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Mitochondrial Ca®* uptake and sustained Ca®* release

Summary

We andysed the role of inositol 1,45 trisphosphate (IRs) induced Ca®* rdease from the
endoplasmic reticulum (ER) i) in powering mitochondrid Ca?* uptake and ii) in mantaining a
sudained devaion of cytosolic Caf* concentration ([Ca?*]). For this purpose, we expressed in
Hela cdls aequorin-based Ca’" sensitive probes targeted to different intracellular compartments,
and dudied the effect of two agonigs hisamine acting on endogenous Hj; receptors, and
olutamate, acting on co-transfected metabotropic glutamate receptor (MGIUR1a), which rapidly
inactivates through protein kinase C (PKC) dependent phosphorylation and thus causes trandent
IP; production. Glutamate induced a transent [C&*]c rise ad drop in ER lumend [C&’]
([Ca’'ler), then the ER refilled with [Ca®*]c & resting vdues With higamine [Ca’"]c after the
initidd pesk stabilized a a sustaned plateau and [Cal*]er decreased to a low steady-state vaue. In
mitochondria, hisamine evoked a much larger mitochondrid Ca?* response than glutamate (~15
mM vs ~65 nM). PKC inhibition, partly rdieving mGluR1a desenstisation, re-established both
the [C&*]. plateau and the sustained ER C&* release, and markedly increased the mitochondrial
C&" reponse. Conversdy, mitochondrid Ca* uptake evoked by hisamine was drasticaly
reduced by vey trandent (~25 agonis gpplications. These daa indicae tha efficent
mitochondriadl Ca&* uptake depends on the presarvation of high Ca?* microdomains a the mouth
of ER C&®" relesse stes dose to mitochondria. This in turn depends on continuous Ce’* release
baanced by C&* reuptake into the ER and maintaned by C&* influx from the extracdiular

space.
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Introduction

Cddum moahilizing agoniss induce a rise in cytosolic Ca?* concentration ([Ca®*]o)* with
a defined gpatio-tempord pattern. In most cases, the [C&™]. rise is composed of an initid pesk,
followed by repetitive [Ca&"]. spiking or a sustained [C&*]. devation (for review see (1)). While
the former is mostly contributed by the relesse of C&* from intracdlular stores (the ER and
Golgi apparaus), the latter is sustained by Ca?* entry from the extracdlular space, which may be
directly receptor ectivated or controlled by the filling date of the intracdlular ores (Store
operated C&* influx (SOC) for review see (2,3)). Indeed, removal of Ca#* from the extracdlular
medium abolishes the sustained plateau phase, but not the initid C&* rdease. However, the
necessty of a continuous influx from the extracellular medium for maintaning a prolonged Cat™
rise does not imply that Ca®* diredtly diffuses through the cytosol to the intracellular targets.
Rather, Ca#* entry could sarve the purpose of filling ER disternae in proximity of the plasma
membrane, Ca* diffusion through the ER would then provide the driving force for continuous
Ce&* rdease in different cytosolic domains, induding ER/mitochondria contact sites. Two recent
obsarvations support this scenario. Frst, examples of intracdlular Ca®* hending in different odl
types show that influx-dependent ER refilling from the sub-plasmamembrane space, followed by
rapid diffuson of Ca?" in the ER lumen, and IPsdependent Ca®* rdlesse a distant Stes may
represent a generd paradigm that dlows the maintenance of sustained [C&'] rises in the cdl
body (4,5)(for review see (6,7)). Second, some cytosolic effectors gppear to ‘sense very
effidently the rdease of stored Ca?*, of which an excdlent example is provided by mitochondria
Work from numerous laboratories hes demonstrated that when a C&* sgnd is didited in the
cytosol by the dimulaion with IPs-generding agonids, the cytosolic rise is dways padled by
C&* upteke into the mitochondrid matrix (for reviews see (8,9)). A mgor increase in the

mitochondrid matrix Ca?* concentration ([C&*]m) is thus observed (ranging from 5 nM in
3



Mitochondrial Ca®* uptake and sustained Ca®* release

neurond cdls to 500 MM in chroméffin cdls), that appears in contrast with the low dfinity of the
mitochondria uptake mechaniams (the dectrogenic uniporter of the inner membrane). The steep
dependence of the mitochondrid C&* upteke machinery on the extramitochondrid [C&'] hes
been wdl dudied in isolaed mitochondria (for reviews see (10,11)) and intact or digitonin
permesbilized cdls (12-14). According to these studies, in order to obtain the [Ca®']m vaues
obsarved in intact cdls (eg. 10-100 nM in Hela cdls (15,16)) supramicromolar [Caf"] should be
generated a the mitochondrid C&* uptake Sites. The gpparent discrepancy was recondiled by the
concept that high [Ca®*] microdomains generated a mouth of IPsRs during its activation are
sensed by neighbouring mitochondria (17), that are thus exposed to [C&'] that dlow efficient
Ca* uptake Frdly, the diffuson of C&£* through the outer mitochondrid membrane crestes a
lag time between the initid [C&#*]. and [Ca’]m rises into mitochondria (14,18,19). Thus, the
properties of mitochondrid C&* accumuation suggest that these organelles may represent the
prototype of a cytosolic effector, that requires sustained relesse of C&* from the ER (and thus
maintanance of a high [C&*] microdomain & ER/mitochondria contacts) to be actively recruited
in the cddum sgndling pathway.

