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Purkinje cell (PC) dysfunction or death has been implicated in a number of disorders including ataxia, autism
and multiple sclerosis. Plasma membrane calcium ATPase 2 (PMCA2), an important calcium (Ca2+) extrusion
pump that interacts with synaptic signaling complexes, is most abundantly expressed in PCs compared to
other neurons. Using the PMCA2 heterozygous mouse as a model, we investigated whether a reduction in
PMCA2 levels affects PC function. We focused on Ca2+ signaling and the expression of glutamate receptors
which play a key role in PC function including synaptic plasticity. We found that the amplitude of depolari-
zation and 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid receptor (AMPAR)-mediated Ca2+

transients are significantly higher in cultured PMCA2+/− PCs than in PMCA2+/+ PCs. This is due to increased
Ca2+ influx, since P/Q type voltage-gated Ca2+ channel (VGCC) expression was more pronounced in PCs and
cerebella of PMCA2+/− mice and VGCC blockade prevented the elevation in amplitude. Neuronal nitric oxide
synthase (nNOS) activity was higher in PMCA2+/− cerebella and inhibition of nNOS or the soluble guanylate
cyclase (sGC)-cyclic guanosine monophosphate (cGMP) pathway, which mediates nitric oxide (NO) signal-
ing, reduced the amplitude of Ca2+ transients in PMCA2+/− PCs, in vitro. In addition, there was an
age-dependent decrease in metabotropic glutamate receptor 1 (mGluR1) and AMPA receptor subunit
GluR2/3 transcript and protein levels at 8 weeks of age. These changes were followed by PC loss in the
20-week-old PMCA2+/− mice. Our studies highlight the importance of PMCA2 in Ca2+ signaling, glutamate
receptor expression and survival of Purkinje cells.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Neuronal activity and survival are largely dependent on tightly regu-
lated Ca2+ signaling. Intracellular Ca2+ ([Ca2+]i ) homeostasis depends
on multiple mechanisms including extrusion by ATP-dependent Ca2+
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pumps and the Na+/Ca2+ exchanger, intracellular sequestration into
mitrochondria, Golgi and the endoplasmic reticulum (ER), and buffering
via Ca2+ binding proteins. In cerebellar PCs, the total rate of Ca2+ clear-
ance relies considerably on the activity of plasmamembraneCa2+ATPase
isoform 2 (PMCA2), a high-affinity pump, most abundantly expressed in
these cells (Burette et al., 2003; Marcos et al., 2009).

PMCA2 has been implicated in post-synaptic signaling in the cerebel-
lumaswell as the hippocampus as it is associatedwith synaptic signaling
complexes (DeMarco and Strehler, 2001; Kurnellas et al., 2007;
Sgambato-Faure et al., 2006). In the hippocampus, PMCA2w, a PMCA2
splice variant, is predominantly found at the post-synaptic density
(PSD) in the dendritic spines (Burette et al., 2010). This localization sug-
gests that PMCA2 is involved in the regulation of calcium signaling at the
synapse via its associationwith synaptic molecular complexes. Similarly,
immunoprecipitation studies with cerebellar extracts linked PMCA2 to
mGluR1 and its downstream effectors, including the scaffolding protein
Homer 3 and inositol 1,4,5-triphosphate (IP3R1) which mediates Ca2+
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release from the ER (Kurnellas et al., 2007). Subsequent investigations
have shown an interaction between PMCA2, PSD-95 and N-Methyl-
D-aspartate (NMDA) receptor subunits NR1 and NR2a, supporting the
concept of interactions between PMCA2 and synaptic signaling
complexes (Garside et al., 2009).

In the central nervous system (CNS), PMCA2 is predominantly
expressed in neurons (Stauffer et al., 1995). The importance of this
pump in the survival of brain and spinal cord neurons has been shown
by RNA interference studies, in vitro (Fernandes et al., 2007; Garside et
al., 2009; Kurnellas et al., 2010). The phenotype of PMCA2 heterozygous
(PMCA2+/−) and knockout mice also highlights the critical role of
PMCA2 in CNS function and development (Kozel et al., 1998; Souayah
et al., 2008). Even a partial reduction in PMCA2 in the heterozygous
mice is sufficient to cause compromised noise-induced auditory re-
sponses and significant hearing loss occurring by 5–6 weeks of age
(Kozel et al., 1998; Kozel et al., 2002). Delayed motor neuron loss in the
spinal cord (SC) of thesemice (Souayah et al., 2008) and depressed action
potential firing in PCs of PMCA2+/−mice have been reported (Empson et
al., 2010).

The current studies definedmolecular alterations observed in Purkinje
cells of the PMCA2+/− mice with particular emphasis on AMPAR-
mediated Ca2+ signaling and glutamate receptor expression. Glutamate
receptors and in particular, AMPARwere the focus of these investigations
because they play a critical role in PC synaptic plasticity and function. This
investigation provides insights into pathological mechanisms that affect
PCs and the cerebellum.

