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Abstract—The Ca2�-binding proteins parvalbumin (PV) and cal-

bindin D-28k (CB) are key players in the intracellular Ca2�-buffer-

ing in specific cells including neurons and have profound effects

on spatiotemporal aspects of Ca2� transients. The previously ob-

served increase in mitochondrial volume density in fast-twitch

muscle of PV�/� mice is viewed as a specific compensation

mechanism to maintain Ca2� homeostasis. Since cerebellar Pur-

kinje cells (PC) are characterized by high expression levels of the

Ca2� buffers PV and CB, the question was raised, whether homeo-

static mechanisms are induced in PC lacking these buffers. Mito-

chondrial volume density, i.e. relative mitochondrial mass was

increased by 40% in the soma of PV�/� PC. Upregulation of

mitochondrial volume density was not homogenous throughout

the soma, but was selectively restricted to a peripheral region of

1.5 �m width underneath the plasma membrane. Accompanied

was a decreased surface of subplasmalemmal smooth endoplas-

mic reticulum (sPL-sER) in a shell of 0.5 �m thickness underneath

the plasma membrane. These alterations were specific for the

absence of the “slow-onset” buffer PV, since in CB�/� mice nei-

ther changes in peripheral mitochondria nor in sPL-sER were

observed. This implicates that the morphological alterations are

aimed to specifically substitute the function of the slow buffer PV.

We propose a novel concept that homeostatic mechanisms of

components involved in Ca2� homeostasis do not always occur at

the level of similar or closely related molecules. Rather the cell

attempts to restore spatiotemporal aspects of Ca2� signals pre-

vailing in the undisturbed (wildtype) situation by subtly fine tuning

existing components involved in the regulation of Ca2� fluxes.

Key words: calcium-binding, buffers, EF-hand, homeostasis,

morphology.

Ca2� ions are such ubiquitous second messengers that

meaningful information must be contained in the subtle

spatiotemporal aspects of Ca2� transients. A complex ma-

chinery of Ca2� entry and release systems, mobile and

immobile Ca2� buffers, transient Ca2�-storage devices

and Ca2�-extrusion systems governs the shape and

spreading of intracellular Ca2� transients (Berridge et al.,

2003). Affinities, kinetics of binding and release of Ca2�

ions, the relative mobility and the geometrical distribution

of all components, that is, the interplay between these

systems finally shapes the spatiotemporal aspects of a

Ca2� signal. Cerebellar Purkinje cells (PC) are character-

ized by extensive Ca2� signaling in somata, dendrites and

spines elicited by either climbing fiber or parallel fiber

stimulation. Following depolarization-evoked rises in the

intracellular Ca2� concentration ([Ca2�]i) in the PC so-

mata, endoplasmic reticulum (ER) and plasma membrane

Ca2� pumps and the Na�–Ca2� exchanger contribute to

PC [Ca2�]i clearance (Fierro et al., 1998). Since these

systems only accounted for approximately 60% of total

Ca2� clearing, mitochondria were additionally postulated

to play a role. These organelles have a high capacity to

take up Ca2�, but affinity and the speed of uptake were

previously considered too low to sequester Ca2� under

physiological conditions in neurons (Carafoli, 2002). A role

for mitochondria in the presynaptic regulation of Ca2� tran-

sients was demonstrated in the calyx of Held (Billups and

Forsythe, 2002). With a half-rise time of approximately 40 ms,

mitochondrial Ca2� ([Ca2�]m) rose with a short delay when

compared with [Ca2�]i rises. Mitochondrial depolarization

abolished rises in [Ca2�]m and as a consequence slowed the

removal of [Ca2�]i by more than twofold.

The role of mobile Ca2� buffers in the modulation of

Ca2� transients and thus in processes such as modulation

of synaptic transmission (facilitation and depression) has

recently regained much interest (Caillard et al., 2000; Bla-

tow et al., 2003; Vreugdenhil et al., 2003). PC have an
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exceptionally high endogenous Ca2�-buffering capacity

(Fierro and Llano, 1996) due to high expression levels of

parvalbumin (PV) and calbindin D-28k (CB) (Celio, 1990).

The two proteins differ in their number of Ca2�-binding

sites; two for PV and four for CB, but probably more

importantly in their Ca2�-binding kinetics (Schwaller et al.,

2002). PV is a slow-onset Ca2� buffer (Lee et al., 2000),

while Ca2�-binding to CB is faster (Nagerl et al., 2000).

