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Abstract

Ca2q homeostasis in nerve cells is dependent on at least three mechanisms: Ca2q channels, calcium-binding proteins and Ca2q

exchangersrpumps. Only limited information is available on the regionalrcellular distribution of these Ca2q-regulating systems in the
2q Ž .brain. The distribution of three of the isoforms of one of the systems, plasma membrane Ca -ATPase PMCA , was analyzed in this

study. Using antibodies against epitopes specific for each isoform, a map of the distribution of the pump in the whole brain was produced.
The pump was mainly expressed in neurons and was apparently absent from glia cells. Isoform 1 was ubiquitous and occurred in varying,
but always significant, concentrations in almost all nerve cells. Isoform 2 was abundant in cerebellar Purkinje cells but less concentrated
in other brain regions. Isoform 3 had a predominantly extra neuronal location, e.g. it was abundant in the choroid plexuses. The three
isoforms were found to be distributed in a highly characteristic manner, suggesting that nerve cells have different requirements for the
preservation of their intracellular calcium homeostasis.
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1. Introduction

Ž 2q.Calcium ions Ca are the key to the process of
intracellular signaling in all cells, but in the nervous
system their role is more complex; in addition to intra-
cellular signaling, they are also involved in neurotransmis-
sion, in the control of excitability and in axonal transport.
Therefore, in the nervous system the precise regulation of
the free intracellular calcium is particularly critical. Four
different systems control the intracellular Ca2q concentra-
tion: Ca2q channels, intracellular calcium-binding pro-
teins, exchangers and pumps. Only the first two have been
fairly well characterized in the nervous system.

2q Ž .The plasma membrane Ca -ATPase PMCA is thought
to play a major role in the export of intracellular calcium

Abbreviations: DMSOsdimethylsulfoxide; DTTsdithiothreitol; nt
s nucleotide; PMCA s plasma membrane Ca2q-ATPase; PMSF s
phenylmethylsulfonyl fluoride; PAGEspolyacrylamide gel electrophore-
sis; PBSsphosphate-buffered saline; PVDFspolyvinylidene difluoride;
RTs reverse transcription; PCRspolymerase chain reaction; SDSs
sodium dodecyl sulfate
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and in the fine tuning of its resting level. The enzyme was
first described in the plasma membrane of erythrocytes
w x22 and later found to be present in almost all cells. cDNA
cloning resulted in the finding of four distinct gene
Ž . w xPMCA1–4 codings for the pump 12–14,25,30,32 . This
diversity is further increased by alternative splicing of the

w xprimary transcript at three distinct sites 7 . The isoforms
Ž .gene products and splice forms of the enzyme differ
mainly in their affinity for Ca2q and for the prominent

w xregulator, calmodulin 11,14 . Testing the tissue distribu-
w xtion of the four gene products by Northern blot 12,25 ,

w x w xRT-PCR 18,28 or Western blot analysis 29 has shown
Ž .that two housekeeping isoforms PMCA1 and PMCA4 are

present in virtually all cells, whereas the other two only
Ž w x.occur in significant amounts in nerve tissue PMCA2 3 .

In addition, nearly all splice forms were found in nerve
tissue, frequently in unusually high amounts. A prominent
role for the plasma membrane Ca2q pump in Ca2q home-
ostasis in nerve tissue can thus be safely predicted. In
earlier studies the regional distribution of the transcripts of
the PMCA isoforms in brain was analyzed by RT-PCR
w x w x33 and in situ hybridization 26,27 . However, only par-
tial information is so far available on the presence, the
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distribution and abundance of the expressed proteins in
w xbrain 3,9 . In this study the localization of the three rat

Ž .PMCA isoforms rat PMCA1–3 was thus determined in
brain by immunohistochemistry and for rat PMCA2 also
by immunoelectron microscopy using antibodies specific
for the three rat PMCA isoforms.