Results

Ca2+ signaling in PMCA2+/− PCs, in vitro

Enriched PC cultures were established from cerebella of PMCA2+/+

or PMCA2+/− embryos and maintained 14 days in vitro (14 DIV). The
decrease in PMCA2 expression in PMCA2+/− cerebellumwas confirmed
by Western blot analysis (Figs. 1A–B). AMPAR-mediated Ca2+ tran-
sients were analyzed using Fura-2 Ca2+ imaging. Purkinje cells were
identified by morphology during Ca2+ imaging and subsequently,
their identity was corroborated by immunolabeling for calbindin, a PC
marker. Co-localization of GluR2/3 with calbindin was confirmed by
Fig. 1. PMCA2 levels in PMCA2+/+ and PMCA2+/− cerebellum. (A) A representative
Western blot showing a band at the appropriate molecular weight corresponding to
PMCA2 (110 kDa) in protein extracts obtained from 3-week-old PMCA2+/+ (WT)
and PMCA2+/− (HT) mouse cerebellum (upper panel). The same blot was stripped
and probed with an antibody against GAPDH, a housekeeping protein used to account
for experimental variations (lower panel). (B) Quantification of Western blots after
normalization to GAPDH. The graph shows the mean+S.E.M. of two independent ex-
periments. Significantly different from WT *pb0.05 by t-test. N=6 mice/group.
double-labeling (Fig. 2A). We used semi-quantitative immunocyto-
chemistry (ICC) to measure GluR2/3 expression because the enriched
PC cultures contain astrocytes, which also express GluR2/3 (Kovacs et
al., 2002). Therefore, quantification at a single cell level was more suit-
able than another approach such as Western blotting which measures
the combined expression in various cell subtypes present in the dish.
These studies indicated no significant differences in GluR2/3 levels in
PMCA2+/− and PMCA2+/+ PCs, in vitro (Figs. 2B–C).

Subsequently, we studied AMPAR-mediated Ca2+ signaling. Stimu-
lation of cultures with 3, 10 or 100 μM AMPA (Figs. 3A–I) increased
the amplitude of Ca2+ transients in PCs in a dose-dependent manner
regardless of genotype. Ca2+ transient amplitudes were 1.6 fold higher
in PMCA2+/− mice than wild type controls at all concentrations exam-
ined (Table 1). This ceiling effect did not appear to be due to saturation
of fura-2 Ca2+ signal, as application of KCl to cell cultures produced
higher amplitude transients (results not shown). Decay time constants
were also significantly higher in PMCA2+/− PCs at every dose examined
(Figs. 3A–I and Table 1).

To assess whether increased Ca2+ transient amplitudes in PMCA2+/−

PCs are due to altered Ca2+ influx via VGCCs, PCs were depolarized with
potassium chloride (KCl; 130 mM), a stimulus which activates VGCCs.
This evoked significantly larger Ca2+ transients in PMCA2+/− PCs
(363.2±30.5%) as compared to PMCA2+/+ PCs (240.1±18.8%; Figs.
4A–B), indicating that increases in Ca2+ transient amplitude are poten-
tially due to increased Ca2+ influx via VGCCs. In agreement with this
idea, semi-quantitative ICC on neurons with PC morphology indicated
that P/Q-type VGCC expression in cultures derived from PMCA2+/− cere-
bella is 50.7±9.4% higher than in thewild type cells (Figs. 4C–D).We cor-
roborated this finding, ex vivo, by immunoblot analysis of the cerebellum
in 3-week-old mice. We chose this age because the maturity of PCs, in
vivo, at 3 weeks of age, corresponds to the maturity of PCs maintained
14 DIV (Gruol and Franklin, 1987; Hockberger et al., 1989). P/Q-type
VGCC expression was significantly increased by 43.0±15.3% in
PMCA2+/− cerebella (Figs. 4E–F). Moreover, blockade of P/Q-type
VGCCs with 200 nM ω-agatoxin TK decreased the amplitude of AMPAR-
mediated Ca2+ transients in both PMCA2+/+ and PMCA2+/− PCs
(Fig. 4G). Thus, increased Ca2+ influx ismost likely accountable for the el-
evated amplitude in PMCA2+/− PCs.

Modulation of Ca2+ transient amplitudes by NO in PMCA2+/− PCs

Nitric oxide is an intercellularmessenger that has been implicated in
Purkinje cell function (Lev-Ram et al., 2002;Marcoli et al., 2006; Namiki
et al., 2005).We investigated the potential involvement of NO in the el-
evated AMPAR-mediated Ca2+ transient amplitudes in PMCA2+/− PCs.

We first determinedwhether the activity of Ca2+-dependent forms of
nitric oxide synthase (NOS) is increased in PMCA2+/− cerebella. There
was a 1.5-fold increase in neuronal NOS (nNOS) activity in PMCA2+/−

cerebella while no significant changes were observed in endothelial
NOS (eNOS) activity (Figs. 5A–B).

Subsequently, we assessed whether short or long-term inhibition of
nNOS activity by 7-NINA affects Ca2+ transient amplitudes in enriched
PC cultures. To study the acute effects, PMCA2+/− PC cultures were
maintained 14 DIV and exposed to 5 μM 7-NINA for 30 min, prior to
AMPA stimulation. Therewere no changes in the amplitude of Ca2+ tran-
sients (not shown). Higher 7-NINA concentrations did not alter these re-
sults. To investigate chronic effects, 7-NINA was added to the cultures
7 days post-plating and AMPA-induced Ca2+ transients were evaluated
at 14 days post-plating. This long-term treatment restored the amplitude
of AMPAR-mediated Ca2+ transients to that of the vehicle-treated con-
trols (Fig. 5C).

