Fig. 5B)
and kidneys (Fig. 5C) was >20% of normal littermates. The presence
of PNP in the mice brain for more than 3 days following TAT-PNP ad-
ministration, led us to treat PNP-KOmicewith twice-a-week injections,
a regimen that was also effective previously in correcting the immune
abnormalities of these mice (Toro and Grunebaum, 2006).

Due to the progressive worsening of the motor abnormalities, we
treated PNP-KOmice from birth or from 4 weeks of age. PNP-KO mice
were also treated with PBS or TAT-ADA (delivery controls) and results
were analyzed using 1-way ANOVA. The cerebellum of 10-week old
PNP-KO mice treated with TAT-PNP from birth had 149.3±28.5 PC/mm
of granular layer, which was not different (p=0.16) than the 162.1±
19.8 PC/mm of granular layer in cerebellum of normal littermates,
and significantly better (pb0.005) than 106.4±10.4 PC/mm of gran-
ular layer in cerebellum of PNP-KO mice treated from 4 weeks of age
(Fig. 6A). PNP-KO mice treated from birth with TAT-PNP remained on
Fig. 3. Abnormal purkinje cells morphology and density without increased apoptosis in
PNP-KOmice cerebellum. (A) Irregularly shaped PC in cerebellum of PNP-KOmice: A rep-
resentative hematoxylin and eosin stained section (top) from 10-week old normal litter-
matemouse in areas corresponding to theMRI in Fig. 1 demonstrates confluent PC aligned
along the granular layer. The PC in normalmice have relatively uniform size, round shape
and long processes. In contrast, a section from PNP-KOmice cerebellum (bottom) demon-
strates numerous vacant spaces (asterisks) between PC, which have ovoid and irregular
shaped bodies (arrows). PNP-KO mice granular cells and the morphology and thickness
of the molecular layer are similar to normal littermates and there are no inflammatory
cells. N=6 in each group. Bar=0.1 mm. (B) Reduced PC density in cerebellum of PNP-
KOmice: Light microscopy analysis of PC “density” in hematoxylin and eosin stained cer-
ebellum sections from 2, 6 and 10 week old PNP-KO mice and normal littermates (N=6
in each group, 150 fields examined). Density was calculated as the number of PC/mm
along the granular layer in areas corresponding to the MRI abnormalities in Fig. 1.
*=pb0.001. (C) Normal PC apoptosis in the cerebellum of PNP-KO mice: Representative
sections from the cerebellum of 10-week old normal (top) and PNP-KO (bottom) mice,
described above, were TUNEL stained. Streptavidin-horseradish peroxidase conjugate
and DAB followed by counter staining with hematoxylin were used to detect TUNEL pos-
itive cells. There is no increase in TUNEL positive PC (arrows) in the cerebellumof PNP-KO
mice. Bar=0.1 mm.N=6 in each group. (D) Increased apoptosis of PC fromPNP-KOmice
grown ex vivo: PCwere grown ex vivo for 10 days from the cerebellum of 0–1 day old nor-
mal or PNP-KO mice. Apoptosis, determined by cleaved caspase 3 expression among
calbindin-positive PC was measured by confocal microscopy. In some experiments,
10 units/ml TAT-PNP or TAT-ADA (carrier control) were added at the initiation of the
culture and 5 days later. Results are from 4 independent experiments with n=2 in each
experiments. *=pb0.001.
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Fig. 4. Abnormal PC dendrites in the cerebellum of PNP-KOmice. (A) Reduced PC in the cerebellum of PNP-KO mice: Low power electron microscopy of PC in areas corresponding to
those described as abnormal in Fig. 1 demonstrate that contrary to the preserved adjoining neuronal processes (arrows) in normal mice (left) there were numerous vacant spaces
(arrows) surrounding the PC processes in PNP-KO mice (right). Note the absence of typical apoptosis changes, such as nuclear chromatin compaction, margination or break-up.
N=4 in each group. 150 fields examined. Bar=4 μm. (B) Deranged PC dendrites in the cerebellum of PNP-KO mice: Higher power electron microscopy examination of PC bodies
from sections described above show that contrary to the round plump PC with dense neuronal processes in normal mice (left), PC from PNP-KO mice (right) exhibit degenerated
dendrites axons and granular cytoplasm (asterisks). N=4 in each group. Bar=1 μm. (C) Reduced dendritic spines in PC of PNP-KO mice: Higher power electron microscopy of PC
processes from sections described above show that dendritic spines (arrows) are abundant in normal mice (left), contrary to the fewer spines in PNP-KO mice (right). N=4 in each
group. Bar=2 μm.
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the rotarod for 182.4±49.5 s, practically the same time as normal litter-
mates (p=0.18), and significantly longer (pb0.001) than the 139.1±
15.4 s that PNP-KO mice treated from 4 weeks of age remained on the
rod (Fig. 6B). Likewise, PNP-KO mice treated with TAT-PNP from birth
had only 1.0±0.9 slips/m from the balance beam, which was signifi-
cantly less (pb0.001) than the 3.7±0.8 slips/m of mice treated from
4 weeks of age (Fig. 6C). Hence, restoring PNP activity, if started at
birth, can prevent the cerebellar PC damage aswell as themotor deficits
in PNP-KO mice.
Discussion

