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SUMMARY

Calcium signaling has long been associated with key
events of immunity, including chemotaxis, phagocy-
tosis, and activation. However, imaging and manipu-
lation of calcium flux in motile immune cells in live
animals remain challenging. Using light-sheet micro-
scopy for in vivo calcium imaging in zebrafish, we
observe characteristic patterns of calcium flux trig-
gered by distinct events, including phagocytosis of
pathogenic bacteria and migration of neutrophils to-
ward inflammatory stimuli. In contrast to findings
from ex vivo studies, we observe enriched calcium
influx at the leading edge of migrating neutrophils.
To directly manipulate calcium dynamics in vivo,
we have developed transgenic lines with cell-specific
expression of the mammalian TRPV1 channel,
enabling ligand-gated, reversible, and spatiotem-
poral control of calcium influx. We find that
controlled calcium influx can function to help define
the neutrophil’s leading edge. Cell-specific TRPV1
expression may have broad utility for precise control
of calcium dynamics in other immune cell types and
organisms.

INTRODUCTION

Intracellular calcium concentrations [Ca?*]; are tightly regulated;
changes in the frequency and spatial distribution of [Ca*]; affect
multiple aspects of cellular activity. The first neutrophil behavior
associated with calcium flux was identified almost 40 years ago
(Boucek and Snyderman, 1976). However, subsequent analysis
using alternative methods to visualize [Ca®*]; dynamics (Grien-
berger and Konnerth, 2012; Tsien, 1980) were surprisingly diver-
gent, with reports of enriched calcium at the front edge of
migrating neutrophils (Sawyer et al., 1985), whole-cell calcium
flux in migrating neutrophils with no calcium gradient (Marks
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and Maxfield, 1990), and no detectable changes in neutrophil
calcium levels during chemotaxis (Laffafian and Hallett, 1995).
A low-amplitude leading-edge Ca®* signal has been detected
in polarized RAW cells in culture, a model system for macro-
phage chemotaxis, and this Ca®* signal was shown to be essen-
tial for leading edge stability and ruffling (Evans and Falke, 2007).
However, the presence of a leading-edge Ca?* signal has not
been demonstrated for any leukocyte in tissue.

Light-sheet microscopy enables whole-animal recordings of
calcium dynamics in multiple cells simultaneously in small, trans-
parent organisms (Keller et al., 2015). Zebrafish larvae are opti-
cally transparent and therefore ideal for studying immune-cell
behaviors in real time and in whole animals (Renshaw and Trede,
2012). There is a high degree of genetic and functional conserva-
tion between the zebrafish and mammalian innate immune sys-
tems (Cambier et al., 2014; Harvie and Huttenlocher, 2015;
Henry et al., 2013). Detailed characterizations of zebrafish neu-
trophils have motivated the establishment of new animal models
for both neutrophil dysfunction, such as WHIM (Warts, Hypo-
gammaglobulinemia, Infections, and Myelokathexis) syndrome,
and bacterial infections, including Pseudomonas aeruginosa
(Brannon et al., 2009; Clatworthy et al., 2009; Phennicie et al.,
2010; Walters et al., 2010).

Here, we carry out high-resolution intravital recordings of
calcium signaling in migrating neutrophils in whole, live verte-
brates. Analysis of calcium dynamics using light-sheet micro-
scopy reveals calcium enrichment at the leading edge of
migrating neutrophils, rather than the classical model of highest
calcium levels at the uropod (Wei et al., 2012). We describe a
tool to perturb calcium dynamics in a cell-specific and control-
lable manner that has broad application for other immune
cells. Cell-specific expression of a pharmacologically inducible
calcium channel enables temporal and spatial regulation of cal-
cium influx in live animals. We find that regulated neutrophil cal-
cium flux is required for neutrophil migration and that calcium
enrichment at the leading edge can help direct polarized migra-
tion. These approaches provide a platform for direct in vivo
observation and manipulation of calcium dynamics in specific
immune cell populations.
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RESULTS