To assess whether activation of the soluble sGC-cGMP pathway is a
mechanism mediating NO effects (Gallo and Iadecola, 2011), cultures
were exposed chronically to 10 μM 1 H-[1, 2,4]oxadiazolo[4,3-a]
quinoxalin-1-one (ODQ), a sGC inhibitor. The amplitude of AMPAR-
mediated Ca2+ transients in PMCA2+/− PCs was restored to levels



Fig. 2. Characterization of enriched PC cultures. (A) PCs maintained 14 DIV and immunolabeled for calbindin (left panel) and GluR2/3 (middle panel). The merged image demon-
strates co-localization (right panel). (B) Representative PC cultures derived from PMCA2+/− (HT) and PMCA2+/+ (WT) cerebella immunoreactive for GluR2/3. (C) Quantification of
the GluR2/3 levels in PC cultures. There was no significant difference in the levels of GluR2/3 (PMCA2+/+, n=68 cells/4 mice; PMCA2+/−, n=86 cells/4 mice). Bar represents
30 μm. The experiment was repeated twice and yielded similar results.
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observed in PMCA2+/+ PCs (Fig. 5D). These results further support the
notion that NO and its signaling pathway, sGC-cGMP, may be involved
in the modulation of P/Q-type VGCCs in PMCA2+/− PCs resulting in
higher Ca2+ influx and elevated Ca2+ transient amplitudes.

Ca2+-binding proteins and intracellular Ca2+ release in PMCA2+/− PCs

To determine the potential contribution of Ca2+ binding proteins to
increased amplitudes of Ca2+ transients in PMCA2+/− PCs, calbindin
and parvalbumin levels were measured by semi-quantitative ICC.
Calbindin levels were not significantly different in cultures derived from
the PMCA2+/+ and PMCA2+/− mice (Figs. 6A and C). In PMCA2+/− PCs
there was a significant 21.1±5.4% increase in parvalbumin levels (Figs.
6B and D). Immunoblots of 3-week-old cerebella indicated no significant
differences in the level of either Ca2+ binding protein (Figs. 6E, F and G).

The possibility of Ca2+-induced–Ca2+ release (CICR) from the ER as a
contributor to the higher amplitudewasnext analyzed. Increased cytosol-
ic Ca2+ can activate ryanodine receptors (RyRs) in the ER resulting in the
mobilization of internal Ca2+ stores, a phenomenon known as CICR.
We first assessed whether activation of RyRs by exposure to 15 mM caf-
feine, elicits Ca2+ increase in enriched PC cultures from PMCA2+/− or
PMCA2+/+ mouse cerebellum (Womack et al., 2000). Caffeine stimula-
tion produced no Ca2+ transients (Fig. 6H) in either culture types. This
was not due to an overall aberrance in Ca2+ response as 130 mM KCl
evoked a transient in the same cultures. A previous report has shown
that in PCs, Ca2+ release from the endoplasmic reticulum occurs only
when the internal stores are pre-loaded by exposure of cells to a
depolarizing stimulus. If the cells are not exposed to KCl before they are
challenged by caffeine, no Ca2+ transients are observed (Brorson et al.,
1991). This latter finding is consistent with our results. Therefore, it is
unlikely that release from internal Ca2+ stores contributes to the higher
amplitudes in PMCA2+/− PCs.

Age-dependent changes in glutamate receptor expression in the
PMCA2+/− mice

To determine whether decreases in PMCA2 expression affect gluta-
mate receptor expression in PMCA2+/− cerebella, we evaluated the pro-
tein levels of GluR2/3, mGluR1 and GluRδ2, three glutamate receptors
important in PC synaptic plasticity (Aiba et al., 1994; Jeromin et al.,
1996; Shigemoto et al., 1994; Steinberg et al., 2006). Initially, we analyzed
glutamate receptors in the cerebellum of mice at 3 weeks post-natal, the
age that corresponded to the maturity of PCs, in vitro, as indicated before.
There were no significant changes in the levels of GluR2/3, mGluR1 and
GluRδ2 (Figs. 7A and B). Subsequently, we evaluated whether changes
could occur at a later age. In fact, GluR2/3 and mGluR1 protein levels de-
creased by 29.3±9.5% and 29.3±6.0% respectively in PMCA2+/− cere-
bella at 8 weeks of age (Figs. 7A and B). In contrast, no significant
alterations were observed in GluRδ2. As mentioned before, because
GluR2/3 is also expressed in astrocytes, we performed studies to ascertain
that the decrease in GluR2/3 occurs in PCs.We immunolabeled cerebellar
sections obtained from the PMCA2+/+ and PMCA2+/− mice and quanti-
fied GluR2/3 immunoreactivity in PCs (Fig. 7C). Therewas a small but sig-
nificant decrease in GluR2/3 immunoreactivity in PMCA2+/− PCs
compared to PCs in PMCA2+/+mice. To determinewhether the decrease
in mGluR1 and GluR2/3 was due to transcriptional regulation, we
performed qRT-PCR. GluR2, GluR3 and mGluR1 transcript levels in
PMCA2+/− cerebella were decreased by 49.5±15.7%, 82.0±14.1% and
57.0±12.0% compared to the wild type, respectively, at 8 weeks of age
(Fig. 7D). Thus, glutamate receptors undergo age-dependent reductions
in expression in PMCA2+/− cerebella.
Age-dependent changes in PC number in the cerebellum of PMCA2+/−