PNP-deficient children exhibit diverse neurological defects, which
have not been studied in depth because of limited access to patients'
samples. Here we utilize the PNP-KO mouse model, which demon-
strate many of the biochemical and immune features observed in
patients, to better characterize the effects of PNP deficiency on the
brain and test the benefits of PNP enzyme replacement on neurolog-
ical abnormalities.
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Fig. 5. PNP activity in organs of PNP-KO mice following TAT-PNP injections. PNP activ-
ity was measured by conversion of inosine to hypoxanthine in the (A) cerebellum,
(B) liver and (C) kidney of PNP-KO mice at the indicated times following injections
of TAT-PNP or TAT-ADA (1 unit/g body weight) and PBS. Activity was also determined
in organs of normal littermate mice. Results are the mean+SD of 4 independent exper-
iments. *=pb0.001. (N=8 in each group).
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Fig. 6. Treating PNP-KO mice with TAT-PNP from birth, but not from 4 weeks of age,
corrects cerebellar PC density and the motor deficits in PNP-KO mice. Normal litter-
mates or PNP-KO mice, treated from birth or 4 weeks of age with TAT-PNP, TAT-ADA
or PBS (N=10 in each group) were tested at 10 weeks of age. Differences between
the groups were analyzed using 1-way ANOVA. (A) TAT-PNP treatment from birth nor-
malize PC density in the cerebellum of PNP-KO mice: Light microscopy analysis of PC
“density” in hematoxylin and eosin stained cerebellum sections Density was calculated
as the number of PC/mm along the granular layer in areas corresponding to MRI abnor-
malities in Fig. 1. *=pb0.005. (B) TAT-PNP treatment from birth normalize the time
PNP-KO mice remain on the rotarod: The length of time (in s) that mice remain on
an accelerating rod was measured. Each mouse was tested 4 times and the results
are the mean+SD of 4 independent experiments. *=pb0.001. (C) TAT-PNP treatment
from birth normalize the number of slips of PNP-KO mice from a balance beam: The
number of hind-paw slips that mice have while crossing a balance beam were
recorded. Each mouse was tested 3 times and the results (expressed relative to
100 cm) are the mean+SD of 4 independent experiments. *=pb0.001.
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Weemployedwhole brainMRI, a tool that allows unbiased, accurate
and comparative brain assessment in mice (Lerch et al., 2008) to iden-
tify structural abnormalities in PNP-KO mice. We noted a significant
cerebellum size reduction in 10-week old PNP-KO mice, a finding that
has not been emphasized in the few brain MRI previously described
of PNP-deficient patients (Baguette et al., 2002; Classen et al., 2001).
Cerebellar atrophy associated with congenital immune deficiency has
been reported only in patients suffering from AT, severe dyskeratosis
congenita and Shwachman–Diamond syndrome, conditions that are
easily distinguished from PNP deficiency, suggesting that MRI assess-
ment of cerebellum might aid the diagnosis of the latter disease. In
addition, the motor abnormalities detected in PNP-KO mice, although
non-specific, were similar to those described in mice suffering from
cerebellar damage such as the guanine-nucleotide exchange fac-
tor P-Rex2 and the Lurcher models (Cendelín et al., 2010; Donald et
al., 2008). Thus, the smaller cerebellum in PNP-KO mice and the
motor deficit, often associated cerebellar abnormalities, led us to focus
our subsequent studies on the cerebellum of PNP-KO mice.
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At birth, the cerebellum of PNP-KO mice appeared normal, which
is not surprising given the ability of maternal PNP to detoxify purine
metabolites produced by the fetus that pass through the placenta.
Accordingly, PC generation and migration, which occur at E13 and
E14–17, respectively, are unaffected by fetal PNP deficiency, as also
evident by the normal cerebellar histology at birth and the normal
molecular layer, a process that is PC-dependent. Yet, as early as
2 weeks after birth, the cerebellum of PNP-KO mice contained re-
duced PC with abnormal dendrite formation. A comparable temporal
pattern has been described in PNP-deficient patients, who often have
normal neurological exams at birth followed by deteriorating neuro-
logical symptoms at 6–12 months of age (Simmonds et al., 1987;
Myers et al., 2004; Ozkinay et al., 2007). Similarly, thymus dysfunction
in PNP-deficient patients and mice becomes evident at 6–18 months
and 4–6 weeks of life, respectively. The gradual effects of PNP deficiency
on the thymus have been attributed to the “build-up” of toxic purine
metabolites, which might also be responsible for the progressive post-
natal motor abnormalities. Indeed, removal of toxic purinemetabolites,
whichwas previously shown to reverse the thymus dysfunction in PNP-
deficient patients and mice (Rich et al., 1980; Toro and Grunebaum,
2006) could prevent cerebellum damage in PNP-KO mice.