2. Material and methods

2.1. Generation of isoform-specific antibodies

Polyclonal antibodies were raised against the N-termi-
Žnal regions of the human PMCA isoforms isoform 1:

amino acids 1–88: isoform 2: amino acids 1–96: isoform
. w x3: amino acids 1–83 as described in ref. 29 . The sera

w xwere purified by affinity chromatography 29 . The speci-
ficity of the antibodies was demonstrated by Western blot
analysis using human PMCA pump isoforms expressed in

w xSf9 cells 29 .

2.2. Microsome preparation from rat brain

The brains of adult white Wistar rats were removed
after decapitation and frozen in liquid nitrogen and kept at
y808C until use.

Two grams of tissue were homogenized with a Polytron
Žin buffer A 0.1 M KCl, 0.05 M HEPES NaOH, pH 7.0,

.0.4 mM PMSF, 0.5 mM DTT and the homogenate was
centrifuged at 800=g for 10 min at 48C. The supernatant
was centrifuged at 8000=g for 10 min at 48C and the
fraction containing the microsomes was sedimented for 1 h

Ž .at 100 000=g 48C . The pellet was resuspended in a
small volume of buffer A and the protein concentration

w xdetermined according to Bradford 4 .

2.3. SDS-polyacrylamide gel electrophoresis and Western
blot analysis

The microsome proteins were separated by SDS-poly-
Ž .acrylamide gel electrophoresis SDS-PAGE according to

w xLaemmli 19 and then transferred to PVDF membranes
Ž . w xMillipore, USA 31 . The membranes were blocked
overnight with 1% BSA and incubated with the primary

Žantibody 1:500 diluted in TBS-T: 10 mM Tris-HCl pH
.7.0; 500 mM NaCl; 0.05% Tween-20; 0.1% BSA for 1 h.

ŽIncubation with the secondary antibody alkaline phos-
phatase coupled to an anti-rabbit antibody; Promega,

.Madison, WI, USA was followed by the staining reaction,
Žcarried out according to the manufacturer’s protocol Pro-

.toBlot AP; Promega Biotec, Madison, WI, USA . As a
control the antibodies were preincubated overnight with a
two-fold molar excess of the peptides used for the immu-
nization and processed as described above.

2.4. Immunohistochemical procedure

Ž .Male and female rats 100–200 g were anesthetized
with 1 mlr100 g body weight of a 4% solution of chloral

Ž .hydrate in PBS 0.05 M NaH PO , pH 8; 0.5 M NaCl2 4

and transcardially perfused with 4% paraformaldehyde in
0.1 phosphate buffer, pH 7.3. The brain was dissected,
sliced, stored in 18% sucrose for 2 days and then frozen in

Žpulverized dry ice. Cryostat sections, 40 mm thick coronal
.and sagittal , were incubated by floating with the primary

Žantibodies, diluted 1:500, isoform 1 and 2; 1:100 isoform
.3 in 0.1 M Tris-buffered saline, pH 7.3, and further

w xprocessed by the avidin-biotin method 15 using the Vec-
Ž .tastain kit Vector Laboratories, Burlingame, CA, USA .

As a control the antibodies were preincubated overnight
with a two-fold molar excess of the peptides used for the
immunization and processed as described above.

2.5. Immunoelectron microscopy

The brains were fixed as previously described. Forty
mm thick vibratome sections were cut pendicular to the
surface of the cerebellum. Free floating sections were
incubated for 36 h at 48C with the primary antibody
diluted 1:500. The primary antibody was detected by the

Žavidin-biotin method using the Vectastain kit Vector Lab-
.oratories, Burlingame, CA, USA . After reaction with

Ž .diaminobenzidine tetrahydrochloride DAB , the sections
were osmicated in 1% OsO in PB with 4% sucrose for 14

h. This was followed by dehydration by using graded
concentrations of ethanol and propylenoxide before em-
bedding flat in Epon.

Under low-power stereomiroscopic control small pieces
of the cerebellum were cut out. They were re-embedded in
Epon in Beem capsules to allow for ultrathin sectioning.
The ultrathin sections were mounted on grids, without
counterstaining, and examined in a Zeiss TEM 10 electron
microscope operated at 80 kV.

