Biol. Cell (2007) 99, 175-184 (Printed in Great Britain) doi:10.1042/BC20060031

Stretch-activated calcium channels
relay fast calcium waves propagated
by calcium-induced calcium influx

Lionel F. Jaffe’
Marine Biological Laboratory, 7 MBL Street, Woods Hole, MA 02543, U.S.A.

For nearly 30 years, fast calcium waves have been attributed to a regenerative process propagated by CICR
(calcium-induced calcium release) from the endoplasmic reticulum. Here, | propose a model containing a new
subclass of fast calcium waves which is propagated by CICI (calcium-induced calcium influx) through the plasma
membrane. They are called fast CICI waves. These move at the order of 100 to 1000 um/s (at 20°C), rather than the
order of 3 to 30 um/s found for CICR. Moreover, in this proposed subclass, the calcium influx which drives calcium
waves is relayed by stretch-activated calcium channels. This model is based upon reports from approx. 60 various
systems. In seven of these reports, calcium waves were imaged, and, in five of these, evidence was presented that
these waves were regenerated by CICI. Much of this model involves waves that move along functioning flagella and
cilia. In these systems, waves of local calcium influx are thought to cause waves of local contraction by inducing
the sliding of dynein or of kinesin past tubulin microtubules. Other cells which are reported to exhibit waves,
which move at speeds in the fast CICI range, include ones from a dozen protozoa, three polychaete worms, three
molluscs, a bryozoan, two sea urchins, one arthropod, four insects, Amphioxus, frogs, two fish and a vascular plant
(Equisetum), together with numerous healthy, as well as cancerous, mammalian cells, including ones from human.
In two of these systems, very gentle local mechanical stimulation is reported to initiate waves. In these non-flagellar
systems, the calcium influxes are thought to speed the sliding of actinomyosin filaments past each other. Finally,
| propose that this mechanochemical model could be tested by seeing if gentle mechanical stimulation induces
waves in more of these systems and, more importantly, by imaging the predicted calcium waves in more of them.

Introduction Fast calcium waves have been thought to be only

Calcium waves were first seen as the calcium tsunami
which crosses a fertilizing medaka fish egg (Gilkey
et al., 1978). Calcium waves were subsequently seen
or inferred to cross a very wide variety of cell parts,
cells, tissues and even organs, and to do so at speeds of
less than 1 nm/s up to 30 cm/s, and thus a speed range
of nearly a billion-fold (I only consider waves which
cross cell boundaries in Table or Figures of the pre-
sent article when their speeds were not substantially
slowed by cell-to-cell delays). These fall into four
speed-based groups: fast, slow, ultrafast and ultraslow
waves (Figure 1).
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propagated by CICR (calcium-induced calcium re-
lease). This is a ‘travelling’ cycle in which a high
level of calcium within some cytosolic zone induces
the release of additional calcium stored in the ER (en-
doplasmic reticulum). This then diffuses to nearby
ER channels where it induces the release of yet more
calcium — a travelling cycle which can be modulated
by the levels of inositol (1,4,5)-trisphosphate within
the cytosol (Dumollard et al., 2002).

In the present article, I collate evidence for a second
subclass of fast calcium waves which travel at approx.
100 to 1000 pm/s in a wide variety of systems. I
also gather evidence that such waves are carried by
CICI (calcium-induced calcium influx) through the
plasma membrane. Therefore they are named CICI
waves, and their place in the calcium-wave spectrum
is indicated in Figure 1.
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Figure 1| Proposed new calcium-wave speed spectrum,
including waves propagated by CICI

f, fertilization; fl, flagellar; nfl, non-flagellar. Modified from Fig-
ure 1 of Jaffe (2003) (© Portland Press) and Figure 1 of Jaffe
(1999) (© John Wiley & Sons, Inc.) with permission, which
lacks a CICI category.

ultraslow slow fast ultrafast
— P -
CICR cIcl

4 3 241012 3 45 6
log ym/s

Then, I propose a model in which CICI waves
are propagated by stretch-sensitive channels in the
plasma membrane, and, finally, consider possible tests
of these hypotheses.

Lists of proposed CICI waves

In most cases, speeds are taken from the text of the
references cited, whereas others are from images taken
at successive times during a wave or from the equation

vV=Af

where v is wave velocity, A is wave length and f is
wave frequency. In experiments with mammalian or
human preparations, speeds were corrected from the
values reported at 20-37 °C.

For flagella, this correction factor was 0.36 (Holwill
and Silvester, 1965), whereas for all other systems
this factor was 0.50 (Clary-Meinesz et al., 1992).
Where possible, the speeds reported for motion along
a straight line were corrected for the greater length
along the sinuous surfaces which carried the wave.