To invedtigate the rdationship between the kingtics of ER Caf* rdease and mitochondrial
C&* accumulation, we caried out a sudy in the epithdid odl line Hela, utilizing organdlle-
specific probes and agonigts that induce different ER Caf* relesse patterns These codls
endogenoudy express the H; G-protein coupled receptor (GPCR) coupled to phospholipase C
activation and consequent continuous IR production without detectable desengtisation (20).
Thus, histamine generates a typicd hiphasic cytosolic C&#+ signd with sustained [Caf] devation
and pardld emptying of the ER until the agonigt is presant (21). Activation of SOC fallowing ER
emptying has been dso shown dter higamine dimulation (22,23). In contrast to the H; receptor,

the group | (C&* mohilizing) metabotropic glutamate receptors, such as MGIURL or MGIUR5,
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undergo receptor desendtisdion in the continuous presence of glutamate (for review see (24)). In
svead cdl types expressng ether endogenous or recombinant mGIURS the desendtistion of
these receptors was shown to be mediated by PKC (25). Feedback inhibition of the receptor by
PKC phogphorylation results in inhibition of phosphoinogtide hydrolyss, thus gpplication of
glutamate induces only a trangent IR production (26). In the present study, we have taken
advantage of the different properties of H; and mGluR1a receptors regarding the kinetics of IR
production for andyzing the rale of IP; induced C&* relesse in generating a sustaned cytosolic
Ca’* resporse and its efficacy in inducing mitochondria Caf™* uptake.
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EXPERIMENTAL PROCEDURES

Cell culture and transfection— Hela cdls were cultured in DMEM supplemented with
10% FCS, in 75 cnf Facon flasks For aequorin messurements, cells were seeded onto 13 mm
glass coverdips and were cotrandfected with 3 ng mGluRlapcDM8 (27) and 2 ny
cytAEQVR102 or eeAEQMU/VR102 or mAEQMUYVRI1012, as previoudy described (28).
Transent transfection was caried out usng the Ca’*-phosphate precipitation  technique.
Luminescence andyses were carried out 36-48 hours after trandfection.

Aequorin measurements- In the case of cytAEQ or mtAEQmut expressing cdls the
coverdips with the cdls were incubated with 5 pM wild type codenterazine for 2 h in KRB
(Krebs-Ringer modified Buffer: 135 mM NaCl, 5 mM KCl, 1 mM MgSO,, 0.4 mM KyHPOy, 1
mM CaCh, 55 mM glucose, 20 mM HEPES, pH=74) a 37°C, and then trandferred to the
pafuson chambe. In eAEQmMuUt expressing cells the lumind [Ca?*] of the ER was reduced
during aequorin recondtitution by incubaing the cdls for 1 h a 4C in KRB supplemented with 5
UM codenterazine n, the C&* ionophore ionomydn (5 pM) and 600 pM EGTA. After this
incubation, cdls were extengvely washed with KRB w/o CaCb, supplemented with 2% bovine
srum dbumin and 1 mM EGTA. The ER C&* sore was refilled a the beginning of the
experiments by perfusng the cdls with KRB supplemented with 1 mM CaCl,.

All aequorin measurements were caried out in KRB contaning ether 1 mM CaClz

(KRB/Ca?*) or 100 pM EGTA (KRB/EGTA). Higtamine (100 puM) or glutamate (100 pM) were
added to the same medium The aequorin experiments were terninaed by lysng the cdls with
100 puM digitonine in a hypotonic Cef*-rich solution (10 mM CaCh in H,0), thus discharging the
remaning aequorin pool. The light sgnd was cdllected in a purpose-built luminometer and

cdibrated into [Ca®*] vaues as previoudy described (28). Chemicds and resgents were from
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Sgma-Aldrich (Milan, Itdy) or from Merck (Darmstadt, Germany) except for codenterazine and
codenterazine n, which was from Molecular Probes (Eugene, Oregon, USA). Statidica data are
presented as mean + SE.M.

Imaging measurement of cytosolic [Ca®*] — To moritor [C&?*] in the cytosol, MGIuRl1a
trandected Hela cdls were placed on 24 mm coverdips, and loaded with 2 uM fura2/AM in
KRB/C&* for 30 min a J°C. Cdls were then washed in the same solution and [Caf"]. changes
were determined udng a high-speed, wide-fidd digitd imaging microscope A Zess Axiovet
200 inverted microscope was used with a 40x objective. Fura2 was excited a 340 and 380 nm
usng a random access monochromator (Photon Technology Internationd, NJ, USA). Images
were acquired by a Micromax 1300YHS camera (Princeton Indruments, AZ, USA) udng 4X
binning in both the horizontal and vertica direction. Messurements were carried out & room
temperaure. Imeges wee andyzed udng the MeaHuor oftware (Universd  Imaging

Corporation, PA, USA).
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RESULTS

Mitochondrial Ca?* uptake depends on the duration of ER Ca®* release — The startpoint
of this work was to determine the correation between the kinetics of the changes in cytosolic and
mitochondrid C&* concentration ([Ca?*]c and [Ca’']m, respectively) evoked in Hela cdls by the
dimulation with a C&* mohilizing, |Ps-coupled agonist. For this purpose, HelLa cdls were
trandfected with the gppropriate targeted aequorin chimera (cytAEQ and mtAEQmut, respectively
(28)). 36-48 hours dfter trandfection, functiond aequorin was recondituted by adding the
prosthetic group. The coverdip with the cels was then trandferred to the luminometer chamber,
and chdlenged with the agonig higamine Light emisson was collected and cdibrated into
[C&'] veues, as described in the ‘Experimentd procedures section and references therein.
Hela cdls endogenoudy express the H1 GPCR, the dimulaion of which leads to susaned IP;
production. The results (Fig. 1) showed tha agonist dimulaion (100 nM higamine) evoked a
cytosolic C&* pesk (2.5 niM), followed by a plateau phase (Fig. 1A). The cytosolic response was
followed by an efficient mitochondrid C&* upteke, reaching a pesk leve of ~70 nM (Fig 1B).
When the kinetics were compared, it was apparent that [Ca’']. pesked approx. 4s after histamine
addition, i.e. when the [C&*]m rise was a <50% of the peek, and then rapidly declined toward a
sudained plaeau that was maintained throughout agonig simulation. The [C&*], pesk was
reeched when, through the activity of the SERCA and PMCA pumps, [C&']c was rapidly
dedlining. As shown on Fig. 1C and 1D, mitochondrid Ca?* uptake depended dmost entirely on
Cat* relesse from internd stores, since simulation of cdls in Ce?* free extracdlular medium led
to the same mitochondria Ca?* uptake (64 + 2.7 M, n=5 vs. 66 + 4.8 mM, n=35 in control). We
thus condluded that mitochondrid Ca’" uptake depends on sustained relesse of Ca?* from the

