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On the conservation of fast calcium
wave speeds

L. F. Jaffe

The OB/GYN Department, Brown University, Providence, RI, USA

Summary Calcium waves were first seen about 25 years ago as the giant, 10 �m/s wave or tsunami which crosses the
cytoplasm of an activating medaka fish egg [J Cell Biol 76 (1978) 448]. By 1991, reports of such waves with ∼10 �m/s
velocities through diverse, activating eggs and with ∼30 �m/s velocities through diverse, fully active systems had been
compiled to form a class of what are now called fast calcium waves [Proc Natl Acad Sci USA 88 (1991) 9883; Bioessays
21 (1999) 657].

This compilation is now updated to include organisms from algae and sponges up to blowflies, squid and men and
organizational levels from mammalian brains and hearts as well as chick embryos down to muscle, nerve, epithelial,
blood and cancer cells and even cell-free extracts. Plots of these data confirm the narrow, 2–3-fold ranges of fast wave
speeds through activating eggs and 3–4-fold ones through fully active systems at a given temperature. This also indicate
Q10’s of 2.7-fold per 10 ◦C for both activating eggs and for fully activated cells.

Speeds through some ultraflat preparations which are a few-fold above the conserved range are attributed to stretch
propagated calcium entry (SPCE) rather than calcium-induced calcium release (CICR).
© 2002 Elsevier Science Ltd. All rights reserved.

Table 1a provides an updated list of waves through fertil-
izing eggs from a fucoid alga up to mice; while Table 1b
provides such a list for calcium waves through fully ac-
tive systems from droplets of cytoplasm of the common
pond alga, Chara (case #73) up to the human brain (cases
#26–26b). The corresponding Fig. 1A–C plot speed versus
temperature through activating eggs, through other in-
dividual but fully active cells and across tissues (or other
groups of cells), respectively. As was shown long ago [2]
the speeds of fast calcium waves through activating eggs—
here shown in Fig. 1A—are a few-fold below those through
those through full active systems as shown here in Fig. 1B.
This speed depression may be attributed to the dearth
of various ER calcium release channel modulators (cyclic
AMP, IP3, NADP, etc.) in highly repressed oocytes or eggs
before activation. However, mean speeds through tissues—
shown in Fig. 1C—are not clearly below those in fully active
cells as shown in Fig. 1B. While these collective data fail

Received 16 May 2002
Revised 29 July 2002
Accepted 29 July 2002

Correspondence to: Dr Lionel F. Jaffe, Marine Biological Laboratory, 7 MBL
Street, Woods Hole, MA 02543, USA. Tel.: +1-508-289-7251;
fax: +1-508-540-6902; e-mail: ljaffe@mbl.edu

to reflect intercellular or cell–cell delays, some observa-
tion on individual systems, do. Thus, intercellular calcium
wave speeds through blowfly salivary glands (case #49)
are about 40% below intracellular ones in this tissue (case
#49a); while the transtissue speed through rabbit airway
cell monolayers (case #59) are likewise about 40% below
the intracellular one. Perhaps, evolution minimizes the
cell–cell delays of calcium signals through tissues.
For both activating eggs and for waves through fully ac-

tive cells, the collective wave speed rises about 2.7-fold per
10 ◦C rise in temperature; while the collective Q10 for tis-
sues etc. seems to be about 3.0-fold, and thus, a bit higher.
Moreover, speed versus temperature data are available for
three individual systems. Such data for waves of spread-
ing depression through the cerebellum of the skate are
plotted in Fig. 1C and show a Q10 which is indistinguish-
able from the collective one. The same is true for data
obtained from observations of contraction waves through
isolated rat heart muscles as plotted in Fig. 1B. However,
the remarkable velocity versus temperature data for cal-
cium waves through isolated human uterine myocytes
(case #17a [66]) seems to show a somewhat lower Q10.
Among the more interesting new speed data since the