Table 1 lists the flagellar waves which I propose
to be propagated by CICI, whereas Table 2 lists
other waves which are proposed to be so propag-
ated. The latter begins with some taken from Alfred
Lucas’s pioneering study (Lucas, 1931) on molluscan
gill cilia and goes forward to many more recent stud-
ies. These waves were reported for systems which go
from protozoa, such as Paramecium and Stentor, up
to human sperm flagella and human blood neutro-
phils. In between there is a list of systems, which
are presented in the Abstract above. When corrected
for temperature and wave pathlength, these speeds
generally lie between about 100 and 1000 pm/s.
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In seven of the listed cases, the waves were dir-
ectly seen to be calcium ones, and in five of these
evidence is presented that they are regenerative cal-
cium waves. Moreover, in five of the other cases,
they were inferred to be calcium waves for various
reasons which are presented below. Thus the 70 pm/s
calcium waves, which were reported to traverse
fish keratocytes by Brust-Mascher and Webb (1998)
(Table 2), were absent in low-calcium medium
and were stopped by calcium-channel blockers —
observations which directly support CICI as a wave-
propagation mechanism in these cells (Bressac et al.,
1991). Figure 2 shows the number of listed cases of
non-flagellar and flagellar waves versus wave speed.
Two distinct, if overlapping curves, can be observed.

Finally, I would like to note that CICI waves may
prove to explain gliding and swimming by cyanobac-
teria, and thus extend the range of CICI waves to
prokaryotes. There are three studies which argue for
surface waves as driving such movement. Specifically,
Ehlers et al. (1996) speculated on theoretical grounds
that their speed would be 160 um/s (a speed at the
centre of the proposed CICI range); calcium entry is
required for the motility of the cyanobacterium Syz-
echoccus (Pitta et al., 1997); and quick-freeze electron
microscopy of Synechoccus reveals an array of spicules
which extend into the medium and could act as oars
to propel it (Samuel et al., 2001). Moreover, ‘the
strongest argument for their existence is that one
cannot think of any other viable mechanism’ (per-
sonal communication, H. Berg). When one adds that
cyanobacteria lack an endoplasmic reticulum, one
may well wonder if CICI propels cyanobacteria.

Evidence that the listed waves are
calcium waves which are supported by
an influx of calcium ions

The strongest evidence that 60—200 pm/s waves are
calcium waves which require an influx of calcium ions
has been provided by seven studies of seeing them as
calcium waves; moreover, in five of these cases they
were dependent upon external calcium or a calcium
influx.

First, Charles et al. (1996) observed 100—200 pm/s
intercellular calcium waves in primary cultured
mouse cortical neurons; waves which were abolished
in medium which lacked calcium. It is interesting
that they wrote of being puzzled by the mechanism
of calcium waves which moved at this speed.
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Table 1|Speeds of fast waves which move along flagella or cilia

Reference

System Speed (um/s)

Sperm flagella
Equisetum (vascular plant) 600
Myzostomum (polychaete) 800
Arenicola (polychaete) 340
Turritella (marine snail) (swimming forward) 900
Corbicula (clam) 1200
Psammechinus (sea urchin) 900
Lytechinus (sea urchin) 900
Tripneustes (sea urchin) 1000

Bacillus (arthropod)

Short wave 800
Long wave 600
Cricket 100
Drosophila 150
Other fruit fly (swimming forward) 100
Tenebrio (beetle) (long wave) 400
Aleochara (beetle) 200
Eel 1300
Hamster
Capacitated 700
Activated 700
Hyperactivated 400
Acrosome-reacted 200
Rat epididymal 100
300
Ram epididymal 200
Macaque
Activated 400
Hyperactivated 100
Human 500
500

Flagellates: flagella or cilia

Peranema 300
Menoidium 500
Euglena 500

400
Monas 500
Stentor 900
Polytoma 600
Ceratium 500
Strigomonas 500
Crithidia 500
Chlamydomonas 200

500
Dunaliella 900

Bilderback et al. (1973)
Ishijima et al. (1994)
Pasey et al. (1994)
Ishijima et al. (1999)
Howard et al. (2004)
Gray and Hancock (1955)
Brokaw (1972)

Gibbons (1980, 1982)
Baccetti et al. (1973a)

Rikmenspoel (1978)
Bressac et al. (1991)
Baccetti et al. (1989)
Baccetti et al. (1973b)
Werner et al. (2002)
Wooley (1998)
Ishijima et al. (2002)

Lindemann et al. (1987)