ER
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To test this posshility, we simulated Hela cdls through a GPCR tha rapidly undergoes
PK C-dependent inactivation, and thus causes a transient production of 1P and Caf* rdease from
the ER. The receptor employed was mGIuRl1a (27), that was co-trandfected with the targeted
aequorin probes. Fig. 2 shows the functiond properties of the transfected mGluR1a receptor.
First we andyzed the kinetics of C&* relesse from the ER evoked by histamine and glutamate in
padld baches of mGluRla-expressng cdls, cotrandfected with e/AEQmuUL (28) (Fig. 2A). The
data obtaned highlignt the fundamentd difference between the two agonist responses (i)
simulation of the endogenous histamine receptor caused a rapid initid [Caf']er drop followed by
a continuous and dower decreese reaching, goprox. 2 minutes dfter the dat of agonist
simulaion, a low [C&']er Steady-state vaue of ~50 mM, (i) in the case of glutamate the initial
rapid [Ca®*]er decrease was followed by the refilling of the Ca®* Store, that was dmost complete
in about 2 minutes even in the continuous presence of glutamate.

Next, we applied another approach to explore the reationship between the dores
controlled by the two agonists. We perfused cells co-trandfected with cytAEQ and mGluR1a with
a Ca’*-free olution (KRB/EGTA, i.e KRB supplemented with 100 mM EGTA instead of 1 mM
CaCl), in order to prevent refilling of the dores, and we gpplied repetitive higamine pulses, in
order to deplete its intracdlular C&£* store, and then glutamate. It is apperent, as shown on Fig.
2C, that glutamate evoked substantially lower further rdesse of C&*, compared to that observed
when glutamate was gpplied as firgd simulus (see Fig. 2B). The reverse protocol, i.e. applying
higamine ater depleting the glutamate releasable pool, showed dmilar results (Fg. 2B). Thee
expeiments demondrated that most of the glutamate and higamine relesssble pods ae
overlapping, thus the different kingtic behaviour of the Ca?* signd evoked by the two agonists

cannot be ascribed to the use of separateintracelular sores.
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We thus andyzed the amplitude and kinetics of [C&*]m and [Ca®']. rises evoked by
glutamete dimulation. Two mgor differences with the higamine responses are gpparent. The firdt
rdlates to the [Cef']c rise. After the initid pesk, which depends on the transent [Cef*Jer decrease,
and is comparable in the two cases (21 £ 0.1 nmM for higamine vs 1.75 £ 0.1 nM for glutamate
n=18), there is no sustaned plateau in case of glutamate simulation, i.e [C&]. retumns to the
basd vdues in ~ 30s in the continuous presence of the agonig (Fig. 3A). The difference in
[C&']m response was even more dramatic, the pesk rise evoked by glutamate simulation was
dradticdly reduced (16.5 + 1.8 mM, n=28 vs. 66 + 4.8 nM, n=35 of the higamine chadlenge) (Hg.
3B). Moreover the difference of the time to pesk of [Caf']c and [Ca®*]m responses in this case was
reduced (4.1 s for hisamine vs 2.4 s for glutamae). In order to show that the same Ca®* pools
were used by both agonist to feed mitochondrid C&* upteke, we applied hitamine after 30 s of
glutamate induced C&* relesse, before refilling of the ER (sse Fig. 2A). In this case the hisgamine
induced mitochondrid Caf* uptake was markedly reduced (23 + 45 nM, n=5, Fig. 4A).
Apparently, further depletion of the ER C&* pod by hisamine is responsble the remaining
[Ca*|m increase dfter glutamate simulation as measured by e’AEQm (Fig. 4B).

The kinetics of initial Ca" release induced by glutamate and histamine are identical —
We thus investigated the various possible reasons for the drastic reduction of the [C&']m risein
the glutamate response. The first posshility is thet the kinetics of Ca®* relesse from the ER is
fager in higamine dimulated cdls, an effect tha could be overlooked by the aequorin
meesurements. Indeed, given thet the high rate of mitochondrid Caf* upteke depends on the
exposure of Ca?* microdomains generated a the mouth of |P3Rs one would envision that a faster
relesse through the IPsRs would have a direct impact on mitochondrid C&* accumulation. We
thus evauated the kinetics of the upstroke of [C&*]. by fast digitd imeging in fura2 loaded

Hela cdls expressing mGluR1a As shown on Fig. 5, the kingtics of [Ca®*]. devation evoked by
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the two agonist gppeared to be identicd as andyzed by a time resolution of 200 ms (Tw,= 753 *
47 ms for higaming, Ty, = 712 £ 86 ms for glutamae, n=12). Thus the differences in
mitochondrid C&* uptake does not originate from differences in the velodity of the iniid Ca*
rdease. This concduson is compdible with the preceding obsarvations in cdl populaions
trandfected with the cytosolic and mitochondrid targeted aequorin probes (see above), where the
mitochondrid C&* uptake rate was dower than the cytosolic rise, and the mitochondria uptake
continued even after the cytosolic pesk (see Fg. 1).