We also investigated potential causes for the neurological defects
in PNP deficiency. PNP-KO mice were maintained in pathogen free
environment and extensive evaluations failed to detect viral or fungal
infections in these mice. Moreover, the initial neurological abnormal-
ities were detected when immunity was still intact, suggesting that
infections are not the cause. Moreover, PC established from newborn
PNP-KO mice demonstrated increased apoptosis ex vivo that could be
corrected by restoring PNP activity in the cultures suggesting a direct
effect of PNP deficiency on neuronal cells. Indeed, PNP deficiency has
previously shown to exacerbate thymocytes apoptosis in vitro and in
vivo (Papinazath et al., 2011). In contrast, several techniques, includ-
ing TUNEL assay, caspase 3 activation and EM failed to directly detect
PC death in the cerebellum of PNP-KOmice. The difference between the
in vitro and in vivo results might suggest that the increased apoptosis in
the latter is relatively subtle, and would require more sensitive tech-
niques than those employed here. Interestingly, and contrary to PC,
the molecular layer and granular cells in the cerebellum of PNP-KO
mice appeared normal, indicating a discrepant effect of PNP deficiency
on various cell types, similar to the increased susceptibility of T-, but
not B-, lymphocytes to toxic purine metabolites (Arpaia et al., 2000;
Markert, 1991). Indeed, in a mouse model of hypoxanthine-guanine
phospho-ribosyl-transferase deficiency, specific brain compartments
were found to be sensitive to purine metabolites (Jinnah, 2009), while
PC were particularly vulnerable to oxidative stress in the Lurcher and
ATmmutated mice (Chen et al., 2003; McFarland et al., 2007).