mice

Wepostulated that alterations in PMCA2 and glutamate receptor ex-
pression may cause PC pathology ultimately affecting PC survival. We
quantified PC number, in identical regions of PMCA2+/− and
PMCA2+/+ cerebella at 8 and 20 weeks of age, using stereological cell
counts. We also quantified the thickness of the molecular layer which
contains PC dendrites, projecting axons and interneurons. There was
no significant difference in PC number (Fig. 8A) or the thickness of the
molecular layer (Fig. 8B) at 8 weeks of age. In contrast, by 20 weeks
of age, there was a significant 17.8±7.6% reduction in PC number in
PMCA2+/− cerebella when compared to PMCA2+/+ cerebella
(Fig. 8C). The thickness of the molecular layer remained unaltered
(Fig. 8D).
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Fig. 3. The amplitude of AMPAR-mediated Ca2+ transients is increased in PMCA2+/− PCs, in vitro. (A) A representative trace showing the mean intracellular Ca2+ increase after
stimulation of cells with 3 μM AMPA. Arrow indicates the time of AMPA application and bar indicates the duration of the treatment prior to the washout. (B and C) Quantification
of Ca2+ transient amplitudes (PMCA2+/+ n=55 cells/3 mice vs PMCA2+/− n=96 cells/3 mice) and decay time constants (PMCA2+/+ n=17 cells/3 mice vs PMCA2+/− n=34
cells/3 mice), respectively, after application of 3 μM AMPA. (D) A representative trace showing the mean intracellular Ca2+ increase after stimulation with 10 μM AMPA. (E and
F) Quantification of Ca2+ transient amplitudes (PMCA2+/+ n=56 cells/3 mice vs PMCA2+/− n=98 cells/3 mice) and decay time constants (PMCA2+/+ n=54 cells/3 mice vs
PMCA2+/− n=93 cells/3 mice), respectively, after application of 10 μM AMPA. (G) A representative trace showing the mean intracellular Ca2+ increase after stimulation with
100 μM AMPA. (H and I) Quantification Ca2+ transient amplitudes (PMCA2+/+ n=144 cell/12 mice vs PMCA2+/− n=170 cells/13 mice) and decay time constants (PMCA2+/+

n=118 cells/12 mice vs PMCA2+/− n=102 cells/13 mice), respectively, after application of 100 μM AMPA. Each treatment was repeated 2–3 times. Statistically significant by un-
paired t-test, *pb0.05, **pb0.001, ***pb0.0001.
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Discussion

The current studies used PMCA2+/− mice as a model, to unravel
mechanisms by which reductions in PMCA2 levels result in altered
Ca2+ signaling in PCs. Based on a combination of ex-vivo and in vitro in-
vestigations, we propose that increased Ca2+ influx, as a result of en-
hancement in P/Q-type VGCC expression lead to higher Ca2+ transient
amplitudes in PMCA2+/− PCs in response to a depolarizing stimulus or
AMPAR activation. As Ca2+ influx through P/Q-type VGCCs activates K+

channels that hyperpolarize neurons (Womack and Khodakhah, 2003;
Womack et al., 2004), increased influx could decrease actionpotential fre-
quency in PMCA2+/− PCs. In fact, depressed spontaneous action potential
Table 1
Ca2+ transient amplitude and decay time constant in PMCA2+/+ and PMCA2+/− PCs in
response to AMPA. The increase in amplitude is expressed as percent increase in the
ratio of F340/F380 over baseline ratio (also see Fig. 3).

Ca2+ transient amplitude (%
increase)

Decay time constant (s)

PMCA2+/+ PMCA2+/− PMCA2+/+ PMCA2+/−

AMPA 3 μM 17.1±2.4 28.6±4.3 4.9±0.5 8.8±1.0
AMPA 10 μM 59.1±6.6 95.9±8.3 5.3±0.51 11.3±0.72
AMPA 100 μM 115.4±9.7 191.9±18.7 30.1±1.0 34.7±1.3
frequency in PMCA2+/− PCs has been reported (Empson et al., 2010).
Such perturbations could disrupt the relay of information from PCs to
other neurons leading to neural dysfunction.

Our investigations indicated higher nNOS activity in the cerebellum of
PMCA2+/−mice, compared towild type littermates suggesting higherNO
production.We also found that inhibition of nNOS activity in enriched PC
cultures abolishes the differences in Ca2+-transient amplitudes between
PMCA2+/− and PMCA2+/+ PCs, in vitro. In the cerebellum, nNOS immu-
noreactivity is not found in PCs but is localized to the molecular layer
(Gotti et al., 2005; Suarez et al., 2005). Thus, both afferent fibers that
project on PC dendrites (Shibuki and Kimura, 1997) and interneurons
(Shin and Linden, 2005) could be releasing NO. It is likely that in our
enriched PC cultures, interneurons are the principal source of NO. Previ-
ous studies have shown that nitric oxide canmodulate protein expression
(Lee et al., 2010; Ota et al., 2010). In addition, NOmay acutely affect Ca2+

influx by oxidizing P/Q-type VGCCs (Chen et al., 2002). It is possible that
such mechanisms underlie the changes in VGCC expression and Ca2+

