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Parameters of calcium homeostasis in normal neuronal ageing
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ABSTRACT

The last decade has witnessed a significant turn in our understanding of the mechanisms responsible for the
decline of cognitive functions in aged brain. As has been demonstrated by detailed morphological
reassessments, the senescence-related changes in cognition cannot be attributed to a simple decrease in the
number of neurons. It is becoming clearer that a major cause of age-induced deterioration of brain
capability involves much subtler changes at the level of synapses. These changes are either morphological,
i.e. reduction in the number of effective synapses and/or functional alterations, i.e. changes in the efficacy of
remaining synapses. Important questions are now raised regarding the mechanisms which mediate these
synaptic changes. Clearly, an important candidate is calcium, the cytotoxic role of which is already firmly
established. The wealth of evidence collected so far regarding the changes of Ca®>* homeostasis in aged
neurons shows that the overall duration of cytoplasmic Ca** signals becomes longer. This is the most
consistent result, demonstrated on different preparations and using different techniques. What is not yet
clear is the underlying mechanism, as this result could be explained either through an increased Ca®* influx
or because of a deficit in the Ca®* buffering/clearance systems. It is conceivable that these prolonged Ca®*
signals may exert a local excitotoxic effect, removing preferentially the most active synapses. Uncovering of
the role of Ca®" in the synaptic function of the aged brain presents an exciting challenge for all those

involved in the neurobiology of the senescent CNS.
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INTRODUCTION

Decline of human mental capabilities which
accompany ageing is one of the major concerns of
modern gerontology. Indeed, the increase of longevity
occurring in the developed world has greatly increased
the number of old people and the attendant social
pressures of an ageing population. Compared with the
advanced treatment of age-associated somatic ab-
normalities, which has contributed significantly to the
overall increase of longevity, our achievements in
coping with age-associated cognitive decline look
pale. Moreover, we have to admit that the mechanisms
of CNS ageing remain far from being understood.
Amazingly a decade ago the situation appeared

much better. The model of neuronal ageing that was
generally accepted was simple: neuronal ageing was
believed to be a result of neurodegeneration; i.e. old
brain was believed to contain fewer neurons. Severe
neuronal loss (e.g. in Alzheimer’s disease, AD)
resulted in debilitating dementia, less pronounced
neurodegeneration resulted in milder forms of mental
decline. The theory was well advanced and fairly
logical. Numerous morphological studies almost
unequivocally demonstrated age-associated decreases
in the number of neurons in various regions of the
brain, even in cases when senile plaques (the hallmark
of AD) were absent. Everything changed however,
when several morphological studies performed re-
cently, using more advanced stereological methods

Correspondence to Dr A. Verkhratsky, University of Manchester, School of Biological Sciences, 1.124 Stopford Building, Oxford Road,
Manchester M13 9PT, UK. Tel: (444 161) 275 5414; fax: (+44 161) 275 5948; mail: alex.verkhratsky@man.ac.uk



564 E. C. Toescu and A. Verkhratsky

(West et al. 1994; Gomez-Isla et al. 1996) demon-
strated that decrease in neuronal numbers does not
accompany normal ageing of the brain—only when
brain is affected by AD or other neurodegenerations
does the neuronal loss become detectable.

These anatomical studies thus forced a revision of
the old paradigm. Inevitably we have to admit the
existence of 2 distinct versions of age-associated
mental decline: pathological (neurodegeneration)
associated with neuronal loss and physiological
(functional abnormalities) with mild mental decline
unassociated with neuronal loss but possibly related
to synaptic alterations. While the former is well
investigated, the latter remains mostly unexplored.

In the present paper we will overview one of the
hypothesis of neuronal ageing the so-called ‘Ca
hypothesis’, trying to show that age-dependent
changes in calcium homeostasis may indeed be one of
the reasons for mental decline in senescence.

CALCIUM AND NEURONAL FUNCTION

The intracellular calcium signalling system is involved
in the regulation of a wide range of physiological
reactions (Verkhratsky & Toescu, 19985b). This
ancient system, which developed very early in evol-
ution, utilises the tremendous transmembrane gradi-
ent for Ca®" ions which by far exceeds transmembrane
gradients for all the other physiologically relevant
ions. Therefore, even tiny changes of membrane Ca**
permeability result in huge changes in cytoplasmic
Ca?" concentration, providing a signalling system
with an intrinsic high signal-to-noise ratio. Various
intracellular enzymes bind Ca*" ions with different
affinities, determining the amplitude coding of the
signalling system. These enzymes act as effectors of
the signalling system, as on Ca*" binding they change
their catalytic activity. In the nervous system the best
example for the role of Ca?" ions is synaptic
transmission. Calcium, entering presynaptic terminals
following the depolarisation caused by the arrival of
the action potential, triggers the fusion of the
neurotransmitter vesicles with plasmalemma, thus
allowing the chemical transduction of nervous im-
pulse. Nevertheless, this calcium entry could be toxic
and, in certain conditions, neurons overloaded with
Ca?" die, a process referred to as excitotoxicity (Choi,
1994; Toescu, 1998a). Obviously these are not the
only roles of Ca®* in nerve cells, and changes in [Ca®*],
regulate many other neuronal functions (e.g. ex-
citability, metabolism and gene expression (Ghosh &
Greenberg, 1995), but these 2 faces of Ca®* action are
important for our further discussion.