Both proteins contribute to the modulation of parallel fiber-

evoked Ca2� transients in PC dendrites (Schmidt et al.,

2003b). We had hypothesized that elimination of PV and

CB might induce compensation mechanisms in PC to cope

with their absence. Such changes did not occur at the level

of other Ca2�-binding proteins (CaBPs) (Schmidt et al.,

2003b), but involved morphological alterations. An in-

crease in PC spine length and volume was specifically

induced by elimination of CB (Vecellio et al., 2000),

while elimination of PV in fast-twitch muscles led to an

approximately twofold increase in the mitochondrial vol-

ume density without affecting fiber surface size (Chen et

al., 2001). We set out to test whether organelles (ER,

mitochondria) implicated in Ca2� homeostasis in PC so-

mata and dendrites are affected by elimination of cytosolic

Ca2� buffers.

EXPERIMENTAL PROCEDURES

Preparation of tissue for electron microscopy

Four groups of mice were analyzed: PV�/� (Schwaller et al., 1999),
CB�/� (Airaksinen et al., 1997), PV�/�CB�/� (Vecellio et al.,
2000) and wildtype (WT), all with a mixed C57BL/6J � 129 back-
ground. All animal experiments were performed with permission of
the local animal care committee and according to the present Swiss
law and the European Communities Council Directive of 24 Novem-
ber 1986 (86/609/EEC); both the number of animals used and their
suffering were kept to a minimum. Three or four female mice (3–5
months old) were analyzed per genotype. Animals were killed by an
overdose of 4% chloral hydrate and then perfused with Karnovsky
reagent (80 mM sodium cacodylate, pH 7.3, containing 2% (w/v)
paraformaldehyde, 2.5% (v/v) glutaraldehyde and 0.2 mM CaCl2).
Brains were postfixed by immersion overnight at 4 °C, the cerebella
cut in half, then washed twice in 0.1 M sodium cacodylate (15 min),
postfixed for two hours in 1% osmium tetroxide in 0.6 M veronal-Na-
acetate, dehydrated and finally embedded in Epon. From each cer-
ebellar half, i.e. from two tissue blocks per animal, ultrathin sections
oriented perpendicularly to the surface of the cerebellar cortex were
examined and documented in a Philips EM 400 and used for mor-
phometric analysis.

Morphometric analysis of PC somata

All morphometric measurements and analyses were performed on
randomly numbered electron micrographs with the experimenter
not knowing the genotype of the mouse source of the analyzed
images. The identity of individual micrographs for the grouping
according to genotype and for the statistical analyses was only
revealed after completion of all the counting procedure. In each
consecutive frame of a 200 square mesh grid (starting at a random
point) an electron micrograph (up to a total of 30 per cerebellum)
of a PC soma—if present and sectioned approximately through
the center of the cell, respectively nucleus—was taken and the
volume density of mitochondria in the cell cytoplasm (i.e. ratio of
volume of mitochondria to volume of cytoplasm) was estimated at
a final magnification of 11,300� using a test system D 64 (1024

test points; Weibel, 1979). The mitochondria measurements were
then repeated separately for a peripheral (area 1.5 �m under-
neath the cell membrane) and a central region. The central region
was defined as cytoplasmic region between the peripheral region
and the cell nucleus.

For the estimation of the surface of the subplasmalemmal
smooth endoplasmic reticulum (sPL-sER) of PC somata, a compart-
ment of 0.5 �m underneath the cell membrane was defined. No
ultrastructural distinction between described junctional ER (in PC
characterized by an orientation parallel to the plasma membrane and
the gap to the plasma membrane filled with “fuzzy” material (Henkart
et al., 1976)) and other sER compartments was attempted. In the
morphometric measurements all sER structures within a shell of
0.5 �m were considered for the analyses. Per cell four EM pictures
were taken, covering approximately 90% of the entire circumference
of the perikaryon. Using a cycloid test system (Weibel, 1979), the
lengths, respectively surfaces of the cell membrane and the under-
lying sPL-sER within the defined compartment were estimated at a
final magnification of 32,000�. The results are given as a ratio of
sPL-sER surface to cell membrane surface.