Fig. 1. Western blot analysis of rat brain membrane microsomes. Mem-
Ž .brane proteins 60 mg of rat brain were tested for the presence of the

Žthree isoforms of the pump. Lane 1: antibody against isoform 1 dilution:
. Ž .1r500 ; lane 2: antibody against isoform 2 dilution: 1r500 ; lane 3:

Ž .antibody against isoform 3 dilution: 1r200 ; lane 4: antibody against
Ž .isoform 3 dilution: 1r200 preabsorbed with a two-fold molar excess of

the peptide against which it was raised.



( )T.P. Stauffer et al.rBrain Research 748 1997 21–29 23

Table 1
Distribution of the three PMCA isoforms in rat brain

Isoform rPMCA1 rPMCA2 rPMCA3

Cell body Neuropil Cell body Neuropil Cell body Neuropil

Telencephalon
Olfactory bulb
Periglomerular cells xx – – – – –
Mitral cells xx – – – – –
Cerebral cortex
Laminae I–IV – xx – xx – –
Lamina V xx x – x – –
Lamina VI – x – xx – –

Ž .Hippocampus xx – – x –
Ž .Stratum oriens xx – xx x –
Ž .Stratum pyramidale xx – xx x –

Stratum radiatum – – – x – –
Stratum laculosum molec. – – – x
Caudate-putamen – x – x – –

Ž . Ž .Dentate nucleus x x – x – –

Diencephalon
Ž . Ž .Thalamus – x – x – –

Hypothalamus
Paraventricular nucleus xxx – – – – –
Subependymal layer xx – – – – –
Supraoptic nucleus xxx – – – x –
Corpus mammillare – – – – x –

Ž .Mesencephalon midbrain
Basal ganglia – x – x – –
Bed nucl. stria terminalis – xx – – – –
Caudal linear nucleus raphe – xxx – – – –
Interpeduncular nucleus – xxx – – – –
Magnocellular preoptic nucl. x – – – – –
Oculomotoric nucleus xxx x – – – –
Retrorubral field – – – x – –
Septum – xxx – – – –
Substantia nigra x xx – x – –

Metencephalon
Cerebellum

Ž . Ž .Molecular layer x x – xxx – –
Purkinje cell layer xx – xx – x –

Ž .Granular layer x x x –
Deep cerebellar nuclei x – – – x –

Ž .Myelencephalon medulla oblongata
Colliculus superior x xx – x
Colliculus inferior – – – x
Gigantocellular nucleus – – – – xx –
Locus ceruleus xxx xxx – – – –
Nucleus facialis xx xx – x – –

Ž .Nucleus reticularis – – – – x –
Nucleus solitary tract – xx – – – xx
Nucleus subceruleus xxx xx – x – –
Superior olive – – – xx – –
Vestibular nuclei xx xx – x – –
Choroid plexus – – – – xx –

Ž .Summary of the presence of PMCA1–3 in rat brain, detected using isoform specific antibodies. –snot detectable; x sweak; xspresent;
xxsabundant; xxxsvery abundant.
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3. Results

3.1. Characterization of the antibodies

Antibodies against the human plasma membrane Ca2q-
ATPase isoforms were raised using the N-terminal se-

w xquence of the pumps 29 . The antibodies against isoforms
1–3 recognized the human and rat isoforms, whereas the

w xantibody against isoform 4 failed to do so 29 .
The antibodies were characterized on protein extracts of

rat brain microsomes by immunoblots, separated by SDS-
PAGE and transferred to PVDF membranes. Fig. 1 shows

that only signals at the molecular mass range of the PMCA
Ž . Ž .pump 130–135 kDa were detected Fig. 1, lanes 1–3 .