Calcium Hypothesis of Neuronal Ageing

Zaven Khachaturian (1982) The paradigm

Large A[Ca?']; x Small At = Small A[Ca*], x Large At = neuronal death

The reality

? 7 ? ?
Large A[Ca*], x Small At = Small A[Ca*], x Large At = neuronal death

The perspective
Disturbance in [Ca?']. homeostasis » Impaired neuronal performance
> altered synaptic transmission » mental decline

Fig. 1. Calcium hypothesis of ageing: initial sequence, problems
and perspectives.

CALCIUM HYPOTHESIS OF AGEING

The calcium hypothesis of ageing was promulgated in
1982 by Zaven Khachaturian (Khachaturian et al.
1989; Khachaturian, 1991, 1994) and was based solely
on the toxic effects of excess Ca*" on nerve cells. The
core idea of the hypothesis was simple: it postulated
that the underperformance of Ca?" homeostatic
systems in aged neurons causes chronic [Ca?'],
elevation which eventually results in neuronal death.
In other words the hypothesis assumed that long-
lasting small elevations of [Ca®'], may cause the same
neurotoxic effects as rapid and large [Ca®*]; increase.
In the end, this chronic [Ca**]; dysregulation results,
according to the calcium hypothesis, in neuronal
death.

In fact, neither of the assumptions of the calcium
hypothesis has been established by experiments (Fig.
1). First, we do not have evidence that long but small
[Ca?"], increases have the same effects as large but
short [Ca®*];, elevations. Second, we know now that
physiological neuronal ageing is not necessarily
accompanied by neuronal demise. Nevertheless, the
calcium hypothesis of ageing, which appeared when
neuronal calcium studies were in an inchoate state,
stimulated experiments aimed at investigating the age-
dependent changes in calcium homeostasis.

[Ca®'], REGULATION IN AGED NEURONS

As we have already mentioned, cellular [Ca*'],
homeostasis is regulated by numerous molecular
cascades which balance Ca*" fluxes through extra-
cellular and intracellular membranes (Ca*" channels
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and transporters) and cytoplasmic Ca** buffering
(Ca*" binding proteins). The precise mechanisms of
[Ca?*], homeostasis are the subject of many reviews
which give a detailed image of Ca*" regulation in
various cell types, including nerve cells (e.g.
Baimbridge et al. 1992; Pozzan et al. 1994;
Verkhratsky & Shmigol, 1996; Ichas & Mazat, 1998;
Verkhratsky & Petersen, 1998). It appears that in aged
neurons several Ca** homeostatic systems are affected.
Moreover, it seems that their impairment could be
very different in different regions of the nervous
system.

Before turning to a detailed account of the state of
the art of [Ca®], regulation in aged neurons an
important part of experimental design, namely the
validity of experimental preparation merits discussion.
Direct measurements of [Ca*'], could now be con-
sidered as a routine physiological technique. A wealth
of Ca**-sensitive intracellular probes are supported by
advanced microfluorimetric techniques, which allow
[Ca?*], recordings in a limited (~ 1 um?®) intracellular
compartments in a millisecond time range (Toescu &
Verkhratsky, 1999). Almost any type of cell could be
examined by these methods. Experimental prepa-
rations used for [Ca®']; recordings vary between
subcellular particles (microsomes, isolated mitochon-
dria, etc.), acutely isolated or cultured cells and cells in
situ in manifold tissue preparations (acutely prepared
brain slices being the most popular example). Nat-
urally each has advantages and disadvantages, and
each of these preparations was used in studying [Ca®*],
homeostasis in aged nervous tissue. The results, as
expected, were controversial (Verkhratsky & Toescu,
1998 a), the controversies being determined, to a large
extent, by the particular properties of the cellular and
subcellular preparations used. Old brain tissue
presents a special challenge for cell isolation/
culturing, and only recently has a certain success been
achieved (Cowen et al. 1997). The preparation of
choice for studying the age-dependent changes of
[Ca*'], homeostasis is the acutely isolated brain slice
(see Thibault et al. 1998 and Verkhratsky & Toescu,
1998 a for extended discussion). Very recently, another
preparation has been proposed, somewhat
surprisingly, as a possible experimental model, the
long-term (3—4 wk) primary culture of embryonic or
perinatal neurons (Thibault et al. 1998; Toescu &
Verkhratsky, unpublished). A careful and detailed
analysis of the Ca®" currents expressed by the
hippocampal neurons derived from late embryonic
animals and maintained long-term in culture showed
that the L-type Ca*" channels are expressed, over the
3—4 wk of maintenance in culture, in a manner which
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Fig. 2. Age-dependent changes in resting [Ca®"]; in different types
of neurons studied in different preparations. Data taken from
(Kirischuk et al. 1992, 1996; Verkhratsky et al. 1994).