Alteration of the duration of ER Ca’* release modifies mitochondrial Ca* uptake — To
further test the hypothesis that the [Ca®*]n rise depends on a sustained rdesse of C&* from the
ER, we decided to modify the kinetics of the cytosolic responses induced by the two agonids As
to glutamate, we gpplied the PKC inhibitor staurogporine, which was shown to prevent mGluRl1a
phosphorylation and to reduce the consequent receptor desendtistion, ensuring sudtained 1P
production during glutamate gimulatiion. Preincubation of the cdls with 400 nM  Saurosporine
reversed the kingtics of both the ER and cytosolic Ca?* sgnd: glutamate simulation caused
continuous Ca?* rdesse from the ER (Fig. 6B), smilaly to the C&£" signd observed during
hisamine simulation. As to [C&']c, no difference was observed in the pesk, but the [Ca*]c
decrease dfter the pesk was dgnificantly dower, and a sudained plateau (maintained throughout
agonig gimulaion) was reached (Fig. 6A). We have to note that Staurosporine addition does not
prevent mGIuRla desendtization completdy (24), as indicaed by the dower kingtics of
continuous ER C&* release and the lower sustained [Ca®*]. (see for comparison the sustained
plateau following higamine dimulaion, FHg. 1A). But ill, importantly, converting the glutamate
induced transient Ca#* release into a more continuous response ty staurosporine gpplication, the
[Caf*]m pesk was markedly increased (25.6 + 2.9 M, compared to 16.5 + 1.8 M of cdls not

treated with staurasporin, n=28) (Fig. 6C).
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The oppodte expeariment was dso paformed, i.e the higamine-evoked release was made
nore trangent, by reducing the duration of the agonig chdlenge to 2 seconds (Fg. 7). Under
those conditions, the pesk [Ca’*]c response was margindly reduced (2.27 + 0.1 nM vs. 2.45 + 0.1
mM, of cdls receiving a 2 min hisamine chalenge, n=16 for both groups, Fig. 7A), but [Ca?*].
rapidly returned to basa values, with disappearance of the sustained [C&*]. plateau. Importantly,
usng the same protocol for [C&*],m messurements, matching with the reduction of C&* release
time, the [C&*]m pesk was substantialy reduced (Fig. 7B, from 66 + 4.8 mM, n=35 for 2 min
simulation to 29.1+2.9 mM, n=16 for 2 second simulation) and [Ca’*]m reached its pesk earlier
(9.6 £ 0.29 scontrol vs4.5 + 0.35 sfor 2 sdimulation, Fig. 7B).

Continuous Ca?* release from the intracellular Ca?* stores is balanced by SOC and Ca?*
recycling by SERCA — We thus condluded that prolonged release of C&* from the ER is
necessary to achieve maxima mitochondrid responses. But how can this rdease, and the ensuing
microdomains a ER/mitochondria contacts, be maintained, given tha PMCA efficiently reduces
[Ca']c by extruding C&* in the extracdlular space? To this end, it is necessary that ER is
continuoudy refilled by C&£* entry, and redistributes Ca* to the rdease sites, in kegping with the
pahway of Ca®" sudied in depth in pancredtic acinar cdls (29,30). In other words, the steady-
state phase of agonist simulated C&* relesse from the ER, which is necessary for trandferring the
C&* sgnd to mitochondria and other cytosolic effectors, must be sustained by the process of
C&" entry through the plasma membrane

Thus, in the next st of epeaiments we andysed the contribution of SOC to the
generation of the sustained C&* signd. For this purpose we rdeased Caf* from the intracdlular
pools by applying ether higamine (Fg. 8A) or glutamae (Fg. 8B) in KRB/EGTA to cdls
transfected with cytAEQ and mGluRla Then we evoked C&* influx by changing the perfusion

medium from KRB/EGTA to KRB/Ca?* (in the continuous presence of the agonist). C&* release

12
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from intracdllular C&#* stores produced a transent pesk upon simulaion with both agonists,
which returned to the basdine, showing that the presence of extracdlular C& is essentid to
achieve sustained C&* signd. Furthermore, depletion of the stores by histamine activated SOC,
as observed from the incresse of [Caf']. after readdition of externad C&* (see Fig. 8A). In
contrast, C&* reintroduction into KRB caused only a dight devaion in the presence of
glutamate, probably due to smdler depletion of the dores caused by the trangent IPs production.
However, glutamate, after staurosporine preincubation, was able to activate SOC, since Ca*
readdition caused a [Ca’"]. devation comparable to that of caused by histamine (see Fig. 8B).
Thus, according to these data, we confirmed that both Ca?* influx and continuous IP; production
are necessary for maintaining the cytosolic Ca?* sigrd.

Then we tested the effect of Cd?*, a blocker of Ca®* entry pathways of the plasma
membrane, induding store-operated channels, on [C&']e a different stages of cdl simulation
(Fig. 9). As expected, if Cd?* is added after the simulation with hisaming, i.e. when no Ca®*
release occurs and the ER is activdly reaccumulating Cef*, the process of refilling is blocked and
a [Ca"er Steady tate lower than in unsimulated cdlls is resched. Conversdy, if Cd?* is added in
the presence of the agonis, i.e when the ER is largely depleted and a steady state [C&]er vaue
of ~50 nM is mantaned, a rgpid, further emptying of the ER is obsarved, leading to dmogt
complete emptying of the ER. Thus importantly, an equilibium beween refilling and C&*
release through IRsis maintained throughout the process of agonist simulation.