The neurological findings in PNP-KO mice also provided us with a
unique opportunity to study the effects of PNP replacement on these
brain abnormalities. Protein transduction domains have been used
by several researchers to transfer molecules across the blood–brain
barrier, which could then be detected in the brain for >96 h (Schwarze
et al., 1999), for the treatment of ischemia (Gou et al., 2011) and demen-
tia (Qu et al., 2008). Similarly, we previously showed by immune fluores-
cence that TAT delivered PNP into neuronal and non-neuronal brain cells
(Toro andGrunebaum, 2006). Here, we extend our observations andfind
significantly increased PNP activity in the cerebellum of PNP-KO mice
following TAT-PNP injections, albeit at lower concentration than in
other organs. Nevertheless, PNP activity in the cerebellum remained
above 20% of normal for >72 h after treatment, a level considered suffi-
cient to maintain purine homeostasis (Markert, 1991). Importantly,
TAT-PNP replacement from birth normalized PC numbers in the cerebel-
lumof 10-weekold PNP-KOmice andprevented themotor abnormalities
in these mice. Although we cannot exclude the possibility that TAT-PNP
degradation of toxic purine metabolites in peripheral blood and organs
led to secondary neurological improvement, the restored PNP activity
in the cerebellum strongly suggests that treatment benefits were in the
brain. TAT-PNP injections into the brain's ventricles could help under-
stand the mechanism of neurological dysfunction in PNP dysfunction,
appreciate the central versus peripheral enzyme replacement effects as
well as have important implications for the treatment of patients with
Parkinson's disease with nucleosides such as inosine. Regardless of TAT-
PNP site of action, its ability to correct the neurological defects associated
with PNP deficiency provides a promising treatment option for PNP-
deficient patients. Contrary to TAT-PNP, the carrier control TAT-ADA
did not alleviate the neurological dysfunction of PNP-KOmice, excluding
a non-specific effect of the TAT delivery system, which is in agreement
with previous in vitro and in vivo studies that found TAT PTD lacked inde-
pendent biological or immune effects (Leifert et al., 2002; Toro and
Grunebaum, 2006). Disappointingly, initiation of TAT-PNP treatment at
4 weeks of age failed to correct the neurological abnormalities of PNP-
KO mice, likely because irreversible brain injury, such as that noted in
the cerebellum of 2-week old mice, had already occurred. Our results
are in agreement with previous reports demonstrating that bone mar-
row transplantations beyond the first years of life do not correct the
neurological defects of PNP-deficient patients (Baguette et al., 2002;
Classen et al., 2001; Delicou et al., 2007). The permanent brain damage
in PNP-KO mice contrasts the effects of PNP deficiency in the thymus,
which can be corrected even if treatment is initiated at 3–4 weeks of
age (Toro and Grunebaum, 2006), a discrepancy that reflects toxicity
to non-renewable neurons versus the renewable thymocytes. Addition-
ally, the irreversible neurological damage emphasizes the importance of
early identification and treatment of PNP-deficient patients, which is
expected with the emergence of neonatal immune deficiency screening
programs.

Our current study focused on the cerebellum in PNP-KOmice; how-
ever PNP deficiency likely affects additional cells and structures in the
brain. PNP-deficient patients suffer from cognitive and developmental
abnormalities and we show here that PNP-KO mice have smaller than
normal corpus callosum and thalamus, structures which will be focus
of future investigations in this mouse model.

In conclusion, we demonstrate here for the first time unequivocal
neurological effects of PNP deficiency and provide an animal model
that will help study these abnormalities. Moreover we show the im-
portance of early diagnosis and treatment of PNP deficiency for pre-
venting irreversible brain damage.

Acknowledgments

This work was supported by grants from The March of Dimes (Grant
#6-FY07-326), The Canadian Centre for Primary Immunodeficiency, The
Canadian Immunodeficiency Society and The Jeffrey Modell Foundation.
CMR is holder of the Donald and Audrey Campbell Chair in Immunology.
The authors are thankful to Dr. I. Nulman, Hospital for Sick Children, To-
ronto, for outstanding statistical assistance.

References

Arpaia, E., Benveniste, P., Di Cristofano, A., Gu, Y., Dalal, I., Kelly, S., et al., 2000. Mitochon-
drial basis for immune deficiency: evidence from purine nucleoside phosphorylase-
deficient mice. J. Exp. Med. 191, 2197–2208.

Baguette, C., Vermylen, C., Brichard, B., Louis, J., Dahan, K., Vincent,M.F., et al., 2002. Persis-
tent developmental delay despite successful bone marrow transplantation for purine
nucleoside phosphorylase deficiency. J. Pediatr. Hematol. Oncol. 24, 69–71.

Cendelín, J., Voller, J., Vozeh, F., 2010. Ataxic gait analysis in a mouse model of the
olivocerebellar degeneration. Behav. Brain. Res. 210, 8–15.

Chen, P., Peng, C., Luff, J., Spring, K., Watters, D., Bottle, S., et al., 2003. Oxidative stress is
responsible for deficient survival and dendritogenesis in purkinje neurons from
ataxia–telangiectasia mutated mutant mice. J. Neurosci. 23, 11453–11460.