was strikingly similar to that observed in the ageing
animals (Thibault et al. 1998). In a similar fashion, the
cerebellar granule neurons, which in brain slice
preparations show a decrease of the amplitude of Ca**
signal and an increase in the time of recovery following
a Ca®* signal (Kirischuk & Verkhratsky, 1996 and see
below), display the same type of changes in the
pattern of Ca®" response when maintained in long-
term (3 wk) cultures (Toescu & Verkhratsky, un-
published). While, obviously, the long-term primary
cultures cannot be used as a direct substitute for the
changes taking place during ageing, these initial
observations might indicate that these time-dependent
changes in Ca*" homeostasis in cultured neurons
could be a useful model for studying at least some
functional implications and sequencing of the pro-
cesses normally associated with ageing.

Ultimately, however, the best experimental model
would allow the possibility of measuring [Ca®'], in
neurons from undamaged brain, in situ, and recent
advances in multiphoton confocal microscopy
(Svoboda et al. 1997) could offer such a possibility in
the near future. Be that it as it may, we will now
present a brief account on age-dependent changes of
[Ca?*), regulation in old nerve cells.

Resting calcium in aged neurons

The data on the resting calcium concentration in old
nerve cells are quite limited. The [Ca®*], measurements
on synaptosomes showed that resting [Ca®'], was
somewhat increased in old preparations (Martinez et
al. 1988; Giovannelli & Pepeu, 1989). The [Ca®*],
recordings performed both on cultured central
neurons and on neurons in acutely prepared cerebellar
slices demonstrated a consistent increase in resting
[Ca?*], in aged nerve cells (Kirischuk et al. 1992, 1996;
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Fig. 3. Heterogeneity of age-dependent changes of voltage-operated calcium currents in different regions of the nervous system. (4) Age-
dependent increase in calcium current density in hippocmapal neurons (from Thibault & Landfield, 1996). (B) Age-dependent decrease in
calcium current density in dorsal root ganglion neurons (from Kostyuk et al. 1993).

Verkhratsky et al. 1994; Fig. 2.) Nevertheless, it is still
impossible to unequivocally consider that ageing is
associated with increase in neuronal resting [Ca®*], in
all brain regions. Moreover, an experimentally
observed age-dependent increase in resting [Ca**], was
much more pronounced in single cell preparations as
compared with acute slices (Fig. 3). The final
conclusion on this matter needs substantially more
experimental evidence.

Plasmalemmal calcium channels

Calcium permeable channels present in the neuronal
plasma membrane are the main route for Ca** entry
during neuronal excitation. These channels fall into 2
major classes (Hofmann et al. 1994; Hollmann &
Heinemann, 1994; Catterall, 1998), voltage-gated
Ca** channels (VOCCs) and agonist-gated Ca?*
channels (ionotropic neurotransmitter receptors).
Ageing does not affect the molecular physiology of
VOCC:s: their elementary biophysical properties re-
main unchanged through the life (Kostyuk et al. 1993;
Thibault & Landfield, 1996; Thibault et al. 1998).
Their density, however, is affected in old nerve cells
and, even more strikingly, the number of VOCCs in
the plasmalemma is altered differently in different
regions of the nervous system (Fig. 4). In hippocampal
neurons, ageing leads to a substantial (2-3 fold)
increase in L-type calcium channel density, increasing
Ca*" entry accordingly (Landfield & Pitler, 1984;
Thibault & Landfield, 1996; Thibault et al. 1998). In
basal forebrain neurons, ageing does not affect
significantly the density of L-type VOCCs, but

increases the number of T-type channels (Murchison
& Griffith, 1995, 1996). Conversely, in the peripheral
nervous system, in sensory neurons the T-channels
disappear completely and the amount of L-type
VOCC:s in cellular membrane undergoes a dramatic
(3-fold) decrease, thus limiting considerably
depolarisation-induced Ca*" entry (Kostyuk et al.
1993). We still lack more extended mapping of the
nervous system in respect to age-associated changes
of VOCCs expression, although we may expect that
heterogeneity could be very substantial.

