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Spatiotemporal restriction of endothelial cell
calcium signaling is required during leukocyte
transmigration
Prarthana J. Dalal1, David P. Sullivan1, Evan W. Weber1, David B. Sacks2, Matthias Gunzer3, Isabella M. Grumbach4, Joan Heller Brown5, and
William A. Muller1

Endothelial cell calcium flux is critical for leukocyte transendothelial migration (TEM), which in turn is essential for the
inflammatory response. Intravital microscopy of endothelial cell calcium dynamics reveals that calcium increases locally and
transiently around the transmigration pore during TEM. Endothelial calmodulin (CaM), a key calcium signaling protein,
interacts with the IQ domain of IQGAP1, which is localized to endothelial junctions and is required for TEM. In the presence of
calcium, CaM binds endothelial calcium/calmodulin kinase IIδ (CaMKIIδ). Disrupting the function of CaM or CaMKII with small-
molecule inhibitors, expression of a CaMKII inhibitory peptide, or expression of dominant negative CaMKIIδ significantly
reduces TEM by interfering with the delivery of the lateral border recycling compartment (LBRC) to the site of TEM.
Endothelial CaMKII is also required for TEM in vivo as shown in two independent mouse models. These findings highlight novel
roles for endothelial CaM and CaMKIIδ in transducing the spatiotemporally restricted calcium signaling required for TEM.

Introduction
In response to inflammatory stimuli, chemokines and cytokines
released from damaged tissues activate the local endothelium to
recruit circulating leukocytes. This process is crucial for re-
solving injury and eliminating infections but, when improperly
regulated, can become the basis of many pathological conditions.
Examples of such conditions include atherosclerosis, multiple
sclerosis, and rheumatoid arthritis among many others. Thus,
understanding the molecular mechanisms that govern leukocyte
transendothelial migration (TEM) can help uncover novel ther-
apeutic targets to ultimately reduce misdirected and unwanted
inflammation (Muller, 2016a, 2016b).

Leukocyte recruitment involves a series of complex, adhesive
interactions between circulating leukocytes and endothelial cells
lining postcapillary venules. This ultimately culminates with
leukocyte TEM or diapedesis, whereby leukocytes traverse the
endothelial barrier to gain access to the damaged tissue. TEM is
highly regulated and involves a number of sequential protein–
protein interactions between leukocytes and endothelial cells
that promote downstream endothelial signaling (Muller, 2011;
Schenkel et al., 2002; Watson et al., 2015).

A transient increase in endothelial cytosolic free calcium
concentration is also required to support TEM (Carman and
Springer, 2004; Etienne-Manneville et al., 2000; Huang et al.,
1993; Kielbassa-Schnepp et al., 2001; Su et al., 2000). Recent
evidence has shown that transient receptor potential channel 6
(TRPC6) is the specific channel that mediates the calcium influx
required for TEM (Dalal et al., 2020; Weber et al., 2015).
Knockout and blockade of endothelial TRPC6 activity in vitro
and in vivo both result in a profound defect in neutrophil TEM.
However, relatively little is known regarding the spatiotemporal
dynamics of the calcium influx during TEM and the implications
this has for calcium-effector coupling.

Platelet endothelial cell adhesion molecule (PECAM), CD99,
and other molecules involved in regulating TEM partially reside
in a unique endothelial sub-junctional compartment called the
lateral border recycling compartment (LBRC; Sullivan et al.,
2013). During TEM, the LBRC moves to surround the trans-
migrating leukocyte in a process called targeted recycling
(Mamdouh et al., 2003). Directed movement of the LBRC dur-
ing TEM provides additional membrane and unligated adhesion

.............................................................................................................................................................................
1Department of Pathology, Northwestern University Feinberg School of Medicine, Chicago, IL; 2Department of Laboratory Medicine, National Institutes of Health, Bethesda,
MD; 3Institute for Experimental Immunology and Imaging, University Hospital, University Duisburg-Essen, Essen, Germany; 4Department of Internal Medicine, University
of Iowa, Carver College of Medicine, Iowa City, IA; 5Department of Pharmacology, University of California, San Diego, La Jolla, CA.