1991 compilation [2] is a very old one through an activat-
ing fucoid egg (case #1 in Table 1a [5]) and quite recent
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Table 1a A list of fertilization waves with known speeds

Case Group Genus �m/s at ◦C Indicator Reference

1a Fucoid algae Cystoseira 5 at 18 Secretion [5]
2 Sponges Tetilla 9 at 19 Secretion [6]
3b Crustacea Marine shrimp 20 at 22 Fluo-3 [7]
5 Echinoderms Arbacia 12 at 26 Secretion [8]
6 Comanthus 6 at 24 Secretion [9]
7 Psammechinus 8 at 18 Secretion [10]
8 S. drobechiansis 3 at 8 Secretion [11]
9 S. purpuratus 6 at 16 Secretion [12]
10 Asterias 6 at 18 Aequorin [13]
11 Arbacia 14 at 19 Aequorin [14]
12 Scaphechinus 10 at 23 Aequorin [15]
13 Lytechinus 8 at 16 Aequorin [16]
14 Lytechinus 11 at 18 Fura-2 [17]
16 Clypeaster 16 at 25 Fluo-3 [18]
17 Pisaster 6 at 14 Calcium green [19]
18 Tunicates Phallusia 13 at 20 Aequorin [20]
18a Ciona 10 at 25 Fura-2 [21]
18b Ciona 11 at 20 Ca green dextran [22]
19 Hemichordates Sacoglossus 8 at 23 Secretion [23]
20 Lamprey fish Lampetra 6 at 18 Secretion [24]
21 Bony fish Perca 7 at 17 Secretion [25]
22 Gasterosteus 8 at 20 Secretion [26]
25 Pungitius 9 at 18 Secretion [27]
26 Medaka 13 at 26 Aequorin [1]
26a Medaka ∼12 at 26 Aequorin [28]
27 Frogs Rana 20 at 22 Secretion [29]
28 Xenopus 8 at 22 Aequorin [30]
29 10 at 22 Electrodes [31]
30 8 at 24 Calcium green [32]
30a 8 at 20 Calcium green [33]
31 9 at 22 Indo-1 dextran [34]
32 Rodents Hamster 22 at 31 Aequorin [35]
33 Mouse 31 at 32 Green-1 dextran [36]

a This value was obtained from Knapp’s estimate that it takes an observed wave of surface roughness about a minute to cross the egg from
the observed point of sperm fusion together with a 200 �m figure for the diameter of the egg of Cystoseira barbata.
b This unusual egg is naturally activated by the increase of Mg2+ when it is shed into the sea rather than by sperm attachment which occurs
soon thereafter.

ones for brain injury waves obtained via magnetic reso-
nance imaging (MRI, cases #26a–28 in Table 1b [79–83])
and for a cell-free extract made from pig skeletal muscle
(case #73 in Table 1b [139]). While most of the speeds are
for waves propagated across cells, three (cases #48, 48a,
and 73) are centripetal. Moreover, there is a hint of such an
inwards wave during fertilization in the nemertian worm,
Cerebratulus [19]; while Stephano and Gould have claimed
that the egg of the echiuroid worm, Urechis is activated
by a waveless calcium pulse. However, their observations
could be explained as reflecting an inward activation wave
since protostome eggs like those of Urechis and Cerebrat-
ulus do seem to be activated in this way [141].
With some exceptions discussed below (and with due

regard for experimental error) the accumulated speed
data continue to remain within a 2–3-fold range for ones
through activating eggs at a given temperature and a
3–4-fold one for fully active systems, likewise at a given
temperature. The narrowness of these ranges may be best
appreciated when one considers the nearly billion-fold

range of the four main classes of calcium waves as shown
in Fig. 2.
These exceptions are in the data points marked by tri-