Classen, C.F., Schulz, A.S., Sigl-Kraetzig, M., Hoffmann, G.F., Simmonds, H.A., Fairbanks,
L., et al., 2001. Successful HLA-identical bone marrow transplantation in a patient
with PNP deficiency using busulfan and fludarabine for conditioning. Bone Marrow
Transplant. 28, 93–96.

Dalal, I., Grunebaum, E., Cohen, A., Roifman, C.M., 2001. Two novel mutations in a purine
nucleoside phosphorylase (PNP)-deficient patient. Clin. Genet. 59, 430–437.

Delicou, S., Kitra-Roussou, V., Peristeri, J., Goussetis, E., Vessalas, G., Rigatou, E., et al., 2007.
Successful HLA-identical hematopoietic stem cell transplantation in a patient with
purine nucleoside phosphorylase deficiency. Pediatr. Transplant. 11, 799–803.



209A. Mansouri et al. / Neurobiology of Disease 47 (2012) 201–209
Donald, S., Humby, T., Fyfe, I., Segonds-Pichon, A., Walker, S.A., Andrews, S.R., et al.,
2008. (2008) P-Rex2 regulates purkinje cell dendrite morphology and motor
coordination. Proc. Natl. Acad. Sci. U. S. A. 105, 4483–4488.

Furuya, S., Makino, A., Hirabayashi, Y., 1998. An improved method for culturing cere-
bellar Purkinje cells with differentiated dendrites under a mixed monolayer set-
ting. Brain Res. Protoc. 3, 192–198.

Gou, X., Wang, Q., Yang, Q., Xu, L., Xiong, L., 2011. TAT-NEP1-40 as a novel therapeutic
candidate for axonal regeneration and functional recovery after stroke. J. Drug
Target. 19, 86–95.

Han, J.H., Kushner, S.A., Yiu, A.P., Hsiang, H.L., Buch, T., Waisman, A., et al., 2009. Selective
erasure of a fear memory. Science 323, 1492–1496.

Henderson, J.T., Javaheri, M., Kopko, S., Roder, J.C., 1996. Reduction of lowermotor neuron
degeneration in wobbler mice by N-acetyl-L-cysteine. J. Neurosci. 16, 7574–7582.

Herson, P.S., Virk, M., Rustay, N.R., Bond, C.T., Crabbe, J.C., Adelman, J.P., Maylie, J., 2003.
A mouse model of episodic ataxia type-1. Nat. Neurosci. 6, 378–383.

Jinnah, H.A., 2009. Lesch–Nyhan disease: from mechanism to model and back again.
Dis. Model Mech. 2, 116–121.

Kanungo, A.K., Liadis, N., Robertson, J., Woo, M., Henderson, J.T., 2009. Excitatory tonus
is required for the survival of granule cell precursors during postnatal develop-
ment within the cerebellum. Neuroscience 158, 1364–1377.

Kee, N., Teixeira, C.M., Wang, A.H., Frankland, P.W., 2007. Imaging activation of adult-
generated granule cells in spatial memory. Nat. Protoc. 2, 3033–3044.

Leifert, J.A., Harkins, S., Whitton, J.L., 2002. Full-length proteins attached to the HIV tat
protein transduction domain are neither transduced between cells, nor exhibit
enhanced immunogenicity. Gene Ther. 9, 1422–1428.

Lerch, J.P., Carroll, J.B., Spring, S., Bertram, L.N., Schwab, C., Hayden, M.R., et al., 2008.
Automated deformation analysis in the YAC128 Huntington disease mouse
model. NeuroImage 39, 32–39.

Markert, M.L., 1991. Purine nucleoside phosphorylase deficiency. Immunodefic. Rev. 3,
45–81.

McFarland, R., Blokhin, A., Sydnor, J., Mariani, J., Vogel, M.W., 2007. Oxidative stress, nitric
oxide, and the mechanisms of cell death in Lurcher purkinje cells. Dev. Neurobiol. 67,
1032–1046.