Correspondence to William A. Muller: wamuller@northwestern.edu; E.W. Weber’s present address is Stanford Cancer Institute, Stanford University School of Medicine,
Stanford, CA.

© 2020 Dalal et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press https://doi.org/10.1084/jem.20192378 1 of 16

J. Exp. Med. 2020 Vol. 218 No. 1 e20192378

https://orcid.org/0000-0001-5812-088X
https://orcid.org/0000-0002-7462-3898
https://orcid.org/0000-0003-3100-0735
https://orcid.org/0000-0002-4802-2757
mailto:wamuller@northwestern.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1084/jem.20192378
http://crossmark.crossref.org/dialog/?doi=10.1084/jem.20192378&domain=pdf


molecules to facilitate leukocyte passage (Mamdouh et al.,
2008).

Isoleucine-glutamine (IQ)–motif containing GTPase activat-
ing protein 1 (IQGAP1) was found to be enriched in LBRC-
containing membrane fractions as part of a proteomics screen
(Sullivan et al., 2014). IQGAP1 is a large, multi-domain scaf-
folding protein involved in a number of diverse cellular pro-
cesses including migration and tumorigenesis (Hedman et al.,
2015). Structurally, it is composed of six distinct domains. The
role for IQGAP1 in TEM has only recently been described
(Sullivan et al., 2019). Specifically, both the N-terminal calponin
homology domain (CHD) and the IQ domain are required for
IQGAP1 function during TEM. The CHD is required to localize
IQGAP1 to the junction where it surrounds the transmigrating
leukocyte; however, what the IQ domain interacts with and how
this facilitates TEM is unknown. Previous studies have shown
that the IQ domain can interact with calmodulin (CaM), a
ubiquitous calcium-modulating protein, but this interaction in
endothelial cells has not been explored (Jang et al., 2011; Li and
Sacks, 2003). Ca2+/CaM-dependent protein kinase II (CaMKII) is
a common, multifunctional serine/threonine kinase that is
regulated by Ca2+/CaM. In endothelial cells, CaMKIIδ has been
identified as the predominant isoform, but its role during leu-
kocyte TEM has not been investigated (Wang et al., 2010b). The
findings presented here demonstrate evidence of highly spa-
tiotemporally localized calcium signaling during TEM in vivo.
Furthermore, we establish that the mechanism responsible for
transducing this signal to promote TEM during an acute in-
flammatory response involves IQGAP1, CaM, and CaMKIIδ.

Results
Endothelial calcium flux increases locally around
transmigrating leukocytes in vivo
Several studies have attempted to characterize in vitro endo-
thelial cell calcium influx during TEM, but none have investi-
gated this process in vivo (Huang et al., 1993; Kielbassa-Schnepp
et al., 2001). We sought to examine the spatiotemporal kinetics
of calcium in real time during TEM. To visualize dynamic cal-
cium signaling in vivo, we employed intravital microscopy in
mice that selectively express the genetically encoded, fluores-
cent calcium reporter GCaMP3 in endothelial cells using a VE-
Cadherin Cre (Tian et al., 2009). In the absence of calcium,
GCaMP3 exists in a minimally fluorescent state. However, when
calcium binds, it induces a structural change that results in
substantially increased fluorescence. This allows GCaMP3 to
serve as a calcium indicator and allows for tracking of intra-
cellular calcium dynamics without affecting intracellular calci-
um concentrations or calcium signaling pathways (Akerboom
et al., 2009; Cui et al., 2016; Frommer et al., 2009; Tian et al.,
2009).