In Vivo Detection of Leading-Edge Calcium Enrichment
in Migrating Neutrophils

To examine in vivo calcium dynamics during neutrophil recruit-
ment, we coupled light-sheet microscopy with transgenic zebra-
fish lines expressing the genetically encoded calcium indicator
GCaMP83 specifically in neutrophils. We expressed GCaMP3
specifically in neutrophils using the LysC promoter and gener-
ated Tg(LysC:GCaMP3) transgenic animals (Hall et al., 2007,
Meijer et al., 2008; Oehlers et al., 2015; Tian et al., 2009). We
amputated a small segment of the caudal fin, a well-established
injury assay for inducing a local inflammatory response and
robust neutrophil recruitment (Figure 1A) (Henry et al., 2013).
We employed light-sheet fluorescence microscopy to image
intracellular calcium with high spatial and temporal resolution
in live animals 3 days post-fertilization (3 dpf) (Ahrens et al.,
2013). To avoid artifacts associated with cell movement, we per-
formed ratiometric imaging in animals that carried both GCaMP3
and a cytoplasmic red fluorescent protein, both driven under
the same neutrophil-specific promoter, Tg(LysC:GCaMP3;
LysC:dsRed) (Figure 1A).

Ratiometric analyses of neutrophils migrating toward the
wound site revealed fluctuations in calcium across the migrating
cells through time (Figures 1B and S1; Movie S1, part 1). In
contrast to previous ex vivo observations in neutrophils (Laffafian
and Hallett, 1995), but similar to observations in a macrophage
model (Evans and Falke, 2007), the zone of highest calcium
enrichment was consistently observed at the leading edge of
migrating neutrophils in vivo (Figures 1C, 1D, and S2). The middle
of the cell generally displayed the lowest calcium, and the lagging
edge had transient instances of high calcium, but overall showed
only slightly elevated calcium levels that did not reach those of the
leading edge (Figures 1C, 1D, and S2). Stationary cells from these
same animals failed to show any consistent subcellular calcium
enrichment patterns over time (Figure S3; Movie S1, part 2).
Thus, elevated calcium concentrations at the leading edge are
a notable feature of migrating neutrophils in vivo.

Neutrophils Exhibit Whole-Cell Calcium Flux at Wound
Sites and during Phagocytosis

Neutrophils from Tg(LysC:GCaMP3) larvae also exhibited dra-
matic whole-cell calcium flux once they reached a distance of
~50 um from the wound. To analyze calcium flux during recruit-
ment, we carried out ventral fin wounding assays (Figure 2A).
Neutrophils migrating toward the wound exhibited whole-cell
calcium flux more often as they approached the site of injury
compared to nearby neutrophils that were stationary (Figures
2B and 2C; Movie S2). The duration and frequency of whole-
cell calcium signals were variable among the migrating neutro-
phils, lasting from ~30 s to well over 1 min.

Calcium signaling has also been implicated in phagocytosis
and ensuing downstream responses (Nunes and Demaurex,
2010). We infected Tg(LysC:GCaMP3) larvae with fluorescently
labeled P. aeruginosa and performed high-speed time-lapse im-
aging to capture individual phagocytosis events (Brannon et al.,
2009). We found that larval neutrophils consistently exhibited an
increase in intracellular calcium (lasting ~20-30 s) upon phago-

cytosis of P. aeruginosa (Figure 2D; Movie S2, parts 2-4). These
studies highlight the complex nature of calcium signaling in vivo,
as we observed distinct calcium signaling patterns for each
neutrophil activity examined: leading-edge enrichment of cal-
cium during migration, long whole-cell pulses of calcium influx
at close proximity to a wound site, and relatively shorter
whole-cell calcium pulses upon phagocytosis of P. aeruginosa.

