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Fig. 1. VEGF promotes multiple Ca®* waveforms. (A) Time series showing YC3.6 FRET detection of cytosolic
Ca* concentration in individual PAECs after VEGF stimulation. The FRET signal at each time point was
normalized to that measured at the starting time. Scale bar, 50 um. AU, arbitrary unit. (B) Representative
traces illustrating different Ca®* waveforms triggered by VEGF stimulation. Inset shows the three basic
waveforms observed (LP, RS, and NR). (C) Distribution of Ca®* waveforms as a function of VEGF concentration
in PAECs and HUVECs. Data are means + SEM for n = 3 independent experiments with greater than 100 cells
for each concentration of VEGF. (D) Distribution of migration distances as a function of waveform after
stimulation with VEGF for 1 hour (n = 92 cells from n = 3 independent experiments). (E) The distribution
of time-averaged NFAT activation as a function of Ca®* waveform in PAECs after stimulation with VEGF for
3 hours (n = 76 cells from n = 4 independent experiments). NFAT activation was determined as the ratio of
nuclear to cytoplasm NFAT intensity. (F) HUVECs were starved overnight and exposed to VEGF and the
NFAT inhibitor VIVIT for 24 hours. Nuclear BrdU (5-bromo-2'-deoxyuridine)incorporation was used to
track cell cycle progression (Student's ttest, **P < 0.05, *P < 0.085, n = 3 independent experiments). (G) Sche-
matic summarizing the role of Ca®* signaling in phenotype selection. LP and RS signals are interpreted differently
by cells resulting in either migration or NFAT signaling, which can promote cell proliferation.

S1 and S2), were observed in porcine aor-
tic endothelial cells (PAECs), in which only
VEGF receptor 2 (VEGFR?2) is present,
and in primary human umbilical vein endo-
thelial cells (HUVECS), in which multiple
VEGER isoforms are present. Moreover,
by testing several different concentrations
of VEGEF, we found that the fraction of
cells exhibiting each waveform was depen-
dent on the amount of VEGF signaling in
both PAECs (Fig. 1C, top) and HUVECs
(Fig. 1C, bottom). At a low concentration
of VEGF (1 ng/ml), most cells had either
NR or RS waveforms. When the concen-
tration was increased to 5 ng/ml, approxi-
mately the dissociation constant of VEGFR2
(24), most cells exhibited either an RS or
an LP waveform. As the concentration of
VEGF approached saturating amounts,
the LP response was dominant. These ob-
servations raised the possibility that Ca®*
signals in endothelial cells can relay differ-
ences in VEGF signaling in vitro, and pos-
sibly in vivo, in the form of dynamically
distinct profiles. These Ca®" waveforms,
if decoded by distinct signaling pathways,
could then translate into distinct pheno-
typic outcomes, such as enhanced cell pro-
liferation or enhanced migration.

Distinct noisy temporal Ca®*
dynamics are specifically
converted into either enhanced
cell migration or increased
NFAT signaling

VEGF-dependent Ca*" signaling stimulates
cell motility. We simultaneously measured
Ca**-dependent FRET and the path length
of cell migration in response to VEGF
stimulation. We found that cells with LP
waveforms were more motile (Fig. 1D) than
those with NR or RS waveforms. To as-
sess proliferative capacity, we examined
signaling mediated by the transcription
factor NFAT, which is a terminal node of
the central pathway that links intracellular
Ca** to cell proliferation (25-29) and sur-
vival (30). NFAT isoforms can show dif-
ferential activation in response to dynamic
Ca?" stimulation (31). We thus examined
NFAT?2 (also known as NFATC1, hence-
forth referred to as NFAT), which pro-
motes cell proliferation (25, 30). Because

intracellular Ca®* often did not completely adapt back to the baseline val-
ue, settling at a low persistent amount of signaling (LP waveform). Other
cells responded with complex temporal patterns of repeated spikes (RS
waveform). Finally, in the remainder of the cells, Ca®" did not display a
detectable response at all, referred to as the null response (NR waveform).

These responses, which were present under conditions with limited
cell-cell contact (Fig. 1A) and with substantial cell-cell contact (movies

dephosphorylated NFAT translocates into the nucleus (37), we used
changes in the ratio of nuclear to cytoplasmic NFAT to estimate changes
in NFAT activation. Simultaneous imaging of Ca®" waveforms and pheno-
typic responses revealed that only cells with RS waveforms exhibited
enhanced NFAT activation (Fig. 1E) compared to those with NR or LP
waveforms. Furthermore, we found that the dependence of HUVEC pro-
liferation on VEGF concentration was similar to that of RS waveforms,
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with proliferation suppressed at all VEGF concentrations by an NFAT in-

hibitor (Fig. 1F).