GCaMP3 VE-Cadherin Cre mice were then used as recipients
in an adoptive bonemarrow transfer procedure with CatchUpIVM

(C57BL/6–Ly6G[Cre-tdTomato]) mice as donors (Hasenberg
et al., 2015). CatchUpIVM mice have red fluorescent protein
(tdTomato) under control of the Ly6G locus, which is specifically
expressed in neutrophils. Thus, in the chimeric mice, we could

visualize endothelial calcium signal as fluorescence in the green
channel and track transmigrating neutrophils using fluores-
cence in the red channel (Fig. 1 A and Video 1). Mice were in-
jected intrascrotally with an inflammatory stimulus, murine IL-
1β, and with a far red fluorescently conjugated nonblocking anti-
PECAM antibody to label the vasculature. We then exteriorized
the cremaster muscle to visualize leukocyte-endothelial cell
dynamics in real time using a spinning disk confocal microscope
(Sullivan et al., 2019, 2016; Watson et al., 2015). Careful replay
and rotation of the 4D video images using Volocity software
verified that the neutrophils observed had indeed completed
TEM. Additionally, to confirm that the adoptive bone marrow
transfer did not affect neutrophil function, we performed short-
term labeling of neutrophils in naive GCaMP3 VE-Cadherin–Cre
mice using an anti-CD18 antibody (Fig. 1 B and Video 2).

Many TEM events were observed from start to finish, and in
all of them a rise in endothelial cell calcium concentration was
associated with the neutrophil TEM event (Fig. 1, A and B; Video
1; and Video 2). In total, 12 mice with 30 separate fields of view
were studied. 66 TEM events were observed. Of these, 55 TEM
events (83%) were associated with spatiotemporally correlated
calcium signals. TEM events were defined as PECAM pore
opening and passage of neutrophils through endothelial cells as
visualized by morphology. TEM events were considered to have
associated calcium signal if there was at least 15% increase in
fluorescence compared with neighboring off-pore background-
corrected baseline fluorescence.

While TEM events and their associated calcium signals can
frequently be observed, not all events can be quantitated as
normalized fluorescence over time, as shown in Fig. 1 C. In
particular, when TEM events occur at the side of the post-
capillary venule, the associated calcium signal is visualized as a
semicircle rather than a complete ring; therefore, these events
cannot be properly quantitated and compared with those TEM
events that occur en face. Moreover, it can be difficult to capture
the entirety of a TEM event from beginning to end. There is
often also some heterogeneity in GCaMP expression across en-
dothelial cells of a vessel, and this additionally makes it difficult
to capture ideal TEM events.

As neutrophil TEM occurs across endothelial cell junctions,
formation of an adjacent PECAM-bordered transmigratory pore
can be seen. Concurrently, there is a substantial increase in
intracellular endothelial calcium signal (↑[Ca2+]i) surrounding
the neutrophil (Fig. 1, A and B). This indicates that the endo-
thelial calcium signal for TEM is local rather than global. Fur-
thermore, the ↑[Ca2+]i is specific for the TEM step and is not
associated with preceding events such as rolling, adhesion, or
locomotion. This increase in fluorescence can be quantified as a
distinct peak that occurs over several minutes, with each colored
line representing a separate transmigration event (Fig. 1 C). The
individual peaks have been adjusted to start at the same point,
but the duration of TEM can be slightly variable, so not all peaks
end simultaneously. Note that ↑[Ca2+]i peaked about midway
through TEM and fell to at or near baseline before TEM was
complete. An axial profile of the calcium signal is shown in
Fig. 1 D. This demonstrates that the pore size is several microns
in diameter, and this was consistent between several TEM

Dalal et al. Journal of Experimental Medicine 2 of 16

Calcium signaling in transendothelial migration https://doi.org/10.1084/jem.20192378