An additional band of about 160 kDa was revealed by the
Ž .antibody against isoform 3 Fig. 1, lane 3 , which was very

likely the result of the formation of an aggregate or a
complex with calmodulin. Under different conditions a
band with similar molecular mass could be observed also

Ž w x.for PMCA2 not shown, see ref. 8 . Preincubation of the
antibodies with the peptide against which they were gener-
ated, abolished completely all signals in the immunoblots
Ž .results not shown .

Fig. 2. Immunohistochemical localization of the PMCA isoforms in cerebellum and cerebral cortex. Micrographs were obtained using bright-field optics.
Ž . Ž . Ž . Ž . Ž .Sagittal sections of cerebellum left and cerebral cortex right were stained with the antibodies against PMCA1 A, B , PMCA2 C, D , PMCA3 E, F .

GCL, granular cell layer; ML, molecular layer; P, Purkinje cells; I–V, layers of the cerebral cortex. =120.
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3.2. Localization of the plasma membrane Ca2 q pump in
rat brain

The localization of the ATPase isoforms was studied in
both sagittal and coronal brain sections of adult rat brain
by immunohistochemistry using the specific antibodies.
Preincubation of the diluted antibodies with their respec-
tive antigens completely abolished the immunolabeling
Ž .results not shown . With all antibodies the staining was
clearly neuronal. Oligodendrocytes showed no reaction

with any of the antibodies. However, PMCA positive
astrocytes were detected in the optical nerve using the

Ž .antibody against PMCA1 Fig. 3F .

3.3. The rat PMCA1 pump

The staining pattern of brain sections incubated with the
antibody specific for isoform 1 revealed that the isoform

Ž .was present in nearly all brain regions Table 1 . Depend-

Ž . Ž .Fig. 3. Immunohistochemical localization of the PMCA isoforms in defined brain regions. Sagittal sections of hippocampus A , reticular nucleus B , deep
Ž . Ž . Ž .cerebellar nuclei C and supraoptic nucleus F stained with the antibody against isoform 1. Choroid plexus of the fourth ventricle D and solitary tract

Ž .nucleus E stained with the antibody against isoform 3. CA3, CA3 of Ammon’s horn; DCN, deep cerebellar nuclei; OL, oriens layer; PL, pyramidal layer;
SR, stratum radiatum; ON, optic nerve; STN, solitary tract nucleus. The arrows in B indicate the unhomogenous coloration of the soma. =150.
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Žing on the region, either the cell body or neuropil axons,
.dendrites synapses , or both, were PMCA1 positive. Mod-

erate to high levels of PMCA1 were detected in the
cerebral cortex, hypothalamus, hippocampus, olfactory bulb
and in some midbrain and hindbrain nuclei, whereas only
low levels were detected in the cerebellum, thalamus,

Ž .dentate nucleus and in some midbrain regions Table 1 .
The immunoreactivity in the cerebral cortex was very
unhomogenous. The cell bodies of the pyramidal cells of
layer V showed strong staining, whereas the pyramidal
neurons in other layers were stained only weakly. The

Ž .neuropil was stained in all layers Fig. 2B . In the hip-
pocampal CA1–CA4 cells, in the neuropil of the pyrami-
dal layer and also in some cells of the oriens layer PMCA1

Ž .reactivity was found Fig. 3A . The cell body of mitral and
periglomerular cells in the bulbus olfactorius showed mod-
erate immunoreactivity, whereas very strong labeling was
found in some regions of the hypothalamus and of the

Ž .mid- and hindbrain Fig. 3B . Different parts of the cells
Ž .soma and axons of the nucleus reticularis were PMCA1
positive. The staining of the cell bodies of these cells was

often unhomogenous; stained and unstained regions alter-
Ž .nated in patches Fig. 3B . In the cerebellum low immuno-

reactivity for PMCA1 was found in the cell bodies of
neurons of the molecular layer and in the Purkinje cells.
The dendrites of the latter were stained very weakly, the

Ž .axons showing no immunoreactivity at all Fig. 2A . In
addition, the cell body and the dendrites of the cells of the

Ž .deep cerebellar nuclei were clearly stained Fig. 3C .
Stronger staining was detected in the neuropil of the
granular layer.