Jeulin et al. (1996)

Chevrier and Dacheaux (1992)
Ishijima et al. (2006)

Serres et al. (1991)
Mortimer et al. (1997)

Lowndes (1941)
Lowndes (1941)
Lowndes (1941)
Lowndes (1944)
Lowndes (1945)
Sleigh (1960)

Brokaw (1963)

Brokaw and Wright (1963)
Holwill (1965)

Sugrue et al. (1988)
Hyams and Borisy (1978)
Holland et al. (1997)
Schoevaert et al. (1988)
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Table 2|Speeds of non-flagellar waves
System Speed (um/s) Reference
Protozoa
Opalina body: metachronal 500 Okajima (1953)
Stentor peristomial region: metachronal 600 Sleigh (1956)
Paramecium oral groove: metachronal 300 Machemer (1972)
Koruga’s whole surface: undulatory and metachronal 200 Cleveland and Cleveland (1966)
400 Tamm (1999)
Polychaete sperm body
Myzostomum 400 Ishijima et al. (1994)
Mollusc gill cilia Lucas (1931)
Modiolus: metachronal
Laterofrontal 60
Lateral 200
Bryozoan cilia: metachronal
Plumatella 200 Riisgard et al. (2004)
Amphioxus larval cilia 300 Stokes and Holland (1995)
Vertebrates
Frog palate epithelium: metachronal 100 Spungin and Silberberg (1984)
150 Eshel and Priel (1987)
Frog cultured oesophagus: metachronal 100 Gheber and Priel (1987)
Fish keratocyte 60 Brust-Mascher and Webb (1998)
Rat cortical astrocyte 40 Guthrie et al. (1999)
Rat lung myocyte 100 Featherstone et al. (2005)
Rodent heart myocyte 80 Kaneko et al. (2000)
In situ 90 Takamatsu et al. (1991)
Isolated 60 Lipp and Nigglii (1994)
80 Cheng et al. (1996)
100 Woussling and Salz (1996)
80 Ishide et al. (1990)
100 Trafford et al. (1995)
60 Woussling and Mair (1999)
Rodent heart endothelial cell 60 Isshiki et al. (2004)
Mammalian cancer cell line

HT 1080 fibrosarcoma 100 Huang et al. (2004)

Hel.a carcinoma 80 Rintoul and Bainbridge (2003)
Human blood neutrophil 100 Kindzelskii and Petty (2003)
Ferret retina 200 Feller et al. (1997)

Cultured mouse neuron 200 Charles et al. (1996)
PC12 neurite 80 Reber and Schindelholz (1996)

Secondly, Reber and Schindelholz (1996) observed
80 pm/s calcium waves moving along PC12 neurites
towards the growth cone. Although they did not in-
vestigate the role of calcium influxes, these neurites
are only approx. 2 pm thick, which precludes release

© Portland Press 2007 | www.biolcell.org

from the only known source of internal calcium re-
lease, namely the ER.

Thirdly, Brust-Mascher and Webb (1998) observed
60 um/s calcium intracellular waves moving along
fish keratocytes; waves which were not inducible in
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Figure 2| Wave speeds as shown in Tables 1 and 2

Each of the values shown in the Tables are shown as a point in this figure. Most of the non-flagellar values are of speeds which
lie between 60 and 400 um/s, whereas most of the flagellar values are of speeds between 200 and 1000 pm/s.
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medium which contained the calcium-channel block-
ers cobalt ions or verapamil.

Fourthly, in a truly remarkable paper, Kindzelskii
and Petty (2003) observed 90 pm/s subsurface cal-
cium waves moving around human blood neutrophil
cells. Some moved clockwise, as seen from the basal-
to-apical surface, whereas some moved counterclock-
wise. All of these waves occurred in medium contain-
ing normal blood levels of calcium, but the clockwise
ones did not occur in zero-calcium medium.

Fifth, Rintoul and Bainbridge (2003) observed
80 um/s intracellular calcium moving across Hela
cells. Although intracellularly applied EGTA or
BAPTA reduced the speeds of the calcium waves by
approximately half, the effects of changes in extracel-
lular calcium were not reported.

Sixth, Huang et al. (2004) observed 100 pm/s in-
tracellular calcium waves moving across cells from a
line of human fibrosarcoma cells. These waves were
blocked by the calcium-channel blockers gadolinium
ions or mibrafredil.

Seventh, Isshiki et al. (2004) reported seeing
60 um/s subsurface intracellular calcium waves in

rodent heart endothelial cells. These waves which oc-
curred in 1.2 mM Ca®*, but not in zero-free-calcium
medium.