https://doi.org/10.1084/jem.20192378


Figure 1. Local endothelial cell calcium influx is associated with in vivo neutrophil TEM. (A) Mice expressing the calcium sensor GCaMP3 specifically in
endothelial cells (VE-Cadherin Cre GCaMP3fl/fl) were lethally irradiated and their bone marrow reconstituted from CatchUpIVMwith red fluorescent neutrophils.
After allowing reconstitution, inflammation was induced by intrascrotal injection of IL-1β. Nonblocking fluorophore-conjugated anti-PECAM (blue) was also
coinjected to visualize the vasculature. 4 h after the injection, the cremaster muscle was exteriorized and prepared for confocal intravital microscopy as
detailed in the Materials and methods. The images shown are Z-projections of the 3D stacks. A full-length video is included in the supplemental material
(Video 1). Arrows denote neutrophils in the process of TEM. Endothelial cell calcium influx is associated with neutrophil TEM and is localized around the
transmigratory pore. Insets display a magnified view of the local PECAM pore and calcium influx. 12 mice were studied. Scale bar is 50 µm. (B) Inflammation
was induced in VE-Cadherin Cre GCaMP3fl/fl mice by intrascrotal injection of IL-1β. Nonblocking fluorophore-conjugated anti-PECAM (red) and fluorescently
conjugated anti-CD18 (blue) were coinjected to visualize the vasculature and circulating neutrophils, respectively. This additional approach provided validation
of our adoptive bone marrow transfer model. 4 h after the injection, the cremaster muscle was exteriorized and prepared for confocal intravital microscopy as
detailed in the Materials and methods. The images shown are Z-projections of the 3D stacks. A full-length video is included in the supplemental material
(Video 2). Arrows denote neutrophils in the process of TEM. Endothelial cell calcium influx is associated with neutrophil TEM and is localized around the
transmigratory pore. Insets display a magnified view of the local calcium influx. Scale bar is 10 µm. (C) Each colored line represents a separate transmigration
event where the calcium signal was quantitated. Mean fluorescence intensity of the region of interest (dotted lines in A and B) was calculated, background
corrected, and normalized to baseline as described in the Materials and methods. The beginning and completion of TEMwere defined by the PECAM gap. Eight
independent TEM events are shown here. (D) Intravital microscopy videos of inflammation in mice expressing the calcium sensor GCaMP3 restricted to
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events and with previous reports (Heemskerk et al., 2016;
Mamdouh et al., 2009; Nourshargh and Alon, 2014). This is the
first live, in vivo characterization of endothelial cell calcium
dynamics during TEM and demonstrates that the increase in
endothelial cytosolic free calcium is highly localized near the
transmigratory pore.

CaM interacts with the IQ domain of IQGAP1 in
endothelial cells
To understand the molecular signaling events that occur during
TEM after the local calcium influx, we made use of rigorously
controllable in vitromodels. IQGAP1 was identified as a potential
actor in the TEM pathway through a screen for LBRC-associated
proteins (Sullivan et al., 2014). We recently confirmed that it is
required for TEM and identified the CHD and IQ domain as being
crucial for this function (Sullivan et al., 2019). The CHD is re-
quired to bring IQGAP1 to the endothelial cell border; the
function of the IQ domain is not known. The IQ domain has been
shown to interact with CaM, but this interaction has not been
demonstrated in human endothelial cells (Li and Sacks, 2003).
To investigate the mechanism bywhich the IQ domain facilitates
TEM, we examined its ability to interact with CaM using two
previously characterized IQGAP1 domain truncation mutants.
These mutants contained a C-terminal GFP tag and were de-
signed to differ only by the presence of the IQ domain (Fig. 2 A).
Construct Δ5,6 is the minimal motif of IQGAP1 required for
TEM. It rescues the TEM defect caused by endogenous IQGAP1
knockdown; it contains both the CHD and IQ domains. Construct
Δ4–6 lacks the IQ domain (domain 4) and therefore does not
support TEM, even though it localizes to the cell border (Sullivan
et al., 2019).

The ability of constructs Δ5,6 and Δ4–6 to bind CaM in en-
dothelial cells was studied with a CaM Sepharose pull-down
assay. Endogenous full-length IQGAP1 and construct Δ5,6 bound
to CaM both in the presence and absence of calcium. In contrast,
construct Δ4–6 did not bind CaM in either the presence or the
absence of calcium (Fig. 2 B). This indicates that the IQ domain of
IQGAP1 is indeed necessary for facilitating an interaction with
CaM in human endothelial cells.