influx.
The sGC-cGMP pathway is the physiological mediator of NO effects. In

fact, inhibition of sGC prevents the differences in Ca2+ transient ampli-
tudes between PMCA2+/− and PMCA2+/+ PCs. These results, taken to-
gether, suggest that PCs in the PMCA2+/− cerebellum could be exposed
to higher NO than in the cerebellum of the wild type mouse. As NO is
an important contributor to PC signaling and function (Lev-Ram et al,
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Fig. 4. The expression of P/Q type VGCCs is increased in the cerebellum and enriched PC cultures of PMCA2+/− (HT)mice. (A) The trace showing themean intracellular Ca2+ response after
stimulation of cultureswith 130 mMKCl. Arrow indicates application of KCl and the bar represents thewashout period. (B) Quantification of Ca2+ transient amplitudes in KCl stimulated PCs
(PMCA2+/+n=65 cells/7mice vs PMCA2+/−n=130 cells/8mice; Significantly different from thewild type (WT) by unpaired t-test; **pb0.001). (C) Representative PCsmaintained 14 DIV
and immunolabeled for P/Q-type VGCCs. Bar represents 30 μm. (D) Quantification of the P/Q-type VGCC immunoreactivity in PMCA2+/+ (WT) and PMCA2+/− (HT) PCs. There was an in-
crease in P/Q-typeVGCC levels in PCs of PMCA2+/−mice (PMCA2+/+ n=36 cells/4mice vs PMCA2+/− n=59 cells/4mice. Significantly different fromWT by unpaired t-test, ***pb0.0001).
(E) RepresentativeWestern blot probed for P/Q-type VGCCs in 3-week-old PMCA2+/− andPMCA2+/+mouse cerebellum. (F) Quantification ofWestern blots shown in E. Therewas a 43.0±
15.3% increase in VGCC levels in PMCA2+/− mice when compared with PMCA2+/+ controls (Significantly different fromWT by unpaired t-test, *pb0.05, n=6 cerebella/group). (G) Inhibi-
tion of AMPAR-induced (100 μMAMPA) [Ca2+]i increases by 200 nMω-agatoxin TK. (PMCA2+/+: n=128 cells/6mice and PMCA2+/−: n=106 cells/5mice. a=significantly different from
c, b=significantly different from a and c by one-way ANOVA pb0.0001, Bonferroni's post-hoc test). The experiments were repeated twice and yielded similar results.
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2002; Marcoli et al, 2006; Namiki et al, 2005) exposure of PCs to excess
NO, either released by parallel fibers or by interneurons, can cause defec-
tive PC function and signaling in PMCA2+/− cerebellum.

In addition, we found an age dependent-reduction in mGluR1 and
GluR2/3 expression in the cerebellum of the PMCA2-heterozygous mice
as compared to the wild type. Both AMPAR and mGluR1 are important
in cerebellar function including PC synaptic plasticity (Aiba et al., 1994;
Shigemoto et al., 1994; Steinberg et al., 2006). Moreover, it is worth not-
ing that glutamate receptors are spatially clustered with VGCCs
(Froehner, 1993; Klemmer et al., 2009) and in the cerebellum, stimulation
of mGluR1 modulates the activity of P/Q-type VGCCs via direct interac-
tions (Kitano et al., 2003). It is possible to speculate that such interactions
are perturbed in the cerebellumof the PMCA2+/−mice. Itwould be inter-
esting to determine whether the PMCA2-heterozygous mice develop
age-dependent functional deficits attributable to progressive cerebellar
dysfunction that parallels the observed molecular changes. However,
such studies are hampered by the fact that an overall reduction in
PMCA2 expression in the heterozygous mice affects not only the cerebel-
lum but also other CNS regions confounding the evaluation of
cerebellum-related deficits. Therefore, the future development of condi-
tional knockout mice, which can allow the selective deletion of PMCA2
in PCs, could shed insights into the contribution of PMCA2 to cerebellar
function and dysfunction.

The culmination of the molecular alterations reported here could
cause PC dysfunction. We also observed delayed PC loss in the 20-
week-old PMCA2+/− mice. It is worth noting that we have previously
reported delayed neuronal loss in another CNS region of the PMCA2+/−

mice: the number of motor neurons in the ventral horn of the
PMCA2+/− mouse spinal cord decreases as the animal ages (Souayah et
al., 2008). These findings highlight the importance of PMCA2 in the sur-
vival of some neuronal populations. We conclude that partial reductions
in PMCA2 levels could be sufficient to perturb the function and integrity
of select neuronal populations and the overall outcome on cell survival
may manifest itself in a delayed fashion.

PMCAs and in particular, PMCA2, have been implicated in human dis-
orders and animal models of human diseases. Of special interest to the
current study is a recent report showing a genetic variance in the 3p25 re-
gion containing the PMCA2 gene, ATP2B2, in male autistic subjects
(Carayol et al., 2011). Autism is a developmental disorder that is
manifested by poor communication and social skills and stereotyped be-
haviors. A decrease in the number of PCs is an anatomical abnormality
identified in autistic individuals (Bauman and Kemper, 2005). In our
PMCA2+/−model, the dysregulation of Ca2+ signaling and the perturba-
tions in glutamate receptor signaling complexes are paralleled by delayed
PC loss. It is possible to contemplate that the mechanisms described here
may be relevant to PC dysfunction and loss that occurs in autistic
individuals.