The electrophysiology of ionotropic
transmitter receptors in aged neurons is almost
completely unexplored, although there are some
indirect data indicating that even their molecular
composition could be affected by ageing. Hippo-
campal neurons in old animals may express glutamate
receptors lacking a GIluR-B subunit (Pagliusi et al.
1994), thus increasing the overall Ca®" permeability of
glutamate ionotropic receptors.

neuro-

Intracellular Ca*t channels

The second important route for Ca*"appearance in
the cytoplasm is associated with intracellular Ca**-
permeable channels incorporated in the membrane of
endoplasmic reticulum calcium stores (see Furuichi &
Mikoshiba, 1995; Verkhratsky & Shmigol, 1996).
These intracellular Ca®* channels are represented by 2
subfamilies of ligand-gated channels, that is by Ca**-
gated channels (commonly known as ryanodine
receptors) and InsP,-gated channels dubbed InsP,
receptors. Being activated either by cytosolic Ca**
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Fig. 4. Age-dependent changes in the status of intracellular calcium
stores (from Verkhratsky et al. 1994). To activate Ca®"-induced
Ca?* release (CICR) 20 mm caffeine was applied to isolated central
neurons obtained from neonatal and old rats. Caffeine-induced
[Ca*"], transients were recorded before and after charging depo-
larisation in neocortical neonatal (4) and old (B) neurons. In C the
mean amplitudes of initial caffeine-triggered [Ca®']; transients and
the same amplitudes after cell depolarisation are summarised for
neocortical and hippocampal neurons obtained from neonatal and
old rats. Note that in old neurons depolarisation-induced Ca®*
entry does not increase the releasable Ca®" content within the
calcium store.

(ryanodine receptors) or by the increase in cytoplasmic
InsP, (InsP, receptors; synthesis of InsP, is controlled
by numerous plasmalemmal metabotropic receptors)
they both trigger Ca*" release from the stores, which
may result in substantial intracellular [Ca*'],
gradients. The age-dependent fate of intracellular
channels is largely unknown. Certain biochemical
experiments (Igwe & Ning, 1993; Martini et al. 1994)
suggest that their density could be affected in old
nerve cells, although the physiological correlate for
these changes has not yet been found.

Calcium clearance

Besides the amount of Ca®* entry, the amplitude and
the temporal characteristics of the [Ca*']; signal are
determined by cytoplasmic Ca** binding (Baimbridge
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et al. 1992) and Ca*" removal from the cytoplasm
either into intracellular Ca®" stores (endoplasmic
reticulum and mitochondria) or into the extracellular
space due to the activity of plasmalemmal Ca?* pumps
and/or exchangers. The activity of these systems
mainly determines the shape and length of the [Ca®*];
signal recovery. Indeed, in neurons, the period of Ca**
entry is limited in time, occurring mostly during the
action potential, and in space, being confined, at least
in the early stages of the response, to the restricted
postsynaptic densities, with the highest densities of
receptors which have Ca®" permeability. Thus the
periods of effective Ca?" entry are constrained to
several milliseconds. Similarly, cytoplasmic Ca?*
buffering occurs very rapidly, limiting mostly the peak
amplitude of [Ca®'], elevation. Therefore, Ca*" re-
covery (or in other words, periods of elevated [Ca®*],)
after elementary neuronal excitation is solely de-
termined by the performance of Ca®*'extrusion/
accumulation systems.

Ageing of the nervous system affects both clearance
processes: the Ca?" buffers and the Ca*' removal
systems. Overall the Ca®" buffering capacity of nerve
cell bodies and their processes decreases during ageing
(Villa et al. 1994 ; Duckles et al. 1996). This means, in
essence, that old neurons are exposed to a higher
[Ca?*], elevation even if Ca®' entry remains un-
changed. If the latter increases, as in the case of the
hippocampal neurons, the fall in buffer capacity
would further multiply effects of increased Ca** entry,
thus exposing the aged hippocampal neurons to a very
high magnitude of [Ca®*]; elevation.