angles (�), in Fig. 1B and lie at speeds which are 2–3-fold
above the generally conserved range. Most of these are
listed under ventriculocytes which, in turn, are listed un-
der adult muscle in Table 1b. These are artificial cells
created by dissociating the ventricles of adult rodent
hearts. Most (but not necessarily all) of them are likely
to come from the relatively massive working muscles of
the heart rather than its specialized conductive tissues.
Importantly, they are only a few microns high (if the or-
der of 10-�m wide and 100-�m long) and riddled with
invaginating t-tubules so that most of their cytoplasm lies
within a micron of the plasmalemma. Furthermore, they
exhibit all of the well known phenomena of waves prop-
agated through excitable living systems (such as origin
anywhere and self-annihilation when two meet) plus the
strange—and perhaps revealing—phenomenon of helical
waves [142,143].

Cell Calcium (2002) 32(4), 217–229 © 2002 Elsevier Science Ltd. All rights reserved.
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Table 1b A list of fast calcium waves through fully active systems

Type # Group and system �m/s at ◦C Indicator Reference

From oogenesis through pattern formation
C 1 Amphibia, Xenopus stage 5 oocyte 25 at 19 Fluo-3 [37]
C 1a 25 at 24 Calcium green [38]
C 1b 21 at room

temperature
[39]

Ca green dextran [41]
Calcium green [40]

C 2 Annelids, Chaetopterus zygote 30 at room
temperature

Aequorin [42]

C 3 Nemerteans, Cerebratulus zygote 24 at 14 Dextranned
fluorescents

[19]

From author’s Fig. 11g
C 4 Tunicates, Phallusia zygote 25 at 20 Aequorin [20]
C 4a Ciona 24 at room

temperature
Ca green dextran [43]

C 5 Rodents, hamster zygote 50 at 31 Aequorin [35]
C 5a Mouse zygote 20 at 32 Fluorescents [36]
C 6 Human, sperm injected egg >51 at 37 Fluo-3 AM [44]
T 7 Birds, chick streak stage 33 at 37 Contraction [45]
T 7a 40 at 38 [46]
T 8 Fish, medaka shield stage 33 at room

temperature
Contraction [47]

Adult muscle (all of this muscle data is intracellular)
C 9 Crustacea, crayfish skeletal 23 at ∼20 Contraction [48]

10 Frog, whole skeletal 34 at 25 Fluo-3 AM [49]
11 Rodents, whole heart 80 at 37 Fluo-3 AM [50]
12 Heart muscle 33 at 23 Contraction [51]

74 at 30
12a Heart muscle 30 at 33 Fluo-3 [52]
13 Venous muscle 20 at 25 Fluo AM [53]
14 Vascular muscle cell line 16 at 19 Fura-2 [54]

Ventriculocytes with wave speeds in the conserved range
15 Rat, loosely attached 91 at 37 Contraction [55]
15a Loosely attached 113 at 33 Contraction [51]
15b Loosely attacheda ∼100 at 37 Fura-2 AM [56]
15c Slippery support ∼50 at 36 Fura-2 AM [57]
15d Slippery support [57a] 103 at 37 Fluo-3 AM [58]
15dd Wave precedes contractionb 76 at ∼28 Fura-2 AM [60]
16 Guinea pig; non-contracting 32 at 22 Fluo-3 [59]

Ventriculocytes with anomalously high wave speeds
15e Rat, loosely attached 75 at 23 Contraction [56]
15f Tightly attached via Fig. 2 of [60] 116 at ∼28 Fura-2 AM [60]
15g Tight(?) since serum free ∼100 at 21 Fluo-3 [61]
15h Tight(?) since serum free 76 at 21 Fluo-3 AM [62]
15I Tight(?) since serum free 111 at 25 Fluo-3 AM [64]
16b Guinea pig (high [K+]o), tight(?)

since serum free
60 at 23 Fluo-3 AM [63]

17 Human uterine myocyte 18 at 23 Ca green 1-AM [65]
This value is for the so-called near wave speed within 100 �m of the initiating touch stimulus