Pharmacological Control of Calcium Dynamics in
Zebrafish Neutrophils via Expression of a Mammalian
lon Channel

To assess the functional relevance of these dynamics, we devel-
oped a generalizable method for directly manipulating calcium in
immune cells in vivo. The cation channel TRPV1 is highly perme-
able to calcium, widely studied for its role in nociception, and was
first identified based on its gating by capsaicin (Caterina et al.,
1997). Administration of capsaicin to transgenic Caenorhabditis
elegans expressing mammalian TRPV1 in specific sensory
neurons can mediate neuronal depolarization (Tobin et al.,
2002). We used the zebrafish LysC promoter to drive rat TRPV1
(rTRPV1) specifically in neutrophils, creating the stable line
Tg(LysC:rTRPV1-tdTomato). The critical amino acid residues
required to confer capsaicin sensitivity to mammalian TRPV1
are not conserved in zebrafish, and wild-type zebrafish exhibit
no behavioral response to capsaicin treatment (Caterina et al.,
1997; Graham et al., 2013; Jordt and Julius, 2002). We found
that intracellular calcium flux was specifically induced in neutro-
phils from Tg(LysC:rTRPV1; LysC:GCaMP3) larvae treated with
capsaicin but was absent if treated with vehicle or in control
larvae lacking the rTRPV1 channel and exposed to capsaicin (Fig-
ures 3A and 3B; Movie S3; data not shown). Prolonged capsaicin
treatment resulted in sustained calcium entry in rTRPV1 positive
neutrophils for up to 60 min (Figures 3A and 3B; Movie S3, part 2).

Targeted Perturbation of Calcium Flux Inhibits
Neutrophil Recruitment

We next developed a pulsed capsaicin delivery protocol that
would maximize calcium influx while minimizing any potential
cell death from prolonged depolarization (see Experimental
Procedures). We amputated the caudal fin to induce ne-
utrophil recruitment and then pulsed with capsaicin or vehicle.
2 hr post-wounding (2 hpw), neutrophils in the control
groups (Tg(LysC:dsRed) larvae pulsed with capsaicin or
Tg(LysC:rTRPV1) treated with vehicle) were recruited normally
to the wound (Figures 3C and 3D). However, neutrophils in the
Tg(LysC:rTRPV1) larvae pulsed with capsaicin failed to reach
the wound site (Figures 3C and 3D), suggesting that disrupted
calcium flux is sufficient to perturb recruitment. We also pre-
treated Tg(LysC:rTRPV1) larvae with capsaicin pulses before
amputation and then followed the amputation with a 2-hr treat-
ment in ethanol vehicle. Neutrophils from these pretreated
animals exhibited partial to full recovery, showing that the sup-
pression of neutrophil recruitment after capsaicin treatment is
reversible (Figures 3C and 3D).

Neutrophil recruitment is associated with the immune
response to bacterial infection with P. aeruginosa (Deng et al.,
2013; Yang et al., 2012). We assessed whether the neutrophil-
specific rTRPV1 could modulate neutrophil recruitment to

2108 Cell Reports 13, 2107-2117, December 15, 2015 ©2015 The Authors



GCaMP3 dsRed Ratio

0

C D - = g =
Time averaged calcium activity profile p-value=0.02 p-value=0.03

N
N
!
oo
N
e

—_
@

Leading 1/5 - lagging 1/5
P

Leading 1/3 - lagging 1/3
D

@

£

Standardized activity

b

0 20 40 60 80 100 i
Normalized cell length

Figure 1. Calcium Is Enriched at the Leading Edge of Migrating Neutrophils In Vivo

(A) llustration of a caudal fin amputation (red dotted line) in a double-transgenic larva Tg(LysC:GCaMP3; LysC:dsRed) with the field of view in the red box. White
arrow indicates fin amputation, and white box highlights the neutrophil in the still frames in (B). Scale bar, 50 pm.

(B) Maximum-intensity projections from time-lapse experiments with light-sheet fluorescence microscopy follow a single neutrophil migrating toward wound,
displaying image data from each channel (GCaMP3 or dsRed) and resulting ratiometric image (GCaMP3/dsRed). Arrow indicates overall direction of migration.
t = 0 corresponds to 40 min post-wounding. Scale bar, 10 um.