3.4. The rat PMCA2 pump

Isoform 2 was detected in large amounts in the cerebel-
lum and in moderate amounts in the cerebral cortex and
the hippocampus. Minor amounts of the isoform were also

Ždetected in some midbrain and hindbrain regions see
.Table 1 . The cell bodies, dendrites and spines of Purkinje

Ž .cells were clearly marked by the labeling Fig. 2C . At the
electron microscopical level a clear submembranous stain-

Ž w x.ing Sharat et al. 23,24 along the intracellular surface of

Fig. 4. Electron microscopical localization of the PMCA2 isoform in the molecular layer of the cerebellum. Longitudinal section through a Purkinje cell
Ž . Ž .dendrite A . PMCA2 positive dendritic spines arrows in B, C and D . =8000. Insets: =12 000.
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plasma membranes, and more diffuse towards the cyto-
Ž .plasm, was observed Fig. 4A . Strong staining was also

Ž .found in the dendritic spines Fig. 4B,C . In the cerebral
cortex a diffuse staining of the neuropil was observed.
Layers I–IV became stained moderately, layers V and VI

Ž .more weakly Fig. 2D . In the hippocampus neuropil label-
ing was observed in the oriens and pyramidal cell layers,
the other structures in the hippocampus showing only
weak staining or no staining at all.

3.5. The rat PMCA3 pump

Staining with the antibody against isoform 3 was re-
stricted to defined regions in the rat brain, where it was
mainly detected in the region of the soma. Positive reac-
tions to isoform 3 were detected in the fourth ventricle, the
cerebellum, the cerebral cortex and in three nuclei in the

Ž .hindbrain Table 1 . Moderate staining was detected in the
structures of the choroid plexus of the fourth ventricle
Ž .Fig. 3D and in the cell bodies of the gigantocellular

Ž .nucleus and of the solitary tract nucleus Fig. 3E . Weak
staining was found in the cell bodies of Purkinje cells and

Ž .granular cells Fig. 2E and in the deep cerebellar nuclei.
Very weak coloration was found in pyramidal cells of

Ž .layer V of the cerebral cortex Fig. 2F and in hippocampal
cells.

4. Discussion

The antibodies showed signals at the expected molecu-
Ž .lar mass 130–135 kDa when tested on rat brain mem-

brane preparations. No additional signals were detected
with the antibodies against PMCA1 and 2, whereas that
against PMCA3 revealed an additional band of molecular
mass of about 160 kDa. Since the specificity of the signals
was determined by preabsorbing the antibodies with the
peptides against which they were generated, it is very
likely that the band found using the PMCA3 antibody
represented an aggregation product of PMCA3. Two sig-
nals at 130–135 kDa were detected using the antibody
against isoform 2, probably representing alternatively
spliced forms of isoform 2, as already observed in neu-

w xronal tissues at the mRNA level 5,6,18,28 .
The immunolocalization work showed that only neurons

were PMCA positive. No consistent labeling was detected
in glial cells using any of the antibodies, with the excep-
tion of some astrocytes in the optic nerve.

The expression pattern of the three isoforms in rat brain
showed great regional differences. PMCA1 was expressed
widely, whereas PMCA2 and 3 were only found in some

Ž .well defined regions, e.g., the cerebellum PMCA2 or the
Ž .choroid plexuses PMCA3 . Differences were also found

in the subcellular distribution of the isoforms, 1 and 3
Žbeing found in the soma and in the neuropil dendrites

.andror axons , isoform 2 almost exclusively in the neu-

ropil: isoform 2 may therefore be neuropil specific. Iso-
form 1 was expressed ubiquitously in all tissues and can

w xthus be considered as a housekeeping isoform 18,25,28 .
Particularly high amounts of PMCA2 were detected in

the plasma membrane of Purkinje cells, clustered in the
dendritic spines. Thus, the strong immunoreactivity found
by others in the molecular layer of the cerebellum using an

w xantibody recognizing all isoforms 9 was presumably due
to isoform 2, since the present work showed that much
lower amounts of isoforms 1 and 3 were present in this

Ž .layer Fig. 2A,E . In the cerebral cortex only layers II–IV
were found to be isoform 2 positive. The stained neuropil
may thus originate from cells of the layers II–IV express-

w xing PMCA2 26 or from cells projecting into these re-
gions.