17a Human uterine myocyte 10 at 19 Ca green 1-AM [66]
16 at 25
20 at 30
41 at 37

18 Mouse, cell line myotubes 35 at 24 Fluo AM [67]
19 Chick, leg myocytes 70 at 24
20 Rabbit, colon myocyte 23 at 25 Fura-2 AM [68]

Neural systems: glial networks in healthy retinas (all are tissue data)
T 21 Turtle near hatching retina 40 at 27 Model [69]

22 Chick, day 11 retina 130 at 35 Calcium green [70]
23 Mouse, day 17 retina 125 at 30 Fura-2 AM [71]
24 Ferret newborn retina ∼110 at 35 Voltage [72]
24b Ferret newborn retina ∼110 at 31–34 Fura-2 AM [73]
24c Ferret newborn retina ∼160 at 31–34 Fura-2 AM [74]
25 Rat adult retina 23 at 24 Calcium green AM [75]
25a Rat adult retina 18 at 21 Ca green-AM [76]
25b Rat adult retina 28 at 24 Fluo-4 AM [77]

© 2002 Elsevier Science Ltd. All rights reserved. Cell Calcium (2002) 32(4), 217–229
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Table 1b (Continued)

Type # Group and system �m/s at ◦C Indicator Reference

Neural systems: spreading depression or spreading convulsion in the brain
T 26 Human migraine aura 50 at 37 Scotoma [78]

26a Human migraine aura 68 at 37 MRI [79]
26b Human migraine aura 58 at 37 MRI [80]
27 Rat brain’s cortex 57 at 37 MRI [81]
27a Rat brain’s cortex 70 at 37 MRI [82]
28 Whole cat’s neocortex 58 at 37 MRI [83]
29 Rat neocortical slice 34 at 33.5 Intrinsic optical [84]
30 Rat hippocampal organ culture 67 at 36 Fluo-3 AM [85]
30a Rat hippocampal slice 25 at 33.5 Intrinsic optical [84]

The temperature may have been significantly lower than 33 in the reflectance images since enough time for the deeper parts of the slice to
warm up from 20 to 23 room temperature may not have been allowed

30c Rat hippocampal slice 15 at 34.5 Voltage [86]
31 Squid Loligo retina 39 at 20 Voltage [87]
32 Squid Sepia retina 30 at 20 Voltage
33 Frog retina 17 at 23 Scattered light [88]
34 Chick retina 62 at 30 Scattered light [89]

This may be the most accurate single value for the speed of spreading depression in the literature since it was got in entrapped waves, i.e.
by inducing circling depression in rings of isolated retinas which continued for about 30 revolutions at a constant speed

34a Chick retina 63 at 33 Scattered light [90]
35 Catfish cerebellum 17 at 25 Voltage [91]
36 Cat cerebellum 150 at 38 Voltage
37 Skate’s cerebellum 8 at 10 Voltage [92]

13 at 15
18 at 18

38 Rat’s cerebellum 153 at 38 Voltage [93]
39 Intact young rabbit’s cerebrum 59 at 37 Voltage [94]

In 3–4-week-old rabbits, the same speed is measured in cases of spreading convulsion as in ones of spreading depression
39a Intact rabbit’s cerebrum 50 at 33 Impedance

tomography
[95]

40 Intact rat’s neocortex 110 at 37 Voltage [96]
40a Intact rat’s neocortex 47 at 38 Laser-Doppler [97]
41 Intact rat’s hippocampus 100 at 37 Voltage [98]
42 Cavy’s olfactory cortex 60 at 30 Reflectance [99]

From my measurements on control images shown in Fig. 2 (65 �m/s) of this paper and in Fig. 13 of [99a] (55 �m/s)

Neural systems: various intracellular waves
C 43 Rat hippocampal slice intraglial 15 at 21 Fluo-3 AM [100]