(C) Time-averaged calcium activity profile across the length of a migrating neutrophil (normalized relative to direction of migration, where 0 is the lagging edge and
100 is the leading edge). Each neutrophil is graphed in black (n = 15, from four animals) with the mean profile (red line), bound by 95% confidence intervals (dashed
red lines).

(D) Left box plot shows the difference between the average calcium signal at the leading and lagging edge (one-fifth of the length) for each neutrophil examined in
(C). Middle line is the median, the box is the middle 50%, and the upper and lower bars indicate data range, with outliers as dots. Calculations were also repeated
using the leading and lagging one-third of each cell (right box plot). Hypothesis that the average difference was positive was tested using a one-sample t test.
See also Figures S1-S3 and Movie S1.
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Figure 2. Neutrophils Undergo Whole-Cell Calcium Flux at Sites of Injury and upon Phagocytosis of Bacteria

(A) Cartoon of a ventral fin wound (red notch) and field of view during imaging (red square).

(B) Fluorescent images from a time-lapse following GCaMP3 expression in a neutrophil migrating toward a ventral fin wound in a Tg(LysC:GCaMP3) larva.t =0
corresponds to 5 min post-wounding. Arrow highlights a single neutrophil as it periodically flashes during migration toward a ventral wound.

(C) Mean number of whole-cell calcium flashes per cell per minute during the first hour post-wounding in migrating neutrophils and stationary neutrophils. Error
bars are mean + SD. Mann-Whitney test ***p < 0.0001 (n = 15 cells from five larvae for migrating cells, and n = 8 cells from four larvae for stationary cells).

(D) Still frames from time-lapse capturing calcium flash upon LysC:GCaMP3 neutrophil (green) phagocytosis of P. aeruginosa (red). Dotted line surrounds the
phagocytic neutrophil in each frame, and the arrow highlights bacteria that will be phagocytosed. t = 0 corresponds to 30 min post-infection. Scale bars, 10 pm.
Graphs quantify the increase in relative fluorescence intensity from GCaMP3 (F/F0) during phagocytosis of PAO1. Left graph corresponds to the panels above,
and the center and right graphs correspond to additional examples shown in Movie S2, parts 3 and 4, respectively.

See also Movie S2.
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Figure 3. Regulated Calcium Flux Is Required for Neutrophil Recruitment

(A and B) Time-lapse experiment shows no change in GCaMP3 fluorescence in neutrophils from control Tg(LysC:dsRed; LysC:GCaMP?3) larva after addition of
capsaicin and increased GCaMP3 fluorescence in neutrophils from Tg(LysC:rTRPV1; LysC:GCaMP3) larva. (A) Selected still frames show GCaMP fluorescence in
Tg(LysC:rTRPV1; LysC:GCaMP3) larva during extended exposure to capsaicin. t = 0 corresponds to 5 min after addition of capsaicin. Scale bar, 20 pm. (B)
Quantification of the relative GCaMP fluorescence intensity (F/F0) during extended capsaicin treatment (n = 5 neutrophils for each larva). Error bars are mean +
SD. See also Movie S3.

(C-F) Tg(LysC:rTRPV1; LysC:GCaMP3) or Tg(LysC:dsRed; LysC:GCaMP3) larvae were wounded (C and D) or infected with P. aeruginosa in the hindbrain (E and F)
and briefly pulsed with capsaicin (CAP) or soaked in ethanol (EtOH) for 2 hr before neutrophil recruitment was quantified. Recovery Tg(LysC:rTRPV1; LysC:
GCaMP3) larvae were pulsed with CAP before wounding, followed by EtOH soak for 2 hr to assess neutrophil recovery after capsaicin treatment (C and D).
(C) Representative maximum-intensity projections show red-fluorescent neutrophils merged with bright field at 2 hr post-wounding. (E) Representative
maximum-intensity projections show red-fluorescent neutrophils and green-fluorescent P. aeruginosa at 2 hr post-infection within the hindbrain ventricle outlined
by white dashed line. Scale bars, 100 um. (D and F) Graphs display the number of neutrophils recruited for each larva. Error bars are mean + SD. Kruskal-Wallis

test followed by Dunn’s multiple comparison test: ****, adjusted p < 0.0001; ***, adjusted p = 0.0002; and *, adjusted p = 0.014. Each experiment was carried out at
least twice.
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Figure 4. A Capsaicin Gradient Directs rTRPV1-Neutrophil Motility