Morphometric analysis of immunofluorescence

images of PC soma and dendrites

Free floating saggital cerebellar cryosections (30 �m) obtained from
4% PFA transcardiacally perfused mice were immunostained with
antibodies against CB (CB38, 1: 4000, Swant, Bellinzona, Switzer-
land) and against cytochrome oxidase I (mouse monoclonal COXI;
5 �g/ml, ID6-E1-A8, Molecular Probes, Invitrogen AG, Basel, Swit-
zerland). Immunoreaction was revealed with fluorescently labeled
anti-rabbit (FITC-conjugate, 1:100; Molecular Probes) or anti-mouse
(Alexa 568-conjugate, 1:100; Molecular Probes) secondary antibod-
ies. Sections were coverslipped with Slowfade reagent (Molecular
Probes) and analyzed on a confocal microscope (Bio-Rad MRC
1024, Glattbrugg, Switzerland mounted on a Nikon Eclipse E800
microscope; objectives: Plan Apo 60� Oil, 1.4 NA and 40�0.95
NA). Off-line image analysis was carried out either with the soft-
ware Imaris 4.0.5 (Bitplane, Zurich, Switzerland) or Stereo Inves-
tigator 5.0 (MicroBrightfield Inc., Williston, VT, USA). With the
former, on 3D-reconstructed images from WT and PV�/� PC
somata and distal dendrites, mitochondrial volumes were calcu-
lated from randomly selected regions. Alternatively, on at least
three sections per stack of confocal images, morphometry was
used to calculate mitochondrial fractional volume.

Statistical analysis

Student’s t-test (unpaired, two-tailed) was used to compare values
of morphometric measurements in the soma from PV�/�, CB�/�
and PV�/�CB�/� mice with those of WT mice. Values are
expressed as means�S.D. P values �0.05 were considered sta-
tistically significant. For comparison of the very heterogeneous
distribution of fractional mitochondria volume in PC dendrites, the
non-parametric Mann-Whitney U test was applied.

Semi-quantitative Western blot analysis and Ca2�

overlay blots

Young adult male mice were deeply anesthetized by inhalation of
CO2 and briefly perfused transcardially by ice-cold phosphate-
buffered saline solution (PBS). Cerebella were dissected and a
soluble and particulate fraction was prepared as described (Maet-
zler et al., 2004). Proteins (50–75 �g) were separated by poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred on
nitrocellulose membranes using a semi-dry transfer protocol.
Western blots of proteins were carried out using primary antibod-
ies against sarcoendoplasmic reticulum Ca2�-ATPase (SERCA)
2b (Wuytack et al., 1989), plasma membrane Ca2�-ATPase
(PMCA) 2 (clone NR2 (Filoteo et al., 1997), gift from E. Strehler),
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PMCA3 (Stauffer et al., 1995), cytochrome c oxidase I (COX I;
clone 1D6-E1-A8, Molecular Probes) and actin (antibody clone
ZSA1, Zymed, Stehelin & Cie AG, Basel, Switzerland) for normal-
ization of Western blot signals. Incubation of membranes with
secondary biotinylated antibodies (Vector Laboratories, Burlin-
game, CA, USA; 1:10,000) and with avidin–biotin conjugated
peroxidase was followed by revealing specific bands using the
ECL system (Pierce, Perbio Science, Lausanne, Switzerland). For
quantification, a Molecular Imager system (Bio-Rad) was used.

From the soluble fraction, proteins (250 �g) were separated
by SDS-PAGE (12.5%) and electroblotted on nitrocellulose mem-
branes. Membranes were washed (three times, 20 min) in 10 mM
imidazole–HCl, 5 mM MgCl2, 60 mM KCl, pH 6.8 and incubated
for 10 min in the same solution containing 40 kBq/ml 45CaCl2 to
label high-affinity CaBPs (Maruyama et al., 1984). After washing
in 50% ethanol (5 min), membranes were dried, and analyzed by
a Molecular Imager system.

Two-dimensional gel electrophoresis

2D gel electrophoresis was performed according to Langen et al.
(1997) with modifications. Samples were prepared by solubilization
of either lyophilized soluble proteins or sedimented membranes in 2D
sample buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 1% (w/v)
DTE, 20 mM Tris, 0.02% (w/v) Bromphenol Blue, 1 mM EDTA, one
tablet of protease inhibitor cocktail (Roche, Rotkreuz, Switzerland)
per 10 ml of sample buffer added just prior to use). Protein concen-
tration was determined either by Bradford assay or Dc protein assay
(Bio-Rad). Proteins (1 mg) were first separated by isoelectric focus-
ing on Immobiline Drystrips (pH 3–10; Pharmacia, Amersham Bio-
sciences Europe GmbH, Dübendorf, Switzerland), followed by a
separation on a linear gradient (9–16%) polyacrylamide gel. Gels
were stained by Coomassie Blue R-250.