If this is the case, one would expect that both blocking Ca?* release through IPsRs or the
process of ER refilling though sore-operated channds should be equdly effective in reducing the
susaned [Ca®*]c rise observed during agonist simulation. Moreover, the terminaion of the
[Ca*]c sgnd in the former way should be more rapid, while the effect of Caf* entry blockade

should occur only &ter the ER is depleted of the remaining Ca?*. This was directly investigated
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in the expeiment of FHg 10, where we compared the kindics of terminaing the sudaned
cytosolic sgnd dter higamine dimulation with two experimentd protocols. In the firdt, we
applied Cd?* to block Ca#* influx ill in the presence of hisamine and IP; induced C&* relesse.
In the second, we washed out higamine rapidly in order to terminate IP; production, i.e. to stop
Ce* relesse. As shown on Fig. 9A, the haf decay time of the cytosolic C&2+ signa was about two
times longer during blockade of influx by 1mM Cd?* (Ty, = 15.4 + 0.98 s, n=12) than in the case
of hisamine washout (T, = 85 + 049 s, n=11, p<0.01). These results show that C&" release
from the internd Stores has the mgjor role in the generation of [Ca']. devation, while the Ca®*
ery mantains the dae of filling of the C&* <tore, thus counteracting the forces of Ce*
extruson by PMCA.

Findly, we compared [C&*]. changes during ER réfilling in the presence and in the
absence of IP;. As shown in Fig. 11A, after emptying the intracellular C&2* pools by 100 nM
higamine in the absence of extraceluar C&*, Ca?* readdiion to the medium exeted a
sgnificant [Ca?"]. increse only if higamine, i.e. IP; was present. If histamine was washed out
30s before Ca?* readdition, refilling of the Ca®* stores was accompanied by only a smdl [Ca*].
devation. The dfidency of refilling in this case was demondraied by a sscond gpplication of
higaming, which didted a Ca?* rdease comparable to the one exerted by the firg stimulation
(Fg. 11A, filled drdes). Furthermore, prolonged hisgamine dimulation and IP; induced rdease
caused further depletion of the Ca* Stores il after Ca?* reeddition and following robust Caf*
influx. This is illustrated by the smal amount of rlesssble C&£* remaining in the pools even dfter
20s washout of higamine before its regpplication (Fg. 11A, open drdes). Smilarly, readdition
of 1 mM extracdlular C&£* after depleting the Ca2* stores by the reversible SERCA inhibitor 2,5-
di-(tert-butyl)- 1,4-benzohydroquinone (tBHQ, 10 nM), led to effident dore refilling without

Sonificant [Ca?*]c elevation (Fig. 11B filled dirdes). In contrast, in the continuous presence of

14
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tBHQ Ca®* influx was conveyed to the cytosol, as shown by the vast [Ca®*]. devation fallowing
Cat* readdition (Fig. 11B open dirdes).

These data dearly indicate that Cea’*, after entering the cdls is taken up robusly by the
ER without significantly elevating [C&']c, and then Ca?* is didributed by the ER to the entire
cytosolic gpace. In this way SOC is not directly responsble for the generation of the sustained
cytosolic C&* signdl, neverthdess it is necessary for its maintenance, by ensuring the continuous
refilling of the intemd Caf* stores. Furthermore, Ca®* cyding & the vidinity of C&* relesse sites
maintains an equilibrium on both sides of the ER membrane i.e the steady State in the [Ca?']e
ad the sustained phase of the [Ca?’]c devation, thus ER plays an important role as a
redistribution pathway between plasmamembrane Ca?* entry and other intracdlular organdlles,

uch as the mitochondria
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DISCUSSION

In the past years, much information has been acquired on how spedfic spatio-termpora
patens of Ce* dgdling can control different cdl functions (or deeterious effects in
pathologicd conditions). In particular, dtention has been drawn to the properties and functiond
dgnificance of locd gradients (microdomans) and thus to the importance of the source and
inracdlular route of the [Ca®"] rise. Subplasmdemmd high [Ca?*] microdomains appear to
regulate the adtivity of plasma membrane (PM) ion channds (such as voltage dependent Ca?* and
Na' channds, C&* activated K channds and SOC), polarity and exditahility of the PM (neurons,
smooth muscle), secretory responses and neurotransmitter release. Ca?* entry, by meens of
voltage, ligand or dore operated channds, in most of the cases is necessary and sufficient to
generate such high [C&f*] microdoman below the PM, aso for longer periods of cell simulation.
Conversdy, other long-term processes regulated by sustained C&* signds take place deeper in
the cdl interior. Among them, a wdl-known example is the regulation of mitochondrid enzymes
involved in ATP production or steroid synthesis, where Ca?* taken up from microdomains
generated a the mouth of ER Ca®* rdease channdls plays a fundamentd role (15,31). A transient
[Ca*]m pesk was shown to exat long term effect & the levd of ATP synthesis (32), and
continuous mitochondrid  [C&"] devation, even a rdaivdy lower extramitochondrid Ce&*
levels was shown to increase the activity of dehydrogenases of the Krebs cyde (13,33,34), thus
devating the NADH level and the adtivity of the dectron trangport chain. At the same time, Ca2*
upteke by mitochondria has been shown to be involved in a radicaly different process, i.e the
release of pro-gpoptotic factors and thus the induction of cdll degth (35).