(A) Injecting capsaicin (red) into surrounding agarose generates an intracellular calcium gradient (green) in neutrophils expressing rTRPV1 channels (blue lines).
Rindicates the reference point, defined as the initial point source of the gradient. Three experimental groups were imaged: Tg(LysC:dsRed; LysC:GCaMP3) larvae
in a capsaicin gradient (dsRed+CAP), Tg(LysC:rTRPV1; LysC:GCaMP3) larvae in an ethanol gradient (fTRPV1+EtOH), or capsaicin gradient ((TRPV1+CAP).
(B) Last frames from Movie S4 show the tracks of individual neutrophils from each experimental group (quantified in D and E) relative to the reference point R at the
focal point of the gradient.

(C) (x,y) coordinates for each neutrophil at every frame tracked within the Tg(LysC:rTRPV1) larvae exposed to a capsaicin gradient visually illustrate the directed
motion toward the source. The track for each cell was normalized such that the starting (x,y) position was (0,0) for every cell. All units are um. One larva from the

(legend continued on next page)
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sites of infection. We infected Tg(LysC:rTRPV1) animals
with P. aeruginosa in the hindbrain ventricle, an epithelial-lined
compartment normally devoid of leukocytes, and quantified
the number of neutrophils recruited 2 hr post-infection
(2 hpi) (Figures 3E and 3F). Neutrophil recruitment to the
P. aeruginosa-filled hindbrain was normal in both control groups
but severely impaired in capsaicin-pulsed Tg(LysC:rTRPV1)
larvae (Figures 3E and 3F). Thus, in both sterile inflammation
and bacterial infection, excess calcium flux through capsaicin-
gated rTRPV1 prevents normal neutrophil recruitment.

Generation of a Capsaicin Gradient Drives Directed
Neutrophil Migration

We next tested whether the observed calcium enrichment at the
leading edge of neutrophils could instruct neutrophil movement
in vivo. We sought to generate an intracellular calcium gradient
by producing a directional capsaicin gradient, based on potential
bias for channel gating on the side of the cell that first experi-
ences an effective concentration of ligand (Figure 4A). We
embedded Tg(LysC:rTRPV1) larvae in agarose and injected
capsaicin proximal to the caudal fin. We observed sequential
caudal to rostral fluorescence increases in GCaMP3-expressing
neutrophils along the tail of Tg(LysC:rTRPV1; LysC:GCaMP3)
larvae, suggesting that we could generate a gradient in the
context of embedded larvae (Movie S4, part 1). However, the
rapid neutrophil depolarization we observed with the high-dose
gradient was incompatible with the slower time frame of endog-
enous neutrophil migration. Thus, we developed a lower-dose
capsaicin gradient to attempt to experimentally induce leading-
edge calcium enrichment in the absence of endogenous stimuli
(Figure 4A).