RESULTS

Ca2� overlay blots, Western blot analysis

and 2D-gel electrophoresis

Elimination of a Ca2� buffer protein by gene targeting

might induce homeostatic mechanisms to compensate for

this loss. The most obvious candidates are members be-

longing to the family of EF-hand CaBPs consisting of over

240 proteins (Lander et al., 2001) that potentially might

replace PV. Ca2� overlay blots of cerebellar soluble pro-

teins of WT, PV�/�, CB�/� and PV�/�CB�/� revealed

the three most prominent single bands (Mr: 30, 28, and 12

kDa) in WT to be calretinin, CB and PV (Schmidt et al.,

2003b). Lack of CaBPs, i.e. PV, CB (not shown) or both did

not affect either the banding pattern or the intensities of the

remaining bands, indicating no apparent upregulation of

other CaBPs detectable with this method (Fig. 1A). Inten-

sities of bands in the range of 16–24 kDa including pro-

teins such as calmodulin and neuronal calcium sensor

proteins (NCS) were quite variable between extracts from

different experiments as evidenced by the pattern in the

two WT samples. Thus, only samples collected and pre-

pared in parallel, from WT and transgenic mice, were

qualitatively and quantitatively analyzed. Since some EF-

hand CaBPs, e.g. S100 proteins, are poorly detected by

the above method, we tested generally for the possibility

that another protein is upregulated to similar levels as PV

and CB in the cerebellar extracts. Both soluble and partic-

ulate protein fractions from WT, PV�/� and PV�/�
CB�/� cerebella were separated by 2D-gel electro-

phoresis (Figs. 1B and S1). While in WT mice, PV and CB

are expressed at clearly visible levels, either one or both

are absent in PV�/� or double knockout mice, respec-

tively. The weak protein signal at the position of PV in the

PV�/� and PV�/�CB�/� samples is not due to “resid-

ual” PV expression, since absolutely no signal on Western

blots of PV�/� cerebellar extracts was detected before

(Caillard et al., 2000). Inspection of at least six gels (sam-

ples from three mice run in duplicates) revealed no up-

regulation of another protein to comparable levels as the

proteins missing in the two knockout groups. Similar re-

sults were obtained for the particulate fractions from the

four groups, i.e. no obvious upregulation of anther protein

(data shown for WT and PV�/�, Fig. S1). Finally, we

hypothesized that systems involved in Ca2� extrusion or

Ca2� uptake into intracellular organelles might be al-

tered in the absence of these cytosolic Ca2� buffers.

Expression levels of PMCA2 and 3, as well as SERCA2b

that is highly expressed in PC (Baba-Aissa et al., 1998)

Fig. 1. (A) 45Ca2�-overlay blot of soluble cerebellar proteins of two WT, a PV�/� and a PV�/�CB�/� mouse. The three most intense single bands

in WT are calretinin (CR; 29 kDa), CB (27 kDa) and PV (12 kDa). In the range of 16–24 kDa, proteins including calmodulin, and NCS are visible. Scale

bars�48, 35, 28, and 20 kDa and indicate positions of marker proteins; sizes are from top to bottom. (B) 2D-gel electrophoresis of soluble cerebellar

proteins. The positions of PV and CB are marked with arrows and circles mark the corresponding areas in the knockout mice. The region between

an isoelectric point of 3 and 9 is shown and the lowest part of the gel corresponds to proteins with an apparent Mr of 10 kDa.
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were investigated by semi-quantitative Western blot

analysis (Fig. 2). Levels of SERCA2b and both PMCA

isoforms were similar in all three groups (WT, PV�/�,

PV�/�CB�/�; Fig. 2); quantitative analysis of phospho-

imager pictures using the actin signal for normalization

revealed no significant differences between groups. Initial

results on PMCA2, an isoform highly expressed in PC

somata and dendritic spines (Stauffer et al., 1997) re-

vealed small, but not statistically significant differences at

the protein level. Yet at the mRNA level, RT-PCR signals

were found unaltered in all genotypes (data not shown).