Reductions in PMCA2 in other CNS regions have also been implicated
in neuronal loss in animalmodels of human diseases. In experimental au-
toimmune encephalomyelitis (EAE), an animal model of MS, reduced
PMCA2 levels in the lumbar spinal cord coincide with disease onset
(Nicot et al., 2003). The decrease in PMCA2 is believed to occur
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Fig. 5. nNOS activity in the cerebellum of PMCA2+/+ (WT) and PMCA2+/− (HT) mice. (A and B) Quantification of specific nNOS and eNOS activity (Significantly different from WT
by unpaired t-test *pb0.05, n=4−5 mice/group). (C) Restoration of AMPAR-mediated (100 μM AMPA) Ca2+ transient amplitude in PMCA2+/− PCs after treatment with 5 μM
7-NINA for 7 days (PMCA2+/+: vehicle n=128 cells/6 mice vs 5 μM 7-NINA n=129 cells/6 mice; PMCA2+/−: vehicle n=106 cells/5 mice vs 5 μM 7-NINA n=86 cells/5 mice.
b=significantly different from a by one-way ANOVA pb0.0001, Bonferroni's post-hoc test). (D). Restoration of AMPAR-mediated (100 μM AMPA) Ca2+ transient amplitude in
PMCA2+/− PCs after treatment with 10 μM ODQ for 7 days (PMCA2+/+: vehicle n=36 cells/3 mice vs 10 μM ODQ n=16 cells/3 mice; PMCA2+/− vehicle n=55 cells/5 mice vs
10 μM ODQ n=41 cells/5 mice. The results were analyzed by one-way ANOVA, (Bonferroni's post-hoc test), b=significantly different from a, pb0.0001. The experiment was re-
peated twice and yielded similar results.
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downstream to glutamate excitotoxicity as treatment with an AMPA/
kainate receptor antagonist restores PMCA2 levels (Xu et al., 2007) and
direct exposure of spinal cord neurons to kainic acid, in vitro, reduces
PMCA2 levels via calpain-mediated degradation (Kurnellas et al., 2010).
In agreement with these findings, in vivo administration of kainic acid to
the hippocampus, decreases PMCA2 expression (Garcia et al., 1997)
whereas NMDA receptor activation triggers PMCA2 internalization and
calpain-mediated degradation (Pottorf et al., 2006). In addition, PMCA2
mutations have been associated with deafness in mice (Bortolozzi et al.,
2010; Spiden et al., 2008; Prasad et al., 2007).

In summary, our studies highlight the importance of PMCA2 in PCs:
Changes in Ca2+ handling and decreases in the expression of essential
glutamate receptors are observedwhen PMCA2 levels are reduced. In ad-
dition, delayed PC death occurs when PMCA2 levels are reduced
continuously.

Experimental methods

Animals

Black Swiss PMCA2+/− and PMCA2+/+ mice of either gender, were
housed in the Comparative Medicine Resources facility at New Jersey
Medical School (NJMS) on a 12:12 h light–dark cycle at 22–23 °C with
water and standard chow provided ab libitum. All procedures were ap-
proved by the NJMS Institutional Animal Care and Use Committee.

Enriched PC cultures

Cerebellum from embryonic day 17 (E17) PMCA2+/− and PMCA2+/+

micewere dissociatedwith trypsin (0.1%), resuspended in DNAse (0.05%)
and triturated. The cells obtained from each cerebellumwere plated indi-
vidually in 10×10mmcloning cylinders on 25 mmpolyornithine-coated
cover slips (6–12 cloning cylinders per embryo), at a density of
3.2×105cells/cm2, in plating media (DMEM/F-12 media with 10% FBS
and 10 μg/ml gentamicin) for 24 h. Media were replaced with DMEM/
F-12 supplemented with progesterone (0.5 μM), putrescine (100 μM),
sodium selenite (30 nM), insulin (0.01 mg/ml), transferrin (0.1 mg/ml)
and bovine serum albumin (BSA; 100 μg/ml). Cultures were maintained
at 37 °C, 100% humidity and 5% CO2/O2 mix for 14 days in vitro (DIV) to
allow for PC maturation. A tissue sample from each embryo was
processed to determine the genotype. Cultures were enriched in PCs but
contained glia and other small diameter neuronal subtypes.

Fura-2 Ca2+ imaging

Enriched PC cultures maintained 14 DIV were loaded with Fura-2/
acetoxymethyl ester (5 μM;Molecular Probes, Eugene, OR) by incubating
the cells in a physiological recording buffer (in mM: 0.5 Na2HPO4, 0.5
NaH2PO4, 120 NaCl, 5 KCl, 25 HEPES, 1.0 CaCl2, 0.3 MgCl2, 7 NaHCO3, 0.4
MgSO4, and 5 glucose with 0.25% fatty acid free BSA) supplemented
with pluronic acid (0.02%) for 30 min at 37 °C under gentle agitation.
Cellswerewashed three times, then transferred to a thermostatically reg-
ulated microscope chamber (37 °C) on a Nikon Diaphot inverted micro-
scope (Nikon, Melville, NY). Fura-2 fluorescence images from PC cell
bodies identified by their large diameter and distinct dendritic morphol-
ogy (excitation, 340 and 380 nM, emission 420–600 nM) were acquired
every 3 s with a cooled charged coupled camera. Ratio Ca2+ measure-
ments were calculated after background subtraction and autofluores-
cence correction using customized software. Decay time constants were
determined in Sigma Plot 8.0 (Systat Software, Point Richmond, CA), by
fitting the decaying phase of the Ca2+ transientwith a single exponential.