How do signaling pathways controlling NFAT activation and cell mi-
gration discriminate between LP and RS waveforms? Individual signaling

pathways could respond to the average
amount of Ca®" over a given amount of
time to reduce noise and discriminate be-
tween waveforms. Because the distribution
of Ca®" concentration for LP and RS wave-
forms, averaged for 30 min after VEGF
stimulation, completely overlapped (fig. S1),
time averaging was an unlikely mechanism
of signal discrimination. This finding was
consistent with biological constraints that
prevent sustained high concentrations of
Ca®" for prolonged periods (32). Therefore,
the mechanisms of waveform discrimination
likely rely on information encoded by the
dynamic, time-dependent attributes of dif-
ferent Ca>* waveforms (Fig. 1G). We thus
explored how distinct downstream signaling
pathways might enable robust dynamic de-
coding of distinct noisy Ca®" inputs.

Increased NFAT signaling
requires temporal integration of
frequent Ca?* spikes
Simultaneous tracking of Ca** and NFAT
signaling revealed that the naturally occur-
ring interspike intervals of RS waveforms
were distributed, such that NFAT activation
displayed stepwise increases. These dis-
crete increases in activation correlated with
individual Ca*" spikes (Fig. 2A). Some
cells with RS waveforms generated fast and
persistent NFAT activation, suggesting that
NFAT was able to integrate Ca*" spikes due
to VEGF stimulation [Fig. 2, B (cell I) and
C, and movie S3 (cell I)]. LP waveforms
did not sustain high NFAT activation as com-
pared to those with RS waveforms [(Fig. 2,
B (cell II) and D, and movie S3 (cell II)].
If the NFAT-dependent Ca”" signal de-
coding mechanism functions by maintaining
the memory of Ca*" spikes and pushing the
response to RS signals above a threshold,
Ca®* should trigger high NFAT activation
through repeated, brief, high-amplitude inputs,
rather than through nonrepetitive inputs, ir-
respective of the average Ca®" concentra-
tion. We tested this prediction by analyzing
NFAT responses in cells with LP and RS
waveforms, which have wide, overlapping
ranges of average Ca®* concentrations. NFAT
activation was the same in cells with LP
and NR waveforms, irrespective of average
Ca”" concentration (Fig. 2E). NFAT activa-
tion in many RS cells, however, exceeded that
of NR cells up to 20-fold across the range
of average Ca®" concentrations observed

(Fig. 2E). Thus, although the NFAT activation in cells with RS waveforms
depended on average Ca®" concentration (Fig. 2E), it did not in cells with
LP waveforms, suggesting that discrimination of waveforms was not
accomplished on the basis of average Ca®" concentration alone, but also
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Fig. 2. NFAT signaling is selectively enhanced by the RS Ca?* waveform. (A) Example traces illustrating
“staircase-like” NFAT response to Ca®* spikes after stimulation with VEGF. (B) Representative images
(from movie S3) showing simultaneous Ca®* (FRET) amplitude and NFAT translocation for cells with RS
() and LP (II) waveforms. VEGF was added after 1.5 min. Scale bars, 50 um. (C and D) Ca®* and NFAT regu-
lation for the cells shown in (B) having RS (C) and LP waveforms (D). Arrows show the times corresponding
to the sample images. (E) Comparison of average NFAT activation as a function of average increase in
Ca?* amount for individual cells exhibiting NR, LP, or RS waveforms. (F) Average NFAT activation as a
function of the average spike frequency. The horizontal gray line indicates the boundary between the
groups with basal and enhanced activation as determined by k-means analysis. The vertical lines mark
the boundaries between cells exhibiting only basal NFAT activation, both basal and enhanced activation,
and only enhanced NFAT activation. The red line illustrates a sigmoidal fit to the RS cell data [fx) = 2.07 +
1/(0.1 + exp(—(x — 16.15))), R = 0.865]. Data in (E) and (F) were collected for 3 hours after application of
VEGF (n = 76 cells from n = 4 independent experiments).
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required information about the number of peaks over the duration of the
input (Fig. 2F). K-means cluster analysis was used to separate RS cells
into two groups based on the amount of NFAT activation. The first group
had lower NFAT activation near that observed for NR and LP cells (Fig.
2F), whereas the second group had enhanced NFAT activation, which ex-
ceeded that observed for the other two groups. The amount of NFAT
activation in cells with RS waveforms roughly correlated with spike fre-
quency in a stepwise fashion. RS cells with less than three spikes per
hour had basal amounts of NFAT activation, those with between three
and nine spikes per hour had variable amounts of NFAT activation,
and those with greater than nine spikes per hour had only enhanced
NFAT activation.