Morphometric analysis of mitochondrial

volume density

Morphometric analysis of PC somata electron micrographs re-

vealed that total mitochondrial volume density was increased by

about 40% in PC of PV�/� mice (Table 1). In contrast, elimi-

nation of CB, also highly expressed in PC, had no effect on

mitochondrial volume density. Results with PV�/�CB�/� were

almost identical to results obtained for PV�/�, clearly demon-

strating that the observed effect on mitochondrial volume density

increase was PV-specific. Mitochondrial populations can be dis-

tinguished by their intracellular localization and distinct functions

(Collins et al., 2001; Park et al., 2001). Thus, we postulated that

mitochondrial upregulation in PV�/� PC somata could be re-

stricted to mitochondria particularly exposed to Ca2� fluxes via

transport systems in the plasma membrane. In line with the

above hypothesis, mitochondrial volume density in the pe-

ripheral region within a subplasmalemmal cytoplasmic

compartment of 1.5 �m was almost doubled in PV�/�
cells (Table 1), while the volume density of central mito-

chondria was not different between WT and PV�/� PC.

Immunofluorescence on cerebellar cryosections (30 �m)

with CB antibodies, staining the cytosol in somata, den-

drites and spines of PC and with COX I antibodies staining

mitochondria was performed followed by 3D-reconstruc-

tion (Fig. 3). Qualitative analyses revealed that more mi-

tochondria were present in the peripheral region of PC

somata, in line with the morphometric analysis of EM pic-

tures. Since under pathological conditions such as excito-

toxicity, a swelling and rounding up of mitochondria is

observed (Bendotti et al., 2001; Pivovarova et al., 2004),

the morphology of the peripheral mitochondria was inves-

tigated on high-resolution EM images (Fig. 4). No signs of

“swollen” mitochondria characterized by electron-lucent

matrix, distorted cristae or calcium deposits were observed

in the sPL region of PV�/� PC somata and mitochondria

appeared structurally indistinguishable from the ones in

WT PC.

Finally we were interested to see whether upregulation

of mitochondrial volume density also occurred in subplas-

malemmal regions of PV�/� PC distal dendritic sites (ter-

minal branchlets), putative sites of Ca2� entry from the

extracellular space. Due to the complex morphology of

these structures morphometric analysis of the respective

mitochondrial volume densities at the ultrastructural level

turned out to be unfeasible. As an alternative, the mea-

surements were 3D-reconstructions using the confocal la-

ser-scanning microscope that allowed a semi-quantitative

analysis of the mitochondrial volume in dendritic seg-

ments. A box plot for the mitochondrial fractional volume in

eight terminal dendrites from two WT mice and 12 terminal

Fig. 2. Representative Western blots for the PMCA isoforms 2 and 3

and the SERCA2b. Blots were quantitatively analyzed by a Molecular

Imager system and the normalized WT signals for each protein were

set as 100%; values for samples from knockout mice are expressed as

mean�S.D. and are for PMCA2: 91�12% (PV�/�) and 99�16%

(CB�/� PV�/�); n�4 samples/genotype. Values for PMCA3 are

98�6% (PV�/�) and 94�14% (CB�/� PV�/�); n�5 samples/geno-

type. Values for SERCA2b are 99�4% (PV�/�) and 94�15%

(CB�/� PV�/�); n�3 samples/genotype. No significant differences

were detected compared with the WT samples Student’s t-test (un-

paired, two-tailed).

Fig. 4. Electron micrograph of sPL PC somata regions. In both images the plasma membrane runs from the middle of the left side to the right upper

corner of each image. sPL PC mitochondria are in the lower part of the images. Note the similar mitochondria morphology in PV�/� and WT PC.

Neither swelling, electron-lucent matrix nor deposits are seen in mitochondria of both images. Scale bar�1 �m.
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vary considerably from approximately 7–42% (Fig. 5). No

significant differences between WT and PV�/� terminals

could be observed as corroborated by a non-parametric

Mann-Whitney U test (P�0.82). To ascertain that mito-

chondrial volumes calculated from 3D-reconstructions did

not introduce artifactual errors, single images from confo-

cal image stacks were also analyzed by design-based

stereology (Cavalieri estimator and area fraction fractiona-

tor estimator). Mitochondrial volumes calculated in this

way were not significantly different from the ones obtained

by 3D-reconstruction (not shown) and again were not dif-

ferent between PV�/� and WT.