The transcripts of PMCA3 were previously detected in
Žhigh amounts mainly in choroid plexuses in lower amounts

w xin some additional regions 26 . On the protein level the
same structures were found to be strongly PMCA3 posi-
tive. These results are consistent with the findings of a

w xrecent study using a PMCA3 specific antibody 10 . Addi-
tionally PMCA3 was also found in some regions in the
hindbrain, where this isoform had so far not been de-
scribed, e.g., the gigantocellular nucleus and cells of the

Ž .solitary tract nucleus see Table 1 .
The distribution patterns of the three isoforms corre-

w xsponded well to those of their mRNA 26 . However,
differences were also evident; and could have more than
one cause, e.g. the different cellular localization of the
mRNA and the proteins. The mRNAs are clustered around
the nucleus and, therefore, the signals are easily correlated
to a certain cell. The corresponding proteins could be
distributed over the whole cell, resulting in a weaker
overall signal. Another reason could be the unequal trans-
lation efficiency of the mRNA in different brain regions.

In the different compartments of a neuronal cell, Ca2q

ions may be involved in distinct processes, e.g., in the
dendrites they are responsible for the generation and the
transport of excitatory or inhibitory signals to the soma,
whereas in the presynapse they modulate the release of
neurotransmitters. Interestingly, the regulation of the Ca2q

concentration in compartments such as the dendrites is
virtually independent from that in the remainder of the cell
w x 2q 2q17 . Thus different subsets of Ca -binding and Ca -
transporting proteins could be present in different regions
of the cell. In the dendrites of Purkinje cells, more specifi-
cally in their spines, the inositol 1,4,5-trisphosphate recep-

w x 2qtor 23,24 , the endoplasmic reticulum Ca pump
Ž . w x 2qSERCA2 17 and various Ca -binding proteins
Ž . w xparvalbumin, calsequestrin, calreticulin 8,17,21 are pre-
sent in very high amounts. It is of great interest that
structures like the P-type voltage-dependent Ca2q channels
w x20 and the PMCA2 pump are also highly concentrated in
these compartments. Although, the high Ca2q affinity of
the plasma membrane Ca2q-ATPase qualifies it ideally for
the restoring of the resting Ca2q level in neuronal cells
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and more specifically in the Purkinje cell dendrites, the
Ž .reason for the presence of a specific isoform PMCA2 is

unknown. One could cautiously speculate that the various
PMCA isoforms differ in basal activity and in a way they

w xare regulated by calmodulin 14 . Isoform 2 was found to
have a much higher affinity for calmodulin than other
isoforms and thus becomes fully activated at a lower
concentration of the Ca2q-calmodulin complex. PMCA2
could therefore be better suited than other isoforms to
control the Ca2q concentration in a region characterized
by its high turnover. It is pointed out, however, that this
isoform has not been found in compartments of other cells
also known to use intensive calcium signaling, e.g. the
presynaptic region or dendritic spines of other neurons
w x16 .

PMCA1 is distributed ubiquitously and may therefore
be responsible for the housekeeping regulation of the Ca2q

homeostasis. The Ca2q extrusion that follows a Ca2q

signal in the soma of pyramidal neurons has been shown to
w xbe due to the activity of PMCA 1,2 . The high amounts of

PMCA1 found in these neurons suggest that this isoform
may be responsible for it.

No data are available on the activity and regulation
properties of PMCA3. One could speculate that the high
amounts of PMCA3 in the choroid plexus may be related

Ž .to the regulation of the extracellular cerebrospinal fluid
Ca2q concentration.
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