CaM function in endothelial cells is required for TEM
To investigate the role of CaM and its downstream binding
partner, CaMKII, in TEM, we used trifluoperazine (TFP) and
KN-93 to pharmacologically inhibit CaM and CaMKII function,
respectively. TFP is a CaM antagonist that inactivates Ca2+/CaM
(Vandonselaar et al., 1994). KN-93 is a widely used CaMKII an-
tagonist that prevents CaMKII activation by competing for
binding with Ca2+/CaM (Brooks and Tavalin, 2011; Wong et al.,
2019). Cytokine-activated endothelial cell (immortalized human
umbilical vein endothelial cell [iHUVEC]) monolayers were

pretreated with either 100 µM TFP or 10 µM KN-93 for 30 min.
Monocyte TEM was subsequently assessed using a standard
TEM assay. Under control untreated conditions, 83% of mono-
cytes were able to transmigrate. However, when endothelial
cells were pretreated with TFP or KN-93, TEM was reduced
significantly to 15% and 23%, respectively (Fig. 3 A).

Using the CaM Sepharose pull-down assay, we also estab-
lished the interaction between CaM and CaMKIIδ specifically in
endothelial cells. As reported by others, we were able to confirm
that the δ isoform of CaMKII is abundant and readily detectable
in endothelial cells (Wang et al., 2010b). Furthermore, the in-
teraction between CaM and CaMKIIδ is calcium dependent. In
the absence of calcium, there is no interaction; however, in the
presence of calcium, there is a significant interaction (Fig. 3 B).
This interaction can be attenuated if the endothelial cells are
pretreated with KN-93, suggesting that this is the mechanism by
which KN-93 inhibits TEM. These results are further consistent

endothelial cells were analyzed. For axial profile analysis, a 15-µm line (shown as the dotted red line) was drawn centered on the pore of a TEM event, and the
pixel intensity along that line was recorded for the green channel (GCaMP3 signal). The same line was used to analyze pixel intensity for the GCaMP3 signal when
the leukocyte was adherent to the endothelium before the TEM event. The individual lines were adjusted slightly to account for variations in the center of the
pore. The plots were normalized to the minimum intensity value proximal to the pore. Note that this makes the relative intensities for the plots similar at the
proximal 0-µm end of the plot, but retains meaningful information regarding the axial profile of the GCaMP3 signal. Five separate TEM events are shown here.

Figure 2. The IQ domain of IQGAP1 interacts with CaM in endothelial
cells. (A) Schematic showing the two IQGAP1 domain truncation constructs
fused to GFP. GRD, RasGAP-related domain; IQ, IQ motifs domain; RGCT,
RasGAP C-terminus; WW, tandem tryptophan-containing domain. (B) The
GFP-tagged IQGAP1 domain truncation constructs shown in A were trans-
duced into iHUVECs grown on 60-mm tissue culture plates. After 2 d of
expression, the cells were lysed in either the presence of CaCl2 or EGTA. The
protein lysates were then incubated with CaM Sepharose beads, and the
beads were then eluted in 6× Laemmli buffer to be probed using Western
blotting as described in the Materials and methods. The blot shown here was
probed for IQGAP1. Both endogenous (Endog.) full-length IQGAP1 and con-
struct Δ5,6 interact with CaM. However, construct Δ4–6, which lacks the IQ
domain, cannot bind CaM in either the presence or the absence of calcium.
Three separate experiments were performed. MW, molecular weight.
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with amodel wherein CaMbinding to CaMKIIδ is a key signaling
event downstream of the calcium influx needed to support TEM.

Inhibiting endothelial CaMKII function blocks TEM
To overcome limitations in specificity associated with pharma-
cologic inhibition and to more directly assess the role of CaMKII
during TEM, we expressed a hemagglutinin (HA)-tagged CaM-
KII inhibitor peptide (CaMKIIN; Chang et al., 2001; Murthy
et al., 2017) in endothelial cells. CaMKIIN was detected at its
predicted apparent molecular weight (Fig. 4 A), and its expres-
sion was also validated using fluorescence microscopy (Fig. 4 B).
The construct is primarily localized to the cytoplasm. Note that
endothelial cell morphology in general and VE-cadherin ex-
pression and distribution in particular are not affected. Under
control conditions with empty virus, 58% of monocytes under-
went transmigration. However, monocyte TEM across endo-
thelial cells expressing CaMKIIN was reduced significantly, and

only 29% of monocytes were able to transmigrate. This is com-
parable to the level of blockade observed when PECAM inter-
actions were disrupted with the mouse anti-human PECAM
antibody hec7, where 26% ofmonocytes transmigrated (Fig. 4 C).