Analysis of sPL-sER

Although the ER extends throughout the cell, the membrane-

enclosed cisternae just underneath the plasma membrane

termed sPL-sER or when in close apposition to the plasma

membrane, also called “junctional ER” (jER) has been impli-

cated in specific functions related to Ca2� fluxes (Graier et

al., 1998; Frieden et al., 2002; Malli et al., 2003). Since an

almost twofold increase in peripheral mitochondrial volume

density was observed, we investigated, whether additionally

changes in sPL-sER have occurred in PC somata of mice

deficient for PV, CB or both. In a zone of 0.5 �m in width

underneath the plasma membrane the surface of sPL-sER

Fig. 3. 3D-reconstruction of a stack of confocal images (�z�2 �m) from PC somata of a WT and a PV�/� mouse. Mitochondrial volume (red) is

highlighted on a single optical section of the soma. The cytosolic volume (green) was rendered almost transparent. Mitochondria and cytosol were

immunostained with anti-COX I and anti-CB antibodies, respectively. Note the increased density of mitochondria close to the plasma membrane in the

PV�/� cell.

Fig. 5. 3D-reconstruction of two terminal dendrites with low (9%) and medium (19%) fractional mitochondrial volume from PC confocal images of a

WT and a PV�/� mouse, respectively. The cytosolic volume was visualized by staining for CB (green), the mitochondrial volume by staining for COX I (red).

A scatter plot showing the percentage of fractional mitochondrial volume of terminal dendrites for the two genotypes is shown on the right. The

geometric mean was not different for the two groups (P�0.81). Scale bar�1 �m.
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per surface of plasma membrane was calculated and this

ratio was approximately 30–40% smaller in PC of PV�/�
and double knockout mice (Fig. 6 and Table 2). A small

(�10%; n.s.), yet not significant reduction in this ratio was

observed in PC from CB�/� mice. As for the results obtained

from the mitochondrial volume density measurements, the

reduction in sPL-sER is specifically correlated with a lack of

PV in both, PV�/� and PV�/�CB�/� PC.

DISCUSSION

Intracellular Ca2� homeostasis is precisely regulated with

respect to the components involved and their geometrical

arrangement within a neuron (Augustine et al., 2003). Cells

use components of the “Ca2�-signaling toolkit” (Berridge

et al., 2003) to exactly adjust the spatiotemporal aspects of

Ca2�signaling to their physiological function. The impor-

tance of cytosolic Ca2� buffers as essential components in

this regulation is a relatively recent discovery. Similarly,

mitochondria have experienced a comeback as transient

Ca2� stores also under physiological conditions (Pozzan

and Rizzuto, 2000), contrasting the earlier view that these

organelles contribute to Ca2� homeostasis primarily under

pathologic conditions (excitotoxicity, apoptosis). Mitochon-

dria participate in Ca2� removal during muscle relaxation

in slow-twitch (Sembrowich et al., 1985; Gillis, 1997) and

fast-twitch muscles (Rudolf et al., 2004); in neurons they

also contribute to the presynaptic regulation of Ca2� tran-

sients (Billups and Forsythe, 2002). Besides the antici-

pated slowing of muscle relaxation in PV�/� mice, a

twofold increase in mitochondrial volume density is ob-

served that is viewed as a specific homeostatic compen-

sation mechanism (Chen et al., 2001). Interestingly, the

biochemical composition of PV�/� fast-muscle mitochon-

dria is as found in slow-twitch muscles, characterized by

higher expression levels of proteins involved in oxidative

phosphorylation (Racay et al., 2006). Thus they are better

Fig. 6. Electron micrograph of the sPL region of PC somata. Arrows point to “smooth” sPL-sER compartments. Scale bar�1 �m on the right.

Table 1. (A) Total mitochondrial volume density in PC somata

Genotype n n(PC) % (VVmi,c)�SD % Control P (vs. WT) P (vs. PV�/�)

WT 4 240 8.89�0.21 100 – P�0.001

PV�/� 4 240 12.80�0.38 144 P�0.001 –

CB�/� 3 180 8.71�0.36 98 n.s. P�0.001

PV�/�CB�/� 3 180 12.75�0.44 143 P�0.001 n.s.

(B) Subplasmalemmal (sPL) and central (CC) compartment mitochondrial volume densities (n�4 animals, 240 PC somata analyzed)

Genotype % (VVmi,sPL) % Control % (VVmi,CC) % Control P (sPL vs. CC)

WT 7.71�0.50 100 10.69�0.41 100 P�0.001

PV�/� 13.80�0.43 178 11.13�0.24 104 P�0.001

P�0.001 n.s.