44 Rat hippocampal glial culture 19 at room
temperature

Fluo-3 AM [101]

44a Rat hippocampal glial culture 22 at room
temperature

Fluo-3 AM [102]

45 Rat brain astrocyte culture 13 at 22 [103]
46 Rat PC-12 neuroblastoma cells

To soma 84 at 21 Fluo-3 AM [104]
To neurite 33 at 21

47 Mouse N1E-115
neuroblastoma cells

43 at 29 Fura-2 dextran [105]

47a Mouse N1E-115
neuroblastoma cells

To soma 39 at 37 Fura-2 AM [106]
To neurite 148 at 37

Ci 48 Frog isolated ganglion cells 47 at 22 Indo-1 AM [107]
This is an inwards wave in the core region. The small shift above the generally conserved level is attributable to geometry of inward propagation

Ci 48a Rabbit isolated otic neurons ∼25 at 31–37 Fura-2 AM [108]

Epithelia: ectodermal
T 49 Blowfly salivary intercellular 15 at 23 Fura-2 AM [109]
C 49a Blowfly salivary intracellular 27 at 23 Fluo-4 AM [110]
C 50 Goldfish keratocytes ∼66 at 22 Indo-1 AM, 2-photon [111]

Waves were induced by voltage pulses across isolated, adherent cells and observed in a plane within a micron of the supporting surface
C 51 Rabbit iris ciliary epithelia:

from apex to base
23 at room
temperature

Fluo-3 AM [112]

52 Mouse lacrimal cell couplets 25 at 26 Fluo-3 [113]
T 53 Sheep lens cell monolayer 33 at 22 Fura-2 AM [114]

Cell Calcium (2002) 32(4), 217–229 © 2002 Elsevier Science Ltd. All rights reserved.
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Table 1b (Continued )

Type # Group and system �m/s at ◦C Indicator Reference

Epithelia: endodermal
C 54 Skate hepatocyte clusters 35 at 22 Rhod 2/AM [115]
T 55 Rat liver tissue ∼80 at 37 Rhod 2/AM [116]
T 55a Rat liver tissue 40 at 30 Fluo-3 AM [117]

At 1 nm vasopressin, the lowest concentration which largely avoids intercellular delays
C 55b Rat liver hepatocyte group ∼40 at 37 Fluo-3 AM [118]
C 55c Rat hepatocyte’s nucleus 49 at 37 Rhod 2/AM [119]

Stimulated by 0.5 mM Ach (Fig. 3B) or 1 mM ATP (Fig. 3C)
C 56 Rat pancreatic acini 58 at 37 Fluo-3 AM [120]

With minimal stimuli of 0.1 M Ach or 0.5 nM CCK
C 57 Mouse acinar cell clusters 20 at 26 Fura-2 AM [121]

Stimulated by 0.5 mM Ach (Fig. 2C) or 200 pM CCK (Fig. 2D)
C 57a Mouse acinar cell clusters 25 at 22 Fluo-3 AM [122]

Speed along the surface
C 57b Mouse acinar cell clusters 27 at 25 Fluo AM [123]

Speed along the surface
This value was obtained with Ach induced waves and is well within the conserved speed range; however, 13 �m/s was observed with

bombesin-induced waves. This value is somewhat below the conserved speed range
T 58 Rat lung cell monolayer 13 at room

temperature
Fura-2 AM [124]

T 59 Rabbit airway cell monolayer 23 at 23 Fura-2 AM [125]
My estimate from authors’ Fig. 3. The transtissue speed was about 60% of the transcellular one

60 Cavy gastric parietal ∼30 at 37 [126]

Epithelia: mesodermal
C 61 Human endothelial cells 50 at 37 Fura-2 AM [127]
T 62 Bovine endothelial cells 28 at 37 Fura-2 AM [128]
C 62a Bovine endothelial cells 30 at 23 Indo-1 AM [129]

Other systems
C 63 Rat mast cells 35 at room

temperature
Fluo-3 AM [130]