Dominant negative CaMKIIδ blocks TEM
Next, we specifically disrupted endothelial cell CaMKIIδ (the
predominant isoform in endothelial cells) function to determine
whether this isoform is crucial for TEM. For this we used an HA-
tagged dominant negative CaMKIIδ construct that contains an
amino acid substitution (K43A) to prevent ATP binding, ren-
dering it kinase dead (Pfleiderer et al., 2004; Rich and Schulman,

Figure 3. CaM interacts with CaMKIIδ in the presence of calcium and
inhibiting CaM, or CaMKII activity significantly reduces monocyte TEM.
(A)Monocyte transmigration across iHUVECs pretreated with either 100 µM
TFP or 10 µM KN-93 is substantially reduced when compared with monocyte
transmigration across untreated iHUVEC monolayers. Data represent the
average and standard deviation of three independent experiments. Each
experiment comprises at least two samples with >50 leukocytes scored per
sample for each condition. ** denotes P value < 0.01 with Student’s t test.
(B) iHUVECs grown on 60-mm tissue culture plates were left untreated or
were treated with 10 µM KN-93 for 30 min as described in the Materials and
methods. After extensive washing, the endothelial cells were lysed in the
presence of either CaCl2 or EGTA. The protein lysates were then incubated
with CaM Sepharose beads, and the beads were eluted in 6× Laemmli buffer
to be probed using Western blotting as described in the Materials and
methods. The blot shown here was probed for CaMKIIδ. CaMKIIδ interacts
with CaM in the presence of calcium but not in the absence of calcium.
Furthermore, the interaction between CaM and CaMKIIδ even in the presence
of calcium can be attenuated by pretreating with KN-93, and this also pre-
vents monocyte transmigration as shown in A. Three separate experiments
were performed. MW, molecular weight.

Figure 4. A small peptide inhibitor of CaMKII substantially reduces
monocyte TEM. (A) iHUVECs were transduced with CaMKIIN. 2 d after
transduction, cells were lysed and their protein content resolved using SDS-
PAGE and probed with Western blotting. Control (Cont) is shown for refer-
ence. GAPDH is shown as the loading control. (B) iHUVECs were fixed,
permeabilized, stained for HA and VE-cadherin, and visualized using confocal
immunofluorescence microscopy. Scale bar is 10 µm. (C) Monocyte trans-
migration across iHUVECs grown on collagen gels transduced with CaMKIIN
is shown. The mouse anti-human PECAM antibody hec7 was included as a
control. Data represent the average and standard deviation of three inde-
pendent experiments. Each experiment comprises at least three samples with
>50 leukocytes scored per sample for each condition. ** denotes P value <
0.01 with Student’s t test. MW, molecular weight.
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1998). We detected expression of dominant negative CaMKIIδ at
its predicted molecular weight (Fig. 5 A), and its expression was
also validated using fluorescence microscopy (Fig. 5 B). Similar
to the localization pattern of CaMKIIN, dominant negative CaMKIIδ
also predominantly localized to the cytoplasm, and similarly, there
was no effect on endothelial cell morphology or VE-cadherin ex-
pression. In the TEM assay, dominant negative CaMKIIδ signifi-
cantly inhibited transmigration. 72% of monocytes underwent
transmigration under control conditions with empty virus;
however, only 29% of monocytes underwent TEM when dom-
inant negative CaMKIIδ was expressed in endothelial cells
(Fig. 5 C). Again, this degree of blockade was comparable to
what was observed with an anti-PECAM, or hec7, block where
24% of monocytes transmigrated. These data identify CaMKIIδ
as a major endothelial signaling molecule involved in TEM.