Mean�standard deviation; P values (Student’s t-test; unpaired); P (CB�/� vs. PV�/�CB�/�)�0.005. Values are means�SD. In the lowest lanes,

respective P values were calculated for differences between PV�/� and WT PC.

n, Number of animals; n(PC), number of PC somata analyzed; n.s., not significant; %(VVmi,c), volume density of mitochondria in cytoplasm;

%(VVmi,sPL) and %(VVmi,CC), mitochondrial volume densities in sPL’s and CC’s of PC’s.
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suited to uphold the electrochemical potential gradient

��m across the mitochondrial membrane, utilized to drive

Ca2� uptake into these organelles (Duchen, 1999).

Here we set out to investigate how cerebellar PC,

neurons with extensive Ca2� signaling, cope with the ab-

sence of PV and CB. Design-based, unbiased morphom-

etry revealed a global 40% increase in mitochondrial vol-

ume density in PV�/� PC somata. Since mitochondria

display a large heterogeneity in terms of composition,

structure, intracellular localization and function (Meldolesi,

2001; Park et al., 2001; Collins et al., 2002; Mootha et al.,

2003), we conjectured that upregulation of mitochondria

might be non-random in the PC somata, concentrated at

sites of principal Ca2� entry. Steep elevations of [Ca2�]i
with a half-rise time of 50 ms confined to a submembrane

shell of 2- to 3-�m thickness occur after single climbing

fiber stimulation (Eilers et al., 1995). The observed in-

crease in PV�/� PC mitochondrial volume density was

restricted to the subplasmalemmal region, in line with the

hypothesis that these organelles might mainly serve as

local Ca2� stores.

Ultrastructural analysis revealed no signs of “swollen”

or otherwise altered sPL mitochondria morphology pre-

cluding a pathological condition resulting from Ca2� over-

load. The additional peripheral mitochondria might not only

serve as transient Ca2� sinks, but the Ca2�-induced in-

crease in ATP production might be used locally by PMCAs

for efficient Ca2� extrusion following somatic Ca2� tran-

sients as proposed before (Yi et al., 2004). Cytoskeletal

elements are involved in transiently stabilizing and adjust-

ing the position of organelles (ER, mitochondria) (Hajnoc-

zky et al., 1994) and, in the case of mitochondria, depend

on [Ca2�]i (Yi et al., 2004). Mitochondria mobility in cardiac

myoblasts is maximal at resting [Ca2�]i and complete im-

mobility is observed at 1–2 �M. The authors’ suggestion

that this homeostatic mechanism, i.e. promoting local re-

cruitment of mitochondria that may serve to enhance local

Ca2� buffering and energy supply in cell regions exposed

to frequent [Ca2�]i rises, is well supported by our findings.