T 64 Rat leukemic mast cell layer 8 at 25 Fura-2 AM [131]
C 65 Frog melanotropes’ cytoplasm 33 at 20 AM fluorescents [132]
C 65a Nucleus 80 at 20
Ci 65b 40 at 20 Fura-red AM [133]

These are repetitive, spontaneous waves in isolated, flattened cells. They should have been tightly adherent since they were plated on
polylysine coated surfaces. Observations were apparently in a plane a micron from the supporting surface
C 67 Rat retinal pigmented cells

(intracellular speeds in
nondystrophic cells)

30 at 37 Fluo-3 AM [134]

C 68 Rat megakaryocytes 35 at 23 Fura-2 AM [135]
69 Chick embryo osteoclasts 21 at 20 (? [136a]) Fura-2 AM [136]

These were in a medium bearing 10% fetal calf serum when plated. So they should have been only loosely adherent to the supporting surface
C 70 Human prostate cancer cell line 23 at 36 Fluo-3 AM [137]
C 71 Human HeLa cell line ∼16 at 24 Fluo-3 AM [138]

Measured from author’s Fig. 1a
C 71a Rat glial precursor cells 150 at 37 Fluo AM’s [138a]
C 72 Cell-free extract from

pig skeletal muscle
45 at room T Fluo-3 or -4 [139]

Ci 73 Chara cytoplasmic droplet 15 at 23 Rotation stops [140]
From authors’ Fig. 4

‘C’ means a wave within a cell and such data are plotted in Fig. 1B. ‘T’ means a wave across a tissue or monolayer and such data plotted in
Fig. 1C; ‘i’ means an inwards wave.
a Via letters from Drs Wier, Lederer and Cannell.
b From the authors’ Fig. 8C.

In one very interesting—and perhaps key report
(Table 1b’s case #16 based upon [60]) speeds across
ventriculocytes which are near the center of the con-
served range were observed. In this paper (and also—if less
clearly—in Table 1b’s case #15dd—a low amplitude cal-
cium wave was propagated without any cell contraction.
Moreover (higher amplitude?) calcium waves—likewise
through guinea pig ventriculocytes and from the same

laboratory—were elicited by tripling the extracellular
potassium level and thereby increasing intracellular cal-
cium. These cells in a high potassium medium—unlike
those in serum level potassium—seemed to undergo a
contractile wave along with the calcium one. So these
findings suggest that the anomalously high speeds across
some ventriculocyte preparations are propagated by
contraction.

© 2002 Elsevier Science Ltd. All rights reserved. Cell Calcium (2002) 32(4), 217–229
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Fig. 1 (A) The speeds of egg activation or fertilization waves vs. temperature. Despite the fact that these data are from eggs which come
from a fucoid alga and a sponge up to a shrimp and two rodents, most speeds lie within a 2–3-fold range at a given temperature. The speeds
rise 2.7-fold per 10 ◦C over the available range of 8–32 ◦C. Extrapolation (not shown) predicts a speed of about 50 �m/s for the first fertilization
wave across the human egg at body temperature. (B) The speeds of intracellular fast calcium waves within fully active cells vs. temperature.
Although these data are from cells that go from droplets of algal cytoplasm (#73) up to the human brain (#26 and 26b), most speeds lie within
a 3–4-fold range at a given temperature. The mean speed—of about 15 �m/s at 20 ◦C—is about twice that for the egg activation waves shown
in (A). However, the collective Q10 is 2.7-fold per 10 ◦C as it is for activation waves. The waves in the upper outliers marked with a triangle may
be propagated by CICE or calcium-induced calcium entry instead of CICR or calcium-induced calcium release. The value marked with a large
open circle (#34) was from a wave entrapped within a retinal ring, may be the most accurate one ever measured and serves to compare these
data with those through tissues shown in (C). (C) The speeds of fast calcium waves through tissues vs. temperature. The data come from
very diverse systems including streak stage chicks (#7–7a), skate cerebella (#37), blowfly salivaries (#49), rat livers (#55) and the human
brain during a migraine attack (#26–26b). Nevertheless, most of the data lie within a 2–3-fold range at a given temperature.