Calcium removal systems are also affected in aged
neurons and this effect is best demonstrated by the
large increase in the time taken for the neurons to
recover following normal stimulation. Using acutely
isolated cells and cerebellar granule neurons from
brain slices, both obtained from aged animals, it has
been shown that, despite the fact that the amplitude of
the Ca** signal evoked by KCl depolarisation (50 mm)
was diminished, the time taken to recover the resting
[Ca?], levels was significantly increased (Kirischuk
et al. 1992; Verkhratsky et al. 1994; Kirischuk &
Verkhratsky, 1996). In adult central neurons (neo-
cortex), the half-time for recovery towards resting
[Ca*'], was 10+ 1 s (mean = S.E.M.), whereas this value
increased to 27+3 s in the aged neurons. Similarly,
for peripheral neurons (DRG neurons), the value for
the half-time recovery increased from 25+3s to
43+ 5 s (adult vs aged neurons, respectively). Further-
more, in experiments performed in brain slices, it was
found that larger Ca*" loads, as evoked by longer
depolarisation of the neurons and from which adult
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neurons invariably recover, frequently resulted, in
aged slices, in irreversible increases in [Ca®'],.

A principal candidate for explaining these ex-
perimental observations is the activity of the plasma
membrane Ca®>" ATPase (PMCA), which is ultimately
responsible for the final removal of Ca*" from the
neurons. Indeed, detailed biochemical characteris-
ation of the PMCA showed that, even under optimal
conditions of saturating Ca?" and ATP, neuronal
Ca*" ATPase activity decreases with age (Michaelis et
al. 1996). From this work it appears that an important
reason for this decreased effectiveness of the ATPase
activity is the development of age-dependent struc-
tural modifications within the primary sequence of
calmodulin, a Ca**-binding protein, which mediates
many of the metabolic effects of Ca**, including the
activation of the cellular Ca®**-dependent ATPases.
These changes in calmodulin primary structure could
be reproduced in younger animals by the judicious use
of a range of reactive oxygen species, supporting the
view that the continuous production, even at low
levels, of free radicals is an important mechanism in
the expression of the age-related changes.

The other Ca®" removal system which participates
in the clearing of the Ca*" load following neuronal
stimulation is the accumulation of Ca*' into the
internal stores (endoplasmic reticulum), a process
mediated by a different type of ATPase, the sarco-
(endo)plasmic reticulum Ca*" ATPase (SERCA).
These stores can participate as a ‘Ca®" sink’ during
the initial phases of the Ca®" response (Toescu,
19985), and the amount of Ca®' loaded into these
stores can be assessed experimentally by exposure of
neurons to caffeine (Verkhratsky et al. 1994). When
adult neocortical neurons are challenged with caffeine
following stimulation, they respond with a very large
cytosolic Ca®* signal, indicating significant loading of
the internal stores. In contrast, when the same
protocol is applied to the aged neurons, caffeine fails
to reveal a store loading and thus points to deficiencies
in the activity of the SERCA pump (Fig. 4). To what
extend these deficiencies are related to the structural
changes in calmodulin conformation mentioned above
is not yet clear.

Finally, another important system which con-
tributes to the removal of Ca** from the cytosol, is the
mitochondria. To date, relatively little is known about
the activity of mitochondria in aged intact neurons.
The only available information is derived from studies
on synaptosomes (Satrustegui et al. 1996), and these
have shown an impairment in the activity of the
mitochondrial Ca®' uniporter, which is the main
system of mitochondrial Ca*" uptake and is driven by

the significant membrane potential difference between
the mitochondrial matrix and cytosol (> 150 mV).

A MODEL OF NEURONAL AGEING: Ca-DEPENDENT
DECLINE AND FALL OF SYNAPSES

Can these changes in cytoplasmic calcium homeostasis
result in functional abnormalities relevant to neuronal
ageing? The obvious point at which disruption of
[Ca**], handling may significantly deteriorate the
information processing in the brain is the synapse.
Indeed, as we have mentioned above, the synaptic
transmission is heavily Ca*" dependent. The age-
dependent decrease of [Ca®*'], recovery following
neuronal excitation would promote Ca®' accumu-
lation in the presynaptic terminal, which in turn may
affect the efficacy of synaptic transmission. Moreover,
the chronic increase in [Ca**]; in the limited volume of
a presynaptic terminal may trigger a local excitotoxic
effect, leading to the elimination of the most active
synapses. Certain, although faint, hints exist showing
that both synaptic morphology and number of active
synapses are affected in old brain (Geinisman et al.
1995). Similarly, synaptic plasticity may be also
attenuated in aged animals (Barnes, 1994). These
synaptic malfunctions could result in a rewiring of
neuronal circuits in an old CNS and may play a key
role in the age-dependent decline of mental capa-
bilities. Further investigation of the link between
intracellular calcium and synaptic efficacy in the old
brain could open a new horizons both for under-
standing brain ageing and for appropriate treatment
of senescence-associated brain failure.
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