Responses were elicited by the addition of either 3 μM, 10 μM,
100 μMAMPA (Tocris, Ellisville, MO), 15 mM caffeine or 130 mM potas-
sium chloride (KCl) followed by a washout of the stimulant. In some ex-
periments, PCs treated with 200 nM ω-agatoxin TK (30 min; Tocris),
5 μM 7-Nitroindazole monosodium salt (7-NINA, Tocris), 10 μM
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Fig. 6. Calcium binding proteins calbindin and parvalbumin and endoplasmic reticulum Ca2+ release do not contribute to the increased amplitude of Ca2+ transients in
PMCA2+/− PCs. (A and B) Representative PCs grown in culture for 14 DIV stained for calbindin (A) and parvalbumin (B). Bar represents 30 μm. (C and D) Quantification of
calbindin and parvalbumin immunoreactivity. There was no significant difference in calbindin level (PMCA2+/+ n=86 cells/4 mice; PMCA2+/− n=55 cells/3 mice).
Parvalbumin level showed a small increase in PMCA2+/− PCs compared to PMCA2+/+ PCs (PMCA2+/− n=73 cells/3 mice vs PMCA2+/+ n=68 cells/3 mice; Significantly dif-
ferent fromWT by unpaired t-test, **pb0.001). (E) A representative Western blot showing calbindin and parvalbumin expression in PMCA2+/− and PMCA2+/+ mouse cerebella
at 3 weeks of age. (F–G) Quantification ofWestern blots shown in (E). There were no significant differences in the levels of either protein (n=6/group). (H) Representative trace
following stimulation of cultured PCs with 15 mM caffeine. Note that caffeine does not evoke a calcium transient. Each experiment was repeated twice and yielded similar
results.
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1 H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, Tocris) or vehicle
before stimulation with 100 μM AMPA. For each separate treatment,
naive PC cultureswere used exceptwhere 100 μMAMPACa2+ transients
were compared before and after treatment withω-agatoxin TK. One cov-
erslip from each individual embryo in the litter was used in imaging ex-
periments and all the PCs in field were analyzed individually.
Immunocytochemistry

Enriched PC cultures maintained 14 DIVwere fixed in 4% paraformal-
dehyde in 0.1 M phosphate buffer pH 7.4 and incubated with antibodies
against GluR2/3 (1:1000; Millipore, Danvers, MA), P/Q-type VGCC
(1:100, Sigma, St. Louis, MO), parvalbumin (1:4000; Millipore) or
calbindin D-28k (1:1000; Millipore) for 18 h at 4 °C. Signals were
visualized using respective biotinylated secondary antibodies (1:500;
Vector, Burlingame, CA) or Alexa Fluor 488 labeled anti-rabbit IgG
(1:100; Vector) for 60 min at room temperature. Samples incubated
with biotinylated secondary antibodieswere exposed to Texas RedAvidin
D (Vector) for 20 min, washed and mounted using Vectashield (Vector).
Immunoreactive cells were visualized on an upright fluorescence micro-
scope (Leica DM5500B, Wetzlar, Germany). Individual cell bodies were
outlined on grayscale images and mean gray value was measured using
ImageJ software. On each coverslip the mean gray value of three
background regionswasmeasured and the average background intensity
was subtracted from each value. Densitometry/image analysis was
performed using ImageJ software.
Immunoblotting

Whole cerebella from 3, 8 and 20-week-old PMCA2+/− and
PMCA2+/+ mice were homogenized in lysis buffer (in mM; 10 HEPES
pH 8.0, 150 NaCl, 50 NaF, 0.2 PMSF and 0.1% sodium dodecylsulfate, 1%
NP40, 0.5% deoxycholic acid as well as 2 μg/ml pepstatin A, aprotinin
and leupeptin). Membrane bound proteins were solubilized by three re-
peated freeze/thaw cycles at −140 °C/37 °C. Proteins were resolved on
3–8% Tris Acetate or 10% Bis–Tris gels (Invitrogen) and transferred to
PVDF membranes (Invitrogen). Membranes were probed with anti-
bodies against mGluR1 (1:2500; BD Biosciences, Sparks, MD), GluR2/3
(1:1000; Millipore), P/Q-type VGCC (1:500; Sigma), calbindin (1:2500;
Millipore), parvalbumin (1:3000; Millipore), GluRδ1/2 (1:5000,
Millipore) and GAPDH as an endogenous control (1:10,000; EMD
Chemicals, Gibbstown, NJ) overnight at 4 °C. Signals were visualized
using respective secondary antibodies (Jackson Immunoresearch, West
Grove, PA) and Pierce ECL Western blotting substrate (ThermoFisher,
Rockford, IL) and by exposure to autoradiography film. Densitometry
was performed using Un-Scan-It software (Silk Scientific, Orem, Utah).
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Fig. 7. Expression of glutamate receptors in PMCA2+/− cerebellum at 3 and 8 weeks of age. (A) Representative Western blots showing a band at the appropriate molecular weight
corresponding to GluR2/3 (110 kDa), mGluR1 (133 kDa), GluRδ2 (114 kDa) in 3- and 8-week-old PMCA2+/− (HT) and PMCA2+/+ (WT) mice. (B) Quantification of Western blots
shown in A. There was no significant difference in glutamate receptor levels at 3 weeks of age. Levels of GluR2/3 and mGluR1 were lower in PMCA2+/− cerebellum by 8 week of age. Sig-
nificantly different fromWT by unpaired t-test, *pb0.05, **pb0.001, ***pb0.0001, n=4/group. n=6/group. The experiment was repeated 3 times and yielded similar results. (C) Two pho-
tomicrographs showing GluR2/3 immunoreactive PCs in thewild type (WT) and PMCA2+/− (HT)mice. Arrows point to labeled PCs. Bar represents 30 μm(left panel). The graph on the right
panel is the quantification of the signal in individual PCs. n=33−35 cells/group *pb0.05 by unpaired t-test. (D) Quantification of GluR2, GluR3 and mGluR1 transcript levels by real time
RT-PCR at 8 weeks of age. Significantly different from wild type *pb0.05, **pb0.001, *n=4/group.
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Quantitative RT-PCR