Cell Calcium (2002) 32(4), 217–229 © 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 1 (B)

The important class of slow calcium waves may also
be propagated by contraction [4]; however, in the ultra-
flat ventriculocytes, the obvious site of stretch sensitive
channels would be in the plasma membrane rather than
the ER. Local subsurface contraction could not stretch

the nearby plasma membrane so as to open such chan-
nels if the cell were too loosely attached to the support
so the suggested mechanism should only work for cells
that are tightly attached to the support. With this in mind,
I sought evidence favoring tight or loose attachment in

© 2002 Elsevier Science Ltd. All rights reserved. Cell Calcium (2002) 32(4), 217–229
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Fig. 1 (C)

the dozen or so reports of isolated ventriculocyte cal-
cium wave speeds and have summarized this evidence in
Table 1b. With one exception, the evidence does show the
expected correlation between tight attachment and high
speed. Moreover, in two other studies of isolated, flattened
and adherent cells—that on goldfish keratocytes (case #50

via papers [111]) and on Xenopus pituitary melanotropes
(case #65 via papers [132–134])—in both of these, calcium
wave speeds were likewise 2–3-fold above the conserved
range of fast wave speeds.
I would therefore propose that these high speeds—which

are shown as dark triangles (�) in Fig. 1B—are propagated

Cell Calcium (2002) 32(4), 217–229 © 2002 Elsevier Science Ltd. All rights reserved.
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Fig. 2 Main classes of calcium waves based upon speed at room
temperature. Note how narrow the ranges of fast waves are in this
context; f, fertilization waves. Ultrafast means calcium propagated
action potentials; slow, stretch propagated waves; ultraslow, various
developmental ones. Modified from [3,4].

by what could be called calcium-induced calcium entry
or perhaps better, stretch propagated calcium entry (SPCE).
In it, local calcium entry would raise subsurface calcium.
This would induce local contraction. This contraction
would open nearby stretch-sensitive calcium channels in
the plasmalemma so as to allow nearby calcium entry,
and thus, continue the propagation cycle. It may be ob-
jected that these high speeds are not reduced by lowering
calcium levels in the general medium. However, the pro-
posed cycle would be propagated along the space under a
plated ventriculocyte where calcium levels would be set
by rapid local mechanisms and would be unaffected by
calcium levels in the perfusion medium. Just before sub-
mitting this paper I read (or reread?) a very similar model
that was put forward in 1995 by Wiltink et al. to explain
their observations of fast waves through isolated osteo-
clasts. While I have developed an SPCE model to explain
anomalously fast waves through certain preparations un-
der highly artificial conditions, the SPCE model of Wiltink
et al. has clear implications for natural bone development
and remodeling.
In conclusion, this compilation indicates that all bio-

logical waves which move at about 10–30�m/s at 20 ◦C
(with temperature corrections shown in Fig. 1A–C) are
propagated by the same fast wave mechanism. This is a
reaction/diffusion one which is governed by the Luther
equation in which the velocity, V is neither limited by the
speed of the calcium-induced calcium release reaction
(CICR), k nor by the diffusion constant of free calcium,
D. Rather, velocity depends upon the square root of the
product of k and D [2].

V ∝
√
kD

Finally, one may ask why evolution has conserved the
mechanism of fast calcium waves. I would again suggest
that it did so since they are propagated by a multiprotein,
ER machine that is too complex and too vital to change
after the ER’s invention [4]. Moreover, I would again sug-
gest that this complexity lies in a machine that drives two
tandem waves of calcium that are just outside of and also
within the ER and that both reinforce and constrain each
other [144].
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