CaMKIIδ targets the LBRC to the transmigrating leukocyte
It was previously shown that during TEM, delivery of the LBRC
membrane to the migrating leukocyte occurs. This process,
called targeted recycling, is essential for facilitating leukocyte
passage. To understand the mechanism of how dominant neg-
ative CaMKIIδ blocks leukocyte TEM, we wanted to investigate
its effect on targeted recycling of LBRC in endothelial cells. For
this, a validated targeted recycling assay that detects recycling
LBRC membrane as fluorescence enrichment surrounding trans-
migrating leukocytes was performed (Mamdouh et al., 2003,
2008, 2009). Expression of dominant negative CaMKIIδ did
not affect the ability of monocytes to localize to the junctions
(Fig. 6 B). However, consistent with its ability to inhibit TEM,
there was a significant reduction in targeted recycling of LBRC
in the endothelial cells expressing dominant negative CaMKIIδ
that was proportional to the reduction in TEM (compare Fig. 5 B
and Fig. 6 B). Under control conditions, 54% of monocytes had
enriched fluorescence signal indicative of targeted recycling of
the LBRC (Fig. 6 A). On the other hand, only 23% of monocytes
on CaMKIIδ dominant negative monolayers had enriched fluo-
rescence adjacent to the infiltrating monocytes (Fig. 6 B). These
findings suggest that CaMKIIδ is critical for mediating targeted
recycling of the LBRC to surround leukocytes during TEM.

Inhibiting endothelial CaMKII in vivo blocks TEM
To corroborate our in vitro findings regarding the role of
CaMKII in TEM and further explore the pathophysiologic rele-
vance of this calcium signaling pathway in vivo, we generated a
line of tamoxifen inducible VE-Cadherin Cre CaMKIIN mice.
These mice express CaMKIIN, the peptide inhibitor that blocked
TEM when tested in vitro (Fig. 3), selectively in endothelial cells
in the presence of tamoxifen. This allowed us to study the effect
of inhibiting CaMKII in endothelial cells without affecting
CaMKII function during development or in other cell types such
as leukocytes.

After inducing CaMKIIN expression with tamoxifen, we ex-
amined TEM using the croton oil dermatitis model of acute in-
flammation (Sullivan et al., 2016; Watson et al., 2015; Weber
et al., 2015). In this assay, croton oil, a strong irritant and in-
flammatory stimulus, is applied topically to both leaflets of one
mouse ear for 5 h, after which the animals are sacrificed and

their ears are harvested for staining and immunofluorescence
microscopy (Fig. 7 A). Immunofluorescence confirmed the pres-
ence of HA-tagged CaMKIIN in endothelial cells (Fig. S1). How-
ever, since enhanced GFP (eGFP) is expressed in all cells that
have not undergone Cre recombination, the green channel
could not be used for experimentation. Therefore, the ears were
stained for endothelial cells using anti-PECAM (clone 2H8)
conjugated to DyLight 550, and neutrophils were stained using
rat anti-mouse MRP14 directly conjugated with DyLight 649.

Neutrophil position with respect to the endothelial cells was
precisely scored according to a standard system (Fig. 7 B; Sullivan

Figure 5. Dominant negative CaMKIIδmarkedly reducesmonocyte TEM.
(A) iHUVECs were transduced with dominant negative CaMKIIδ. 2 d after
transduction, cells were lysed and their protein content resolved using SDS-
PAGE and probed with Western blotting. Control (Cont) is shown for refer-
ence. GAPDH is shown as the loading control. (B) iHUVECs were fixed,
permeabilized, stained for HA and VE-cadherin, and visualized using confocal
immunofluorescence microscopy. Scale bar is 10 µm. (C) Monocyte trans-
migration across iHUVECs grown on collagen gels and transduced with
dominant negative (DN) CaMKIIδ is shown. The mouse anti-human PECAM
antibody hec7 was included as a control. Data represent the average and
standard deviation of three independent experiments. Each experiment
comprises at least three samples with >50 leukocytes scored per sample for
each condition. ** denotes P value < 0.01 with Student’s t test. MW, mo-
lecular weight.
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et al., 2019; Watson et al., 2015; Weber et al., 2015). Both control
and CaMKIIN-expressing mice recruited similar numbers of
neutrophils to the ear (Fig. 7 C). The majority of neutrophils
in control mice were observed outside the blood vessels in the
inflamed tissue. However, mice expressing CaMKIIN in their
endothelial cells showed a significant reduction in the number
of neutrophils observed outside the vessel, with a corresponding
increase in the number of neutrophils observed arrested inside
the vessel on the apical surface (Fig. 7 D).