Also sER is structurally and functionally heteroge-

neous (Blaustein and Golovina, 2001) and a tight interplay

between mitochondria, sER compartments and the plasma

membrane exists with respect to [Ca2�]i modulation (Land-

olfi et al., 1998). In specialized sPL regions, junctional ER

in close proximity to mitochondria exists (Henkart et al.,

1976) and local Ca2� signaling appears to be “indepen-

dent” of the bulk cytosolic Ca2� signaling (Arnon et al.,

2000). In PV�/� PC somata, sPL-sER compartments

were decreased by approximately 35%. Hence PV-defi-

ciency is compensated in two ways: by increasing subplas-

malemmal mitochondria to likely enhance the “slow Ca2�

buffering capacity” and by decreasing sPL-sER to probably

reduce the Ca2� storage or possibly more crucial, diminish

the size of a putative source of Ca2�-release. Such a store

might release [Ca2�]i via a IP3-mediated mechanism or via

Ca2�-induced Ca2� release (CICR). Metabotropic gluta-

mate receptor–mediated delayed Ca2� release is essen-

tial in PC dendrites and spines (Finch and Augustine,

1998; Takechi et al., 1998), but its putative role in shaping

somatic Ca2� transients is less clear and may be of im-

portance mainly during postnatal PC development (Lilje-

lund et al., 2000; Nelson et al., 2004). We hypothesize that

ER-mediated Ca2� oscillations (waves) are decreasing in

parallel to the increase in PV expression also based on

results that in oocytes, PV prevents the generation of

IP3-induced Ca2� waves and restricts Ca2� signals to

local Ca2� release sites (Dargan et al., 2004). Thus one of

the functions of somatic PV might be to restrict or even

prevent the generation of Ca2� waves in mature PC, a

function also attributed to mitochondria in astrocytes and

hepatocytes. Receptor-mediated ER Ca2� release in as-

trocytes results in propagating waves traveling consider-

ably faster when [Ca2�]m uptake is blocked (Boitier et al.,

1999). Also in hepatocytes, mitochondria are involved in

setting the threshold for activation and defining the subcel-

lular distribution of IP3-dependent Ca2� signaling (Hajnoc-

zky et al., 1999). In addition the decrease of sPL-ER might

result from a redistribution of these structures to regions

more distal (	0.5 �m) to the plasma membrane, a Ca2�-

dependent mechanism previously observed in cultured

cells (Subramanian and Meyer, 1997). Such ER reposi-

tioning away from Ca2�-entry sites would make these

organelles less sensitive to CICR.

Mitochondrial volume density in PC distal dendrites

was very heterogeneous, varying by a factor of almost

three (e.g. 13–31%) within PC dendrites from neighboring

neurons, but was independent of the genotype. Based on

the short-lived nature of climbing fiber-elicited Ca2� tran-

sients in PC spines and dendrites (time to peak: 10–15 ms;

initial decay �fast: 20–30 ms; (Schmidt et al., 2003b) and

the slow Ca2�-binding kinetics of PV, this buffer is not

expected to play an important role in modulating dendritic

Ca2� transients. Thus its absence in PV�/� PC dendrites

appears not to necessitate the induction of compensation

mechanisms. Much larger differences in the shape of the

[Ca2�]i decay exist in CB�/� PC dendrites (Schmidt et al.,

Table 2. Surface ratio of subplasmalemmal sER (SsER) and plasma membrane (SPM) in PC

Genotype n n(PC) SsER/SPM�SD % Control P (vs. WT) P (vs. PV�/�)

WT 4 40 2.55�0.15 100 – P�0.001

PV�/� 4 40 1.58�0.11 62 P�0.001 –

CB�/� 3 30 2.28�0.04 89 n.s. P�0.001

PV�/�CB�/� 3 30 1.77�0.16 69 P�0.001 n.s.

P values were calculated with Student’s t-test (unpaired). Differences between CB�/� and PV�/�CB�/� were also significant: P�0.005.

n, number of animals; n(PC), number of PC somata analyzed; n.s., not significant; sER/SPM, surface ratio of subplasmalemmal sER and plasma

membrane.
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2003b) indicative of a more prominent role for CB than for

PV in Ca2� signaling in dendrites and spines. This is also

supported by morphological alterations in spine morphol-

ogy of CB�/�, but not PV�/� PC: an increase in the spine

volume and the spine length (Vecellio et al., 2000).

The absence of CB in CB�/� PC somata neither

increased mitochondrial volume density nor decreased

sPL-sER surface. The almost identical results in PV�/�
and double knockout mice indicate that PV’s absence is

inducing the morphological alterations. When comparing

the properties of CB and PV (Schwaller et al., 2002) and

their estimated concentration in PC (100–200 �M for both

proteins (Maeda et al., 1999; Schmidt et al., 2003b; Hack-

ney et al., 2005), the Ca2�-binding kinetics appear to be

the most distinct feature between the two proteins and are

a likely cause for the specific compensation mechanisms

induced in PC deficient for either Ca2� buffer.

Interestingly, an inverse correlation between PV and

mitochondrial fractional volume is not restricted to PV�/�
fast-twitch muscles and PC. The ectopic expression of PV

in transgenic mice (Van Den Bosch et al., 2002) decreases

the mitochondria volume density in striatal neurons (Maet-

zler et al., 2004), a neuron population with a very low

percentage of neurons with endogenous PV expression in

WT mice. Thus, the regulation of PV and mitochondria

volume is operational in both directions. Since no interac-

tion of PV with any other molecule has been reported up to

now and PV in PC dendrites behaves as a freely mobile

molecule (Schmidt et al., 2003a), we propose that slight

alterations in the spatiotemporal aspects of Ca2� tran-

sients in the presence or absence of PV are sufficient to

regulate subtle, spatially restricted mitochondria biogenesis.
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