Mitochondria have thus recently emerged as key decoders of cdcium dgnds, and the

mechaniam and timing of their recruitment control key decisons in cdl life ad degth. In this
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contribution, we have analyzed the corrdlation between the kinetics of [Caf']. increase, and its
different components, and the [Ca&']m risss ocourring in agonist-simulated cdlls For this
purpose, we utilized a low affinity probe for [Ca&*]m (thet dlows to fully appreciae the large
[C&*]m swing) and two different agonist simulations,  through the endogenous histamine receptor
and through a trandfected metabotropic glutamate receptor, that undergoes rapid desangtization
and thus causes trandent IPs production. The fird obsarvaion is that, upon cdl simulaion,
[C&']m peaks el after [Ca']c. As previoudy observed by various groups, there is a short ddlay
in the upstroke, possibly due to the time needed for the diffusion of Ca* relessed by 1P receptors
through the outer mitochondrid membrane, thus reaching the trangport systems (uniporter) of the
inner membrane (14,18,19). Then, [Caf*]m rises and reaches its maximd vaue after gpprox. 10 s,
i.e. whenthe [Ca®"] increase, through the activity of the Ca* pumps, is rapidly dedining.

How can the dow kingics of mitochondrid Caf* accumulation be reconciled with the
notion that the low dfinity of the mitochondrid uniporter requires for ragpid upteke, the high
[C&"] gradient generated upon cell simulation by the apening of |P; receptors? The most logical
explandion is that, for maxima mitochondrid Ca* uptake, prolonged C&* relese from the ER
mug occur. Different experiments support this notion. Indeed, not only in the case of glutamete
dimulaion (in which C&* relesse from the ER is short-lived), the mitochondrid Ca?* response is
dradticdly reduced, but the effect of the two gimuli (glutamate and higaming) on mitochondria
can be reversed by modifying the time course of the Ca?* release process. If desensitization of the
MGIUR is prevented by PKC inhibitors, ER reesse becomes sudaned (with ensuing large
amplitude emptying of the ER, and adtivation of store-dependent Ca?* influx) and mitochondrid
reponses ae greatly enhanced. Conversdy, a short (2 9 higamine pulse causes trangent
emptying of the Ca®* store and drastically reduces the [C&*]m rise evoked by the agonist. These

data imply thet in the late phases of agonig simulation, i.e when the activity of the pumps
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(SERCA and PMCA) counteracts the rdlease of Ca* through the IPsRs, an equilibrium is attained
between the two processes as demonstrated by the direct measurement of [C&']e: blocking Ca?*
rdease (eg. by teminaing cdl dimulation) causes the rapid refilling of the dore while
conversdy interrupting the reaccumulaion of Ca2* in the ER (eg. by blocking C&2* ertry through
SOC, see below) dlows |PsRsto rapidly depletethe ER of Cat™.

Mitochondria, and possihbily other cytosolic effectors, appear thus to be activated through
the kinetic behaviour of the ER release process Conversdly, Ca&®* entry, which is invarigbly
esentid for sustained Ca&2* signds, might not provide a direct supply for these locdized Ca?*
regulatory events. Two condderaions support this view. Fird, these processes rey on specific
patterns of IPs dependent rdlease of Caf* from the ER store, as discussed above. Second, Caf*
entering the cytosol is strongly buffered by Ce* hinding proteins, such as parvabumin, cabindin
Dask, and cdretinin, rendering the diffusion rate of Ca?* in the cytosol rather low (36). Thus Ca2*
coming from the extracdlular medium would reach dowly if a dl the desper regions of the
cytosol. An ingenious solution for this chalenge has been recently shown in a pdaized cdl
modd, the pancregtic acinar cdls (30). At heinitid phase of the physiologica attivation of these
cdls focd Ca’* relesse occurs exdusively a the secretory pole, serving as trigger for exocytosis,
and leading to locd emptying of the Ca?* store (30). The presence of Ca#* signdlling components
and paticulaly trp-like channds a the vidnity of the apica pole has been suggested to provide a
draightforward route for loca refilling of the depleted stores (37). On the other hand, given that
the ER in these odls forms a continuous network (4), the resulting lumind [C&'] gradient has
been shown to cause rapid diffuson of Ca®* from the basolaerd part of the cdls in a modd
where SOC is restricted to this area (38). The ground of this arrangement of Ca®* Sgrdling is the
relaivdy high Ca?* mohility in the ER tunnd compared to the cytosol, depending on the much
lower binding capecity of the ER lumen (=20 versus ~2000 boundfree C&* of the cytosol of
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mouse pancregtic acinar cdls (39)). Smilaly, in neurons, which is dill a highly polaized cdl
type, it was proposed tha subplasmdemmd ER cigernee of the cdl body may be responsble for
c&* refilling from the extracellular space, and a continuous ER network would trangport C&* to
the Ste of redease in dendritic spines (40). In accordance with this idea it has been shown that the
cytosolic buffering capacity of Purkinje neurons is as high (~2000) as that of pancredtic acinar
cdls (41). On the other hand, in other cdl types such as chroméffin cdls (42), lower vaues of
binding capacity has been found (~ 40), but we should emphasize, that even if C&* diffusion may
occur & gmilar velodty in the cytosol and the ER, another important advantage in the use of ER
for disributing C&?* sgnds to the cdl interior is that it may ensure locdized C&#* release. Thus
in smooth musde cdls even if the cytosolic buffering cgpacity is comparadle to that of the ER
(~30-40) (43), a supaficd layer of SR rapidly buffers Ca?* entering from the extracdlular space,
which isthen digributed into the cdll interior, causing contraction after its directed release (44).