Increased cell motility requires sustained and
uninterrupted Ca®* signaling

To determine the impact of VEGF-dependent Ca®" signaling on cell mo-
tility, we simultaneously measured Ca>"-dependent FRET and the path
length of cell migration in response to VEGF stimulation (fig. S2A).
We found that cells with LP waveforms were more motile than those with
NR or RS waveforms (Fig. 3A). In addition, cells with LP waveforms, but
not RS waveforms, also maintained Ca®" concentrations above a minimal
amount required to stimulate enhanced cell migration (Fig. 3A). Cells with
LP waveforms that did not maintain Ca** concentrations at least 5% above
baseline clustered (k-means analysis) with NR and RS cells (Fig. 3A) and
displayed reduced migration distances indistinguishable from that of cells
with NR waveforms (Fig. 3B). Although we used VEGF (5 ng/ml) to ob-
tain nearly equal samples of LP and RS cells, this clustering was also ev-
ident using VEGF (50 ng/ml) (fig. S2B). These results confirmed that the
initial transient Ca®" peak of the LP response was not sufficient to sustain
the enhanced motility phenotype. To further test whether this low Ca®*
signaling was required to maintain enhanced motility, we inhibited Ca®"
signaling with EGTA after 30 min of VEGF stimulation, which resulted in
acute reduction of cell migration distances (fig. S2C), suggesting that in-
stantaneous rather than integrated Ca>" concentrations were a better pre-
dictor of the extent of cell migration. Indeed, we found that, although the
ranges of time-integrated values of Ca®" were similar among LP and RS
cells, none of the RS cells displayed increased motility (Fig. 3C and fig.
S2D) above that of NR cells. These results suggested that a signaling
pathway coding enhanced motility would have a relatively short “memory”
of Ca*" spikes, but would be responsive to persistent, low Ca®" inputs. This
feature would allow LP signals to persistently stimulate migration by re-
maining above a low threshold value in contrast to RS waveforms, which
continually fluctuate below the same low threshold value.

Myosin light chain kinase (MLCK) is a Ca*'-sensitive kinase that ac-
tivates myosin light chain through phosphorylation, thereby facilitating the
stress fiber formation and cell contraction required for movement. We in-
vestigated MLCK as a possible effector of VEGF-induced cell motility.
We found that cells exhibiting LP waveforms formed a greater number
of lamellipodia than those with RS waveforms (fig. S2E). Such lamelli-
podia, which were larger and more persistent compared to those observed
in cells with RS waveforms (fig. S2E), have been previously implicated in
control of cell migration in an MLCK-dependent fashion (33). We indeed
found that cells with the LP Ca®" waveforms drastically changed shape in
response to VEGF (Fig. 3D, LP, and movie S4). In contrast, cells with RS
waveforms generally had small filopodia (Fig. 3D, RS, and movie S5) and
showed little change in shape. Inhibition of MLCK with the MLCK-specific
peptide 18 decreased VEGF-induced cell motility, suggesting that the
observed cell changes were indeed MLCK-dependent (Fig. 3E).

Our data suggested that cells become motile in response to acute
changes in Ca®' concentration and that this response was MLCK-

dependent. Thus, we predicted that the dynamics of MLCK activation
should closely reflect the dynamics of the Ca®" waveforms, with sufficiently
rapid activation and inactivation kinetics. Using an MLCK FRET reporter,
we found that MLCK activation correlated with both LP (Fig. 3F, top) and
RS (Fig. 3F, bottom) waveforms with transient MLCK peaks coinciding
with Ca®" spikes. In contrast to NFAT activation, average MLCK activa-
tion was similar for LP and RS waveforms across a range of time-averaged
Ca®" concentrations (Fig. 3G), indicating that MLCK was not capable of
integrating repeated Ca®" spikes. Thus, neither waveform was capable of
sustaining MLCK activation in the absence of sustained Ca>* concentra-
tions, confirming the role of MLCK in enabling the migration pathway to
behave in an acute and instantaneous fashion.

Decoding of dynamic Ca®* signals results in
deterministic phenotype selection coupled with noisy
response amplitudes