Micheli, V., Cameci, M., Tozzi, M.G., Ipata, P.L., Sestini, S., et al., 2011. Neurological
disorders of purine and pyrimidine metabolism. Curr. Top. Med. Chem. 11,
823–847.
Myers, L.A., Hershfield, M.S., Neale, W.T., Escolar, M., Kurtzberg, J., 2004. Purine nucleoside
phosphorylase deficiency (PNP-def) presenting with lymphopenia and developmental
delay: successful correction with umbilical cord blood transplantation. J. Pediatr. 145,
710–712.

Ozkinay, F., Pehlivan, S., Onay, H., van den Berg, P., Vardar, F., Koturoglu, G., et al., 2007.
Purine nucleoside phosphorylase deficiency in a patient with spastic paraplegia
and recurrent infections. J. Child. Neurol. 22, 741–743.

Papinazath, T., Min, W., Sujiththa, S., Cohen, A., Ackerley, C., Roifman, C.M., et al., 2011.
Effects of purine nucleoside phosphorylase deficiency on thymocyte development.
J. Allergy Clin. Immunol. 128, 854–863.

Philibin, S.D., Cameron, A.J., Metten, P., Crabbe, J.C., 2008. Motor impairment: a new
ethanol withdrawal phenotype in mice. Behav. Pharmacol. 19, 604–614.

Qu, H.Y., Zhang, T., Li, X.L., Zhou, J.P., Zhao, B.Q., Li, Q., et al., 2008. Transducible P11-
CNTF rescues the learning and memory impairments induced by amyloid-beta
peptide in mice. Eur. J. Pharmacol. 594, 93–100.

Rich, K.C.,Majias, E., Fox, I.H., 1980. Purine nucleoside phosphorylase deficiency: improved
metabolic and immunologic function with erythrocyte transfusions. N. Engl. J. Med.
303, 973–977.

Schwarze, S.R., Ho, A., Vocero-Akbani, A., Dowdy, S.F., 1999. In vivo protein transduction:
delivery of a biologically active protein into the mouse. Science 285, 1569–1572.

Simmonds, H.A., Fairbanks, L.D.,Morris, G.S.,Morgan,G.,Watson,A.R., Timms, P., et al., 1987.
Central nervous system dysfunction and erythrocyte guanosine triphosphate depletion
in purine nucleoside phosphorylase deficiency. Arch. Dis. Child. 62, 385–391.

Spring, S., Lerch, J.P., Henkelman, R.M., 2007. Sexual dimorphism revealed in the struc-
ture of the mouse brain using three-dimensional magnetic resonance imaging.
NeuroImage 35, 1424–1433.

Tabarki, B., Yacoub, M., Tlili, K., Trabelsi, A., Dogui, M., Essoussi, A.S., 2003. Familial
spastic paraplegia as the presenting manifestation in patients with purine nucleo-
side phosphorylase deficiency. J. Child. Neurol. 18, 140–141.

Tavani, F., Zimmerman, R.A., Berry, G.T., Sullivan, K., Gatti, R., Bingham, P., 2003. Ataxia-
telangiectasia: the pattern of cerebellar atrophy onMRI.Neuroradiology45, 315–319.

Toro, A., Grunebaum, E., 2006. TAT-mediated intracellular delivery of purine nucleoside
phosphorylase corrects its deficiency in mice. J. Clin. Invest. 116, 2717–2726.

Toro, A., Paiva, M., Ackerley, C., Grunebaum, E., 2006. Intracellular delivery of purine
nucleoside phosphorylase (PNP) fused to protein transduction domain corrects
PNP deficiency in vitro. Cell. Immunol. 240, 107–115.


	Cerebellar abnormalities in purine nucleoside phosphorylase deficient mice
	Introduction
	Materials and methods
	PNP-KO mice and TAT-PNP treatment
	Magnetic resonance imaging of the brain
	Histological evaluation of the cerebellum
	Electron microscopy of the cerebellum
	Apoptosis evaluation in the cerebellum
	Apoptosis evaluation in purkinje cells cultured ex vivo
	Neurological function
	Statistical analysis

	Results
	PNP-KO mice have smaller than normal cerebellum
	Motor deficits in PNP-KO mice
	Abnormal cerebellar purkinje cells in PNP-KO mice and increased apoptosis ex vivo
	TAT-PNP treatment can prevent cerebellar PC and functional abnormalities in PNP-KO mice if initiated at birth

	Discussion
	Acknowledgments
	References