Total cellular RNA from8-week-old PMCA+/− and PMCA2+/+mouse
cerebella was extracted using TRIzol reagent (Invitrogen) and the
RNeasy Midi kit (QIAGEN, Valencia, CA) followed by reverse transcrip-
tion using the Superscript III First Strand cDNA Synthesis kit (Invitrogen)
according to the manufacturer's instructions. Quantitative RT-PCR reac-
tions (20 μl) were prepared with 50 ng cDNA in DEPC-treated water,
10 μl of 2× TaqMan Universal PCR Master Mix (Applied Biosystems)
and 1 μl of the respective probes (TaqMan Gene Expression Assays,
mGluR1 (Mm00810231.s1), GluR2 (Mm00442822.m1), GluR3
(Mm00497517.m1) Applied Biosystems). Reactions were ampli-
fied with a RealPlex 4 Cycler (Eppendorf, Hauppauge, NY). The
mixture was heated for 2 min at 50 °C, followed by 95 °C for 10 min.
Denaturation was at 95 °C for 15 s and annealing/extension at 60 °C
for 1 min. The reaction was performed for 40 cycles. To verify the spec-
ificity of the amplification reaction, melting-curve analysis was
performed. 18S mRNA (Applied Biosystems, Hs03003631.q1) was
used for normalization. The threshold cycle (CT) value was taken as
the fractional cycle number at which the emitted fluorescence of the
sample passes a fixed threshold above the baseline. The modified 2CT
method was used to calculate the relative differences between
PMCA2+/− and PMCA2+/+ groups as a fold change in gene expression.

Stereological analysis and anatomical measurements

Eight and 20-week-old PMCA2+/− and PMCA2+/+ mice were per-
fused with 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4. The
cerebella were removed and postfixed. Fifty‐μM thick parasagittal sec-
tions were obtained using a vibratome (Leica VT1200) and mounted on
slides. After Nissl staining the average thickness of the sections was
22.2 μM. Stereologywas performed using the optical fractionatormethod
(Stereo Investigator version 7.0; MicroBrightField, Colchester, VT) on a
microscopewith an x-, y-, z-axismotorized stage (Bio Point 30; Ludl Elec-
tronic Products, Hawthorne, NY). Leading edges of Nissl stained PC cell
bodies in lobules 4 and 5 of the PC layer in every sixth sectionwere count-
ed using a 40× objective lens (NeoFluar, 0.75 NA; Zeiss, Oberkochen, Ger-
many). Cells in the uppermost focal plane (2 μM) were not counted. The
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Fig. 8. Decreased Purkinje cell number at 20 weeks of age. (A–B) Purkinje cell number and
molecular layer thickness are not significantly different at 8 weeks of age in PMCA2+/−

(HT) mice when compared with PMCA2+/+ (WT) mice. (C–D) At 20 weeks of age,
there is a reduction in PC number in PMCA2+/− mice but no significant change in the
thickness of the molecular layer. Significantly different from WT by unpaired t-test,
*pb0.05, n=5/group. The experiment was repeated 3 times and yielded similar results.
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counting frame had a height of 15 μMandwas 75 μM×75 μM in size and
the sampling grid was 50 μM×50 μM. Using these parameters approxi-
mately 300 markers were counted per cerebellum. The thickness of the
molecular layerwasmeasured on the same sections used for stereological
cell counts (Neurolucida; MicroBrightField).

NOS activity

NOS activity was measured using a radiodetection kit (EMD Biosci-
ences, San Diego, CA) based on the conversion of (3H) L-arginine to
(3H) L-citrulline. Cerebellar homogenates were prepared from
3-week-old PMCA2+/+ and PMCA2+/− cerebellum as described by the
manufacturer. nNOS, activity was measured in homogenates exposed
to 10 μMeNOS inhibitor,N5-(1-Iminoethyl)-L-ornithine dihydrochloride
(L-NI0, Sigma Aldrich, St. Louis, MO) and eNOS activity was measured in
the presence of 10 μM nNOS inhibitor 7-NINA. Experiments were
performed in the presence of saturating levels of Ca2+ (250 μM) tomea-
sure Ca2+ dependent forms of NOS. Radiolabeled (3H) L-arginine was
obtained from Perkin Elmer.

Statistical analysis

Values are represented as average±S.E.M. To calculate percent ofwild
type, values obtained from the wild type samples were averaged. All
values forwild type and heterozygous sampleswere individually normal-
ized to this average to calculate S.E.M. Datawere analyzedwith GraphPad
v4.03 (Graphpad Software, La Jolla, CA) using Student's t-test or one-way
ANOVA followed by Bonferroni's post-hoc Test. pb0.05 was considered
statistically significant.
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