The lower-dose capsaicin gradient had no effect on neutrophil
migration in either control group (Tg(LysC:dsRed) plus a capsa-
icin gradient or Tg(LysC: rTRPV1) plus an ethanol gradient)
(Figures 4B and S4; Movie S4). However, upon exposure to a
capsaicin gradient, neutrophils expressing the rTRPV1 transgene
migrated in a more directed trajectory toward the source (Figures
4B-4E; Movie S4), in the absence of any other stimulus. In com-
parison to controls, neutrophils in Tg(LysC:rTRPV1) animals trav-
eled greater distances along straighter paths toward the highest
point source of capsaicin (Figures 4D and 4E; Movie S4, parts 2—
4). rTRPV1-neutrophils exhibited greater directionality toward the
capsaicin gradient, but their mean velocities and total distances
traveled were similar to those quantified from neutrophils in the
control groups (Figures S4D and S4E). The similar velocities for
random and directed neutrophil migration are consistent with
previous recordings during baseline motility in interstitial tissue
compared with chemotaxis toward a wound site (Yoo et al.,
2010, 2011). Importantly, when we moved the point source of
the capsaicin to the ventral side of the larva, migrating neutrophils

were redirected toward the new source, illustrating that the
capsaicin gradient itself may help to define the direction of migra-
tion of rTRPV1-expressing neutrophils, even in the absence of
any other stimuli (Figure S4C; Movie S4, part 5).

Calcium Channels Influence Directed Neutrophil

Motility

We next asked, via a reciprocal loss-of-function approach,
whether calcium influx is required for chemotaxis in vivo. The cal-
cium channel antagonist SKF 96365 displays activity against
multiple calcium channels, including TRP channels and
voltage-gated calcium channels (Harteneck et al., 2011; Merritt
et al., 1990). Application of 20 uM SKF 96365 to whole animals
after caudal fin amputations compromised neutrophil recruit-
ment (Figure 5A). We next modified these experiments, allowing
a 30-min window after injury for chemotactic gradients to be es-
tablished before applying the calcium channel antagonist, a time
frame in which neutrophils have already begun to migrate toward
the wound site (Niethammer et al., 2009; Movie S5). Neutrophils
from larvae treated at these later time points were also compro-
mised for recruitment, suggesting acute effects of the antagonist
on neutrophil directional motility (Figure 5B).

To determine how limiting calcium influx acutely affects
neutrophil behavior in vivo, we carried out detailed time-lapse
microscopy and tracking in fin-amputated Tg(LysC:GFP) larvae.
In a result consistent with the capsaicin gradient experiments,
neutrophils in SKF 96365-treated larvae showed normal motility,
traveling similar distances at similar velocities as control neutro-
phils (Figure 5C; Movie S5). However, administration of the
calcium channel antagonist resulted in compromised direc-
tionality, with most neutrophils in treated animals exhibiting
wandering, undirected patterns of migration (Figures 5C and
5D; Movie S5).

DISCUSSION

Direct recording of intracellular calcium concentrations [Ca2*]; in
migrating neutrophils was previously limited to ex vivo analyses
(Boucek and Snyderman, 1976; Laffafian and Hallett, 1995;
Marks and Maxfield, 1990; Sawyer et al., 1985), and observa-
tions have ranged from transient whole-cell flux to leading-
edge calcium enrichment to no change in calcium flux at all
(Laffafian and Hallett, 1995; Marks and Maxfield, 1990; Sawyer
et al., 1985).

Using light-sheet microscopy and ratiometric imaging, we
found enrichment of calcium at the leading edge of migrating
neutrophils. This description is different from the high-resolution
studies on calcium flux patterns in cultured chemotactic endo-
thelial cells and fibroblasts, where there is high [Ca?*]; at the lag-
ging edge and a low calcium concentration at the leading edge

rTRPV1 + CAP group was assessed after exposure to a ventrally centered gradient along the bottom of the animal and the three tracked cells from that animal are

highlighted with red arrows.