In addition, further evidence that 100—1000 pm/s
flagellar waves are calcium waves is provided by four
lines of evidence, as follows.

First, the flagellate Koruga {from termite
(Mastotermes darwiniensis) gut} exhibits synchronous
200 um/s front-to-back synchronous waves of both
indentation and of metachronous ciliary bending.
By indentation waves, I mean ones that look like the
much slower ones which move along many eggs (Jaffe
and Créton, 1998) and are illustrated in Jaffe (1999).
More detailed study of these waves in Korzuga showed
that the indentation waves induce the metachronal
ones (Cleveland and Cleveland, 1966). Then, 33 years
later, Tamm (1999) reported that these waves are
stopped within minutes by the addition to the me-
dium of 1 mM Ni?", a blocker of calcium channels.
One may wonder why Koruga cells are the only ones
known to show fast CICI waves of surface indentation.
Perhaps, this is because they actually lack indent-
ation waves within the acidic and anaerobic hindguts
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of termites where they live naturally, so the observed
indentation waves may be artifacts of their observ-
ation in medium at a neutral pH and abundant oxy-
gen. In any case, if one considers the studies by
Cleveland and Cleveland (1966) and Tamm (1999)
together, it is hard to avoid the inference that the
Koruga ones are mechanically driven subsurface ones.

Secondly, the 80 pm/s waves that move along HeLa
cells, which were studied by Rintoul and Bainbridge
(2003), were greatly inhibited by exposing the cells to
the membrane-permeant calcium-chelators EGTA-
AM or BAPTA-AM.

Thirdly, there are numerous reports that the direc-
tion of sperm swimming and therefore flagellar wave
direction are reversed by sudden changes in extra-
cellular calcium levels, e.g. the studies by Ishijima
et al. (1999) on marine snail (Turritella communis)
sperm and by Schmidt and Eckert (1976) on
Chlamydomonas.

Fourthly, four studies report striking changes that
occur in the beating patterns of de-membranated fla-
gella or cilia when the calcium level rises above 1 pM
in the following organisms: Paramecium (Naitoh
and Kaneko, 1972); trypanosome (Holwill and
MacGregor, 1976); Chlamydomonas (Wakabayashi
et al., 1997); and sea urchin (Bannai et al., 2000).

Altogether, although the role of calcium in fast
CICI wave propagation has been little studied, the
available results establish, indicate or suggest that
certain of these waves are, indeed, calcium ones.

Proposed mechanisms

In our model, fast CICI waves are propagated by
stretch-activated calcium channels. Thus they are
propagated by a travelling cycle in which stretch-
ing a cell's membrane at one point opens nearby
stretch-activated calcium channels (Martinac, 2004),
and the resultant influx of calcium ions causes sub-
surface filaments to slide past each other and thereby
stretch the nearby membrane and in this way relay
the wave. These filaments would be actinomyosin
in non-flagellar systems, and microtubule—dynein or
microtubule—kinesin filaments in flagellar systems
(Satir, 1968; Cosson, 1992). Action via actinomyosin
would be as in the nine studies of calcium waves in
isolated rodent heart myocytes listed in Table 2 and,
more generally, in the well-known control of muscle
contraction by calcium. Figure 3 shows this model,

© Portland Press 2007 | www.biolcell.org

L.F. Jaffe

Figure 3| Cycle that may propagate fast CICI calcium
waves, as well as slow calcium waves

Starting at the top and going clockwise: calcium ions enter
the cell; subsurface filaments slide past each other so as to
shorten; the cell membrane is stretched so as to pull on the
nearby membrane; nearby calcium channels open to relay
the wave; calcium ions enter etc.

whereas Figure 2 indicates the different speeds to be
expected of waves with propagation mechanisms that
ultimately depend upon entirely different sliding fil-
aments.

We do so since most such waves have gross visible
mechanical components. Thus they include the bend-
ing waves that occur along active flagella, the waves of
ciliary bending which define metachronal waves,
the undulatory waves reported to cross the bodies of
two species of flagellates (Tamm, 1999) and the waves
along the sperm body of the polychaete Myzostomum
(Ishijima et al., 1994). Moreover, many of the ex-
amples listed in Table 2 involve heart cells, which are
well known to be dependent upon stretch to func-
tion (Hu and Sachs, 1997). Moreover, there are two
studies of fast CICI waves which report that they can
be initiated by gentle local mechanical stimulation:
Charles et al. (1996) who gently poked some mono-
layers of cultured cortical neurons, and Guthrie et al.
(1999) who dropped tiny (30 to 50 um) glass beads
on to monolayers of cultured astrocytes and reported
that “When thousands of beads are dropped through-
out a single culture, thousands of such waves are
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simultaneously initiated and subsequently propag-
ated throughout the culture’. Such mechanical wave
initiation provides further evidence for the proposed
mechanochemical cycle.