Since our am was to disclose the role of the ER in generating a sustained C&2* signd and
in recruiting cytosolic effectors, in our work we did not characterize the exact nature of the Cat*
entry pathway. However, some information on Ca®* influx and Store refilling can be obtained
from the expaimentad data. Recetly, a receptor activaed, arachidonic acid-mediated, non-
capaditative mechanism for C&2* entry has been demonstrated, that appears to operate in a PM
domain didinct from thet in which SOC operates in HEK293 cdls (45). Two arguments suggest
that this pathway does not contribute to the Caf* signdls observed in our experiments. (i) We used
mexima agonist concentrations for prolonged periods, producing a substantidl depletion of Ceaf*
dores, thus we fully activatled the SOC mechanism, which inhibits arachidonate regulated
channds (46). (i) Ca* entry activated by store depletion in our system was dearly necessary for

dore refilling, in contrast to Ca&* entering the cdls by arachidonate activated C&* entry, which
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rather plays a role in potentiating the C&£* release induced by IR, thus increasing the frequency
of osdillaions (47).

The other issue concerns the way of C&* rdfilling of the Ca2* stores. We demonstrated
that in the case of trandent IP; production, i.e during glutamate simulaion ER refilling occurs
without detectable rise of [Ca®*]. (compare panels Fig. 2A and Fig. 3B). However, based on our
data we cannot distinguish between refilling from the extracdlular space through SOC channds
and direct Caf* reuptake from the cytosol by SERCA. It gppears that the buffering capacity of the
cytosol determines the route by which Cef* released from the ER is diminated, since increased
buffering dlows ER refilling by SERCA even in the absence of extracdlular C&£* (48). Thus, in
cdls with inherent high cytosolic buffer capacity, such as the above mentioned pancregtic acinar
cdls or neurons, the SERCA pumps gopear to dominate over PMCAs in rgpidly reducing the
[C&']c pesk (49,50). Thus, the oscillatory Ca&* signds evoked by colecystokinin in these cells
was shown to occur in the absence of Ca?* entry, given that C&* is taken back dmost entirdy
from the cytosol after the Ca?* spikes (see above). However, the situation differs with other types
of simulation: the C&#* oillations evoked by carbachol strongly depend on Ca?* influx in the
proximity of the Ca®* relesse sites of the gpica pole (37). Up to now there are no data concerning
the cytosolic buffering cgpacity of Hela cdls but evidence from the smilar CHO cdl line shows
that PMCA overexpresson leads to larger reduction and faster termination of cytosolic Cat*
signd compared to SERCA (51). Thus it seems likdly that the glutamate induced Caf™* transient is
rapidly extruded from the cdl, and the Ca®* source of refilling in this case is the extracdlular
space.

In conduson, the daa presented in this pgper indicate that mitochondria important
transducers of the C&* signd, depend on the process of ER C&* rdlease, that in turn is sustained

by continuous reease through IP; receptors and refilling by SERCAs (with a primary role of Ca?*
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influx in counteradting the extruson of C&®* by PMCAS). Altoghether, these data suggest that the
ER provides a fast route for tunneling, and relessing Ca?* in the deeper portions of the cytoplasm
(where mitochondria are only one of the numerous Ca&* effectors) not only in the polarized
pancregtic acinar cdl (as proposed by Petersen and coworkers (30)), to al cdls This provides an
additiond mechenism by which the sdedtive placement, and differentid activation, of Caf*
channds in the ER and plasma membrane provides flexibility to the Ca?* transduction system,
dlowing this second messenger to play a key role in the modulation of virtudly dl odlular

Processes.
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Footnotes

! The abbreviations used are [C&'],, cytosolic Ca&* concentration; [Ca']er, endoplasmic
reiclum lumend C&*  concettraion; [Caf']m, mitochondrid matrix Caf*  concentration
CytAEQ, cytosolic aeguorin; ER, endoplasmic reticulum; eAEQmut, low &ffinity aequorin
mutant targeted to the endoplasmic reticulum; GPCR, G-protein coupled receptor; IPs, inogtol
145 trisphosphate IP3R, inodtol 145 trigphosphate receptor; mGluRla or mGIuR5,
metabotropic glutamate receptor type la or 5, mtAEQmut, low affinity aequorin mutant targeted
to the mitochondriaz PM, plasmamembrane PKC, protein kinase C; SERCA, saco
endoplasmatic reiclum C&* ATPase SOC, store operated Ca’* influc;, PMCA,

plasmamembrane Ca?* ATPase; tBHQ, 2,5-di-(tert - butyl)- 1,4- benzohydroguinone
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Legend tofigures

Fig. 1. Cytosolic (pand A, O and mitochondrid (pandl B, D) [Ca"] responses of Hela cdls
dimulated with 100 nM hisamine. [Ca"]. and [Ca™]m was measured in CytAEQ or mtAEQmuUL
expressing cdls, repectivey, 36 hours after trandfection. Aequorin luminescence was collected
and cdibrated into [C&*] values as destribed in the ‘Experimental procedures . Where indicated,
HeLa cdls were dimulated with the agonid, added to the pefuson medium (KRB in
expariments shown on pand A and B; Ca®* free KRB + 100 nM EGTA in pand C and D).
Dotted lines indicate the start of simulation, pesk of cytosolic and mitochondrid C&* sgnds

respectively. The traces are representative of >30 trids.

Fig. 2. Trandent Ca®" rdease caused by glutamate in mGluR1a expressing Hel.a cdls A: Effect
of glutamate (100 M, open dirdes) and hisamine (100 M, filled dirdes) on [Ca?*]er measured
in HeLa cdls co-tranfected with e’AEQmut. B and C: Cytosolic Ca®* trandents messured in
HelLa cdls cotransfected with cytAEQ in response to glutamate (100 M, open circles) and
histamine (100 nM, filled dirdes) in Ca* free medium (dotted ling). The agonists were gpdied &
shown by the open (higamineg) and filled (glutamate) bars, respectivdy. The traces ae

representative of >10 trids.