(D and E) Graphs show the final distance traveled toward the reference point (D), and straightness ratio (E) for tracked neutrophils. Error bars are mean + SD.
(D) Kruskal-Wallis test followed by Dunn’s multiple comparison test: *, adjusted p = 0.012 and **, adjusted p value = 0.0075. (E) One-way ANOVA followed Tukey’s
multiple comparisons test: **, adjusted p value = 0.0052 for dsRed+ CAP versus rTRPV1+CAP and **, adjusted p value = 0.005 for rTRPV1+ EtOH versus

rTRPV1+CAP. For each group, n > 30 cells from >10 larvae.
See also Figure S4 and Movie S4.
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Figure 5. Inhibition of Calcium Channels Disrupts Neutrophil Directionality during Recruitment

(A-D) After caudal fin amputation, Tg(LysC:GFP) or Tg(LysC:dsRed) larvae were immediately treated with vehicle alone (control) or 20 uM SKF 96365 (SKF),
followed by quantification of neutrophil recruitment 3 hr post-wounding (A and B). (A) Error bars are mean + SD. Mann-Whitney test ***p < 0.0001. (B) Groups of
larvae were placed in control treatments for 10, 20, or 30 min before replacement of media with SKF for the remainder. Error bars are mean + SD. One-way
ANOVA followed by Tukey’s multiple comparisons test ***p < 0.001. Each experiment was carried out at least twice. (C and D) Immediately after wounding, larvae
were mounted in agarose, immersed with either control or SKF, then imaged with time-lapse microscopy. (C) For the neutrophils tracked, graphs show their total
distance traveled, average velocity, and straightness ratio. Total distance and straightness ratio error bars are mean + SD, and average velocity error bars are
mean + SEM. t test, **p = 0.0002. For each group, n = 8 cells from two to three larvae. (D) Final frames from Movie S5 show the tracks of individual neutrophils
(quantified in C) near the amputated fin (approximated by the white line). See also Movie S5.

2114 Cell Reports 13, 2107-2117, December 15, 2015 ©2015 The Authors



punctuated with periodic sparks of localized [Ca®*]; (Tsai et al.,
2014; Wei et al., 2009). In vivo analysis of neutrophils also
showed moderately increased [Ca®*], at the lagging edge, but
the highest calcium signal was found at the leading edge. One
unique feature of the neutrophils studied here was their fast
pace. In vivo, chemotactic neutrophils moved at velocities up
to 70 times greater than those recorded in the cited cell culture
studies with other cell types.

The leading edge has been molecularly defined by a signaling
cascade that translates an extracellular chemokine gradient into
cytoskeletal rearrangements that promote movement (Falke and
Ziemba, 2014). Many factors enriched at the leading edge of
migrating cells also have direct or indirect associations with cal-
cium, including phosphoinositide 3-kinases (PI3Ks) and PKCa
(Ching et al., 2001; Evans and Falke, 2007; Hsu et al., 2000; Vos-
sebeld et al., 1997). PI3K activity has been localized to the lead-
ing edge of mouse neutrophils in cell culture and in zebrafish
neutrophils in vivo, while PKCa is enriched at the leading edge
of polarized murine macrophages (Evans and Falke, 2007; Nishio
et al., 2007; Yoo et al., 2010). In macrophages, it has been hy-
pothesized that a leading-edge calcium signal plays a role in
directional control of cell migration (Evans and Falke, 2007; Falke
and Ziemba, 2014).

The role of calcium signaling in immune cell phagocytosis and
post-phagocytic vacuole trafficking has also generated conflict-
ing results depending on the model system employed (Dewitt
and Hallett, 2002; Jaconi et al., 1990; Lew et al., 1985; Marks
and Maxfield, 1990; Murata et al., 1987; Nunes and Demaurex,
2010; Sawyer et al., 1985). We have been able to directly image
these dynamics in vivo. The transient rise in [Ca®*]; as
P. aeruginosa is phagocytosed is similar to that observed for
cultured human neutrophils phagocytosing opsonized antigens
(Marks and Maxfield, 1990; Murata et al., 1987). The establish-
ment of an in vivo model system for studying calcium dynamics
during neutrophil phagocytosis should motivate greater under-
standing of how receptor-mediated phagocytosis of bacterial
pathogens in animal models compares with cell culture models
of opsonized antigens. These methods allow in vivo analysis of
calcium flux in single immune cells for hours at high frame rates.