The results above suggested that a VEGF-triggered dynamic signal, intra-
cellular Ca**, was decoded differently by two signaling systems to obtain
distinct and mutually exclusive cell responses—that is, to achieve signal
“multiplexing” through dynamic signal encoding (Fig. 4A, top). We showed
that the selection of either of the two signaling pathways, NFAT and MLCK,
is achieved by their respective memory of the Ca*" signals—that is, reten-
tion of information about the duration of Ca** signaling activity after a
transient Ca®" increase. This type of memory by signaling pathways is
analogous to a physical ratcheting mechanism, which permits movement
in a single direction while preventing travel in the opposite direction. If, as
is the case with the NFAT activation, the memory of the transient Ca®* in-
crease is sufficiently long compared to the characteristic time scale of the
Ca®" waveform dynamics—for example, the interspike intervals in the RS
waveforms—then the signaling pathway could act as an effective ratchet-
ing mechanism, integrating sequential transient inputs into a high and sus-
tained output (Fig. 4A, bottom, orange). Several Ca®" spikes, operating
within a wide range of stochastic spike distributions, can thus sustain the
signaling output above a response threshold to ensure robust phenotypic
selection (Fig. 4B, orange box). When presented with an LP waveform, lack
of repeated Ca®" transients would prevent the pathway from sustaining
signaling above the response threshold (Fig. 4B, orange box). Alternative-
ly, if the memory of a signaling pathway is comparatively short, as is the
case with the MLCK activation, making it an ineffective ratchet, the re-
sponse to RS waveforms would be negligible because each individual spike
would be insufficient to sustain an appreciable signaling output (Fig. 4A,
bottom, blue). To achieve a sustained output, a signaling pathway be-
having as an ineffective ratchet therefore requires a continuous input.
The required amount of input may be high enough to prevent activation
through the baseline Ca®" concentrations found in-between RS peaks, but
low enough such that the later phase of the LP waveforms are effective in
sustaining downstream signaling (Fig. 4B, blue box). In this fashion,
signaling pathways responding to Ca”" transients as effective and in-
effective ratchets could selectively and robustly respond to RS and LP
waveforms, respectively.

Whereas the model above supports an experimentally observed deter-
ministic selection of responses, in which cells with LP waveforms did not
show enhanced NFAT signaling (Fig. 1E) and cells with RS waveforms
did not display enhanced cell motility (Fig. 1D), it leaves open the ques-
tion of the magnitude of each response. Indeed, we found that the degree
of NFAT activation by RS cells and the extent of cellular motility dis-
played by LP cells showed a high degree of variability. To better under-
stand this response variability, we constructed a Bayesian decision model,
accounting for the three stochastic elements: (i) the selection of Ca?* wave-
forms, (i) the magnitude of their characteristics—that is, Ca®" spike
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Fig. 3. Signaling that regulates enhanced cell motility requires Ca®* con-
centrations to be continuously sustained above a threshold. (A) Migration
as a function of the minimum Ca®* concentrations reached during the
later portion of Ca2* signaling (20 to 60 min). Cells that returned to
baseline were separated from those with sustained Ca®* concentrations
(vertical gray line). The horizontal gray line indicates the boundary be-
tween basal and enhanced motility groups as determined by k-means
analysis (n = 92 cells from n = 3 independent experiments). (B) Ca*
traces for cells displaying LP waveforms that either fully adapt back to
baseline (red) or maintained low amounts of signaling (blue) are com-
pared to NR cells, used as a control (black). Corresponding migration
is shown in the inset. Data were collected for 1 hour after simulation
with VEGF. (C) Migration as a function of integrated Ca®* concentra-
tions. (D) Representative images showing that cells with RS wave-

frequency (/) for RS and late-phase Ca®" signal duration (zg) for LP, and
(iii) the phenotype responses NFAT activation or cell motility (text S1).
To determine whether phenotypic selection depended on the direct
modulation of waveform characteristics by VEGF or solely through its
effect on waveform selection, we trained the Bayesian decision model
using either expanded or simplified model topologies (Fig. 4C). In the

Time (min)

Average [Ca*] (AU)

forms (movie S5) did not change shape and displayed limited actin
recruitment to small lamellipodia and filopodia (white arrows). Cells exhi-
biting LP waveforms (movie S4) markedly changed shape and formed
large lamellipodia with greater actin recruitment (white arrows). (E) Dis-
tribution of migration values for cells exhibiting LP waveforms after VEGF
stimulation alone (black, n = 58 cells from n = 3 independent experiments)
and with 30-min preincubation with the MLCK-specific inhibitor peptide
18 (red, n = 57 cells from n = 3 independent experiments). (F) MLCK
activation corresponding to Ca®* waveforms with LP (top) and RS
(bottom) was synchronized in time. Traces are representative of n =
64 cells from three independent experiments. (G) Average MLCK acti-
vation, taken after 1 hour of VEGF stimulation, shown as a function of the
average amount of Ca®* for both LP and RS (n = 64 cells from n = 3
independent experiments).

expanded model, we considered the distributions of fand #4 for each con-
centration of VEGF (1, 5, 10, and 50 ng/ml). This expanded model pre-
dicted waveform distributions and characteristics that generally agreed
with the experimental data (fig. S3, A to C), and simulations using the
expanded model (see fig. S3, D to E for model parameters) predicted dis-
tributions of phenotypes across VEGF concentrations consistent with the
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