Fig. 3. Oytosolic (pand A) and mitochondrid (panel B) [Caf'] responses of Hela cells co-
trandfected with mGluR1a simulated with 100 nM glutamate. [C&2*]. and [Ca?*]m were measured
in cytAEQ or mtAEQmMut expressing cdls, respectivdy. Where indicated, HelLa cdls were
dimulated with the agonigt, added to KRB. Dotted lines indicate the gart of dimulation, pesk of
cytosolic and mitochondrid Ca?* signals, respectively. The traces are representative of >10 trids.
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Fig. 4. Ca" pools fesding mitochondrid Ca®* upteke in case of glutamate and histamine
dimulation. A: Mitochondrid Ce?* transents messured in Hela codls cotransfected  with
MAEQmut and mGluRla in response to 100 nM  hisamine done (open drdes) and after
glutamate simulation (filled dirdes). B: Effect of 100 mM histamine on [Ce’*]er added after 100
nmM glutamate, as measured in HeLa cdls cotrandfected with eeAEQMut and mGluR1a The

agonists were applied as shown by the bars below the traces. The traces are representetive of > 5

trids

Fig. 5. Cytosolic Ca®* sgnd in a sngle Hela cdl expressing mGluR1a in response to glutamate
(100 nM, pand A) and higamine (100 M, pand B). Cdls were loaded with fura2, and ratio
images were acquired every 200 ms as described in ‘Experimenta procedures. Conventiond
pseudocolor ratio images are shown every 200 ms in the upper line of each pand, and in each
second in the lower line In case of higamine stimulation, elevated ratio levels were observed
even dter 1 min of gimulaion (lower right image). Cdls were simulaed by addition of the
agonig into the bath, as indicated by arows. The series of images are representative of > 10

experiments.

Fig. 6. Effect of staurogporine (400 nM, added 5 min before cdl simulation) on C&* sgnds
dicited by glutamate (100 M) in mGluRla expressng Hela cdls Contral traces ae shown
with open dirdes, traces of staurosporin pretrested cdls are shown with filled cirdes [C&*c (A),
[C&#']er (B) [C&']m (C) were messured in cytAEQ, erAEQmuUL, MAEQmuUt co-transfected cells,
repectively. Glutamate was gpplied continuoudy in perfuson from the time point indicated by
the arrows. The traces are representative of >10 trids.
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Fig. 7. Cytosolic (pand A) and mitochondrid (pand B) [Ca’'] responses of Hela cels to
sustained (filled cirdes) and trandent (2 seconds, open cirdes) hisamine gimulations (100 niMl).
[C&#']c and [C&*]m were messured in GytAEQ or mAEQmut expressing cells, respectively.
Where indicated (filled bar for sudaned, open bar for trandent dimulation) HeLa cdls were
dimulated with the agonis, added to the pefuson medium. Dotted lines indicate the dat of
dimulation and the pesk of cytosolic Sgnds respectively. The traces are representaive of >20

trids.

Fig. 8. Dependence of Ca?* signds evoked by histamine (100 nM, pand A, filled dirdes) ad
glutamate (100 nM, panel B, open cirdles) on the presence of extracdllular Cef*. The extracdllular
[C&"], dither O (KRB + 100 mM EGTA) or 1 mM, is shown on the bars above the traces. B:
Effect of gaurogporin (400 nM, added 5 min before cdl dimulation, filled cirdes) on glutamate
induced cytosolic Ce* signds in the absence and presence of extracelular C&*. The darting
points of the continuous simulation by either agonist, added to the pefuson medium, are shown

by arrows. The traces are representative of >10 trids.

Fig. 9. Comparison of the effect on [Ca®*]e of Cd™* added at different phases of the C&&* signd.
[Cf']e Was messured in odls tranfected with erAEQmut as described in “Experimentd
procedures. 100 mM higamine was added to the perfuson medium as indicated by the bars
below the traces. The arrows mark the timing of Co?* addition. The trace with filled cirdes shows
the effect of 1 mM Cd?* added at steady state [C&*]e in the presence of histamine (see the filled

bar). The trace with open cirdles demongtrates the immediate effect & 1 mM Cof* added during
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dore refilling after the removd of higamine from the pefuson medium (see white ba). The

traces are representatives of >6 trids.

Fig. 10. Compaison of the kingtics of cytosolic Ca?* sgnd temingion by washing out
higamine (traces with filled dirdes) and by inhibiting C&* entry with Cf* (traces with open
cirdles). [Ce*]c was messured in odls transfected with cytAEQ as destribed in ‘Experimentd
procedures. 100 nM higamine was added to the perfuson medium as indicaed by the bars
beow the traces (filled bar: in case of higamine washout, white bar: in case of addition of 1 mM
Cd?"). The insst shows the magnification of the decay pheses (trace labeling as on the main

pand). The traces are representatives of >12 trids.

Fig. 11. Andyss of C&" reuptake by the ER during store operated C&* influx after store
depletion by higamine gimulaion (pand A) or by reversble inhibition of SERCA by tBHQ
(pand B). [Ca"]. was measured in cytAEQ expressing Hela cdls. Store operated Ca’* influx
was evoked by emptying the stores by perfusing O extracdlular [C&#'] (KRB + 100 nM EGTA)
and then re-adding 1 mM CaCl,, as shown on the bars above the traces. A: Higamine (100 niVl)
was added to C&* free KRB and either removed before (filled bar, trace with filled dirdes) or
maintaned during (open bar, trace with open drdes) re-addition of extracdlular C&*. An
additiona hisamine simulus was added in both case in O extracdlular [C&"] to show the filling
date of the Ca®* stores. B: tBHQ (10 nM) was added to the Ca?* free KRB and dither removed

before (filled bar, trace with filled drdes) or mantaned during (open bar, trace with open

drdes) re-addition of extracdlular Ca?*. The traces are representatives of >6 trials.
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