Deleting endothelial CaMKIIδ in vivo prevents TEM
Although these findings support a role for calcium signaling,
specifically through CaMKII in vivo, we wanted confirmation
using a second model that also allowed us to examine the role of
endothelial CaMKIIδ. To do this, we derived a novel, endothelial
cell–specific CaMKIIδ deletion mouse model. In this model,
CaMKIIδ was deleted from endothelial cells when VE-cadherin
Cre expression was induced with tamoxifen (Fig. S2). We then
studied the ability of these mice to respond to an acute inflam-
matory stimulus in the croton oil dermatitis model as described
above. Ears were then harvested, and the leaflets were stained
for endothelial cells, neutrophils, and basement membranes.
Again, the position of neutrophils was quantified using a stan-
dardized scoring system, but here the addition of the basement
membrane stain helpedmore clearly delineatewhether leukocytes
were arrested in the perivascular space or whether they were
outside the basement membrane (Fig. 8, A and B). Again, similar
numbers of neutrophils were able to adhere (Fig. 8 C). Under
control conditions, in which endothelial cells expressed CaMKIIδ,
the majority of neutrophils were found outside the blood vessels
(Fig. 8, A and D). However, in mice lacking endothelial expression
of CaMKIIδ, the majority of neutrophils remained arrested api-
cally within postcapillary venules, with a significant reduction in
the number of cells able to exit the blood vessels (Fig. 8 D).

Discussion
The data presented here show for the first time that endothelial
cell calcium signaling is spatiotemporally restricted during TEM.
Using a novel intravital imaging platform with endothelial-
specific GCaMP3 mice enables real-time quantification of en-
dothelial cell calcium influx during TEM in high spatiotemporal
resolution. As a transmigration pore is formed and transmi-
gration begins, there is a substantial increase in cytosolic en-
dothelial calcium signal surrounding the migrating leukocyte.
The calcium signal peaks approximately midway through the
transmigration process and returns to at or near baseline when
the leukocyte has completed transmigration and the PECAM
pore closes. Importantly, this calcium influx is distinct from the
calcium requirements at other steps in the inflammatory cas-
cade, such as rolling and adhesion. There is no enrichment of
calcium signal at endothelial cell junctions until immediately
before the initiation of transmigration.

There are, however, other calcium transients that we ob-
served that are morphologically distinct from TEM and do not
occur temporally or spatially with TEM. In particular, we fre-
quently observed that footprint-like calcium signals correlated
with neutrophils that have transmigrated and are positioned
below the endothelium. Neutrophils crawl along the basolateral
side of the endothelium for several minutes before ultimately
migrating across the basement membrane (Proebstl et al., 2012;
Song et al., 2017). This generates a distinct, mobile pattern that is
easily differentiated from a true TEM event. We believe that this
distinct calcium signal arises from assembly and disassembly of
focal adhesions between endothelial cells and the basement
membrane, as this process was previously shown to cause dis-
crete increases in endothelial calcium (Giannone et al., 2004).

Figure 6. CaMKIIδ is required for targeted recycling of the LBRC. (A)
iHUVECs grown on collagen gels and transduced with dominant negative
(DN) CaMKIIδ as in Fig. 4 were subjected to the targeted recycling assay
(described in the Materials and methods). This assay follows the recruitment
of the LBRC to the site of transmigration. Using immunofluorescence mi-
croscopy, recycled LBRC is visualized as increased fluorescence adjacent to
transmigrating monocytes. The arrow in the control panel highlights LBRC
recruitment adjacent to the transmigrating monocyte while the arrow in the
dominant negative panel highlights the notable absence of LBRC recruitment.
Images shown here are representative of three independent experiments.
Scale bar is 10 µm. (B) Quantification of the monocyte position and LBRC
recruitment shown in A. Monocytes were considered at the junction if they
overlapped at all with the endothelial cell (EC) junctions in the x-y plane. Data
shown here are the average and standard deviation of three independent
experiments