Although many regulators of calcium are used broadly in cell
culture, they are largely incompatible with administration in a
live organism. Cell-specific expression of TRPV1 provides a
generalizable in vivo method to manipulate calcium dynamics
in targeted immune cell subtypes. The rTRPV1-capsaicin system
is pharmacologically inducible, titratable, and relatively sensitive
to small variations, allowing for in vivo manipulation of subcellu-
lar calcium. By applying a low-dose capsaicin gradient across
immobilized zebrafish larvae, neutrophils expressing the capsa-
icin-activated channel rTRPV1 were stimulated to move in the
direction of the gradient. Asymmetric influx of calcium may be
a key event in cell migration and may facilitate definition of the
leading edge of some chemotactic cells. Additionally, we used
a pharmacological loss-of-function approach to demonstrate
an acute requirement for calcium channels in defining neutrophil
directionality during an endogenous wounding response. Both
the gain-of-function and loss-of-function manipulations of cal-
cium influx resulted in reciprocal changes in directionality, but
overall velocity remained largely unaffected, suggesting that

leading-edge calcium may be an important component of a
neutrophil compass (Falke and Ziemba, 2014).

In summary, we have found that, in vivo, migrating neutrophils
exhibit enriched calcium flux at the leading edge and that this
pattern of intracellular calcium helps define the direction of
movement. In addition, we describe a generalizable method for
manipulating calcium directly in specific immune cells in vivo.
The rTRPV1-capsaicin system requires no additional co-factors
or prior knowledge of the functional endogenous calcium chan-
nels, thereby making it widely applicable as a method of interro-
gating the role of calcium signaling in many different cell types in
whole animals.

EXPERIMENTAL PROCEDURES

Zebrafish Strains

All zebrafish husbandry and experimental protocols were performed in com-
pliance with policies approved by the Duke University Institutional Animal Care
and Use Committee. The transgenic lines Tg(LysC:GCaMP3") and
Tg(LysC:rTRPV1-tdTomato™™) were made by injecting transposase mRNA and
Tol2 containing DNA constructs into single-cell embryos, with additional details
provided in Supplemental Experimental Procedures. Tg(LysC:dsRed™*°) and
Tg(LysC:GFP™""”) have been described elsewhere (Hall et al., 2007).

Time-Lapse Imaging

Tg(LysC:GCaMP3) larvae were imaged at 2 dpf for bacterial infection experi-
ments, and all other transgenic larvae were imaged at 3 dpf. For microscopy,
larvae were anesthetized in 0.016% Tricaine (MS-222) and immobilized in 1%
low-melting-point agarose and imaged with a SiMView microscope (light-sheet
microscopy), a Zeiss axio observer Z1, or Nikon TE-2000U. Additional experi-
mental details are provided in Supplemental Experimental Procedures.

Infections and Bacterial Preparations

P. aeruginosa (PAO1) carrying a constitutively expressed mCherry or GFP
plasmid was grown in LB media supplemented with carbenicillin (200 ng/ml)
as previously described in (Brannon et al., 2009) and detailed in Supplemental
Experimental Procedures.

Quantitation of Calcium Flashes and Ratiometric Analyses
Light-sheet microscopy images were analyzed using maximum projections
with background fluorescence subtracted. Details of ratiometric analyses
are supplied in Supplemental Experimental Procedures. Whole-cell calcium
flashes were quantified by manually scoring cells that displayed a notable in-
crease in green fluorescence during the time-lapse session.

Capsaicin and SKF 96365 Treatments

The final working capsaicin (Sigma) concentration was 20 uM in 1.4% ethanol.
Capsaicin gradient experiments were carried out by injecting 100 uM capsa-
icin into the agarose, adjacent to the mounted larvae, followed by time-lapse
microscopy. 10 mM SKF 96365 (Cayman Chemical) stock was made freshly
in DMSO for each experiment. The final concentration was 20 uM SKF
96365 in 0.5% DMSO. See Supplemental Experimental Procedures for addi-
tional details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
four figures, and five movies and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2015.11.010.
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