One objection to the proposal is that the propaga-
tion of slow calcium waves, which move approx-
imately one thousand times slower than CICI ones,
has been implicitly attributed to the same travelling
cycle (Jaffe and Cretén, 1998). However, the speed of
a mechanochemical wave will depend upon the res-
ponse speed and the calcium conductance of the
particular channel which is opened by stretch. In-
deed, mechanosensitive channels have been proposed
to mediate the submillisecond responses of hair cells
in the vertebrate ear (Corey et al., 2004).

Another objection is that metachronal waves are
generally believed to be propagated by hydrodynamic
coupling between cells, and that intercellular or in-
tracellular events do not regulate their propagation
(Machemer, 1974; Sleigh, 1974; personal communic-
ation, M. Sanderson). However, hydrodynamic coup-
ling will surely exert mechanical forces on the cell
membrane; therefore we see no reason why CICI
waves cannot be driven by mechanically propagated
calcium waves. [Moreover, Tamm (1999) reported
that in a swimming flagellate (Koruga) the 400 pm/s
undulatory waves along its surface precede the meta-
chronal ciliary waves moving at this same speed along
its surface and do so by about 10 um. Moreover, the
10 wm high undulatory waves can be stopped rapidly
by the addition of 1 mM nickel ion to the medium. So
we would infer that they are mechanically propagated
calcium waves}.

A further objection is that flagellar waves can be
seen in de-membranated flagella; a fact that would
seem to argue against propagation by calcium waves
in the flagellar membrane. There are many reports of
such waves, most recently by Ho et al. (2002) and
Linhart et al. (2002). Indeed, on the basis of the ob-
servations of waves along de-membranated flagella,
a sliding filament model of flagellar waves was pro-
posed some time ago (Brokaw, 1972). Nevertheless,
it seems impossible to assess the significance of these
reports for our calcium-wave model, since, to our
knowledge, none of them provide the speeds of fla-
gellar wave propagation, as opposed to the speeds of
sperm movement.

Finally, we would like to point out that the angle
between the axis of a structure, such as a flagellum

or a cell, and the direction of mechanical propagation
along it will be controlled by the angle between the
subsurface actinomyosin fibrils or microtubules and
this axis. Thus the proposed mechanical mechanism
would provide an explanation in principle for such
phenomena as spiral metachronal waves along cells
and spiral contractile waves along flagella.

Why should CICI rather than CICR
determine calcium-wave speeds along
flagella etc.?

A qualitative explanation lies in the absence of an
ER in flagella and cilia. A semi-quantitative theory
that holds more widely is supported by the higher
surface-to-volume ratios within the relatively thin or
flat cell regions or cells that make up most of the non-
flagellar cases listed in Table 2. Thus the first case in
Table 2 is that of the parasitic ciliate Opa/ina, which
has a body that is less than 10 um thick, whereas
the fifth case is that of a polychaete sperm’s body
which is only approx. 1.5 um thick. Also, Table 2
shows the cases of certain fish keratocytes, which are
only 1 um thick, and PC12 neurites, which are only
approx. 2 um thick.

Proposed tests of this proposal
This model predicts that calcium waves move at pre-
dictable rates along various undulating flagella and
along many other cells. This could be tested by us-
ing fluorescent calcium indicators; alternatively, one
could introduce one of the luminescent calcium re-
porters called aequorins and then observing the sys-
tem with an ultralow-light imaging device (Sala-
Newby et al., 2000; Chiesa et al., 2001; Créton and
Jaffe, 2001; Rogers et al., 2005). It predicts that such
waves should depend upon calcium influx which is
an easily tested prediction. It also predicts that many
of these waves could be initiated by gentle localized
poking and could be suppressed by mechanical con-
straints with appropriate gels or viscogens.

Above all, pursuit of this model calls for efforts in
the imaging of calcium waves.

Summary

We have assembled approx. 60 reports of waves which
move at the order of 100 to 1000 wm/s. Surely, these
call for consideration. In seven of these, calcium waves
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were imaged. Surely, this suggests that many of the
100—1000 wm/s waves are calcium waves.

However, these waves fall into two distinct groups:
those that move along flagella and those that move
along other systems. All of the calcium waves were
seen in these latter non-flagellar systems. So the most
important, if most demanding, future test of our pro-
posal is to image the spatiotemporal patterns of cal-
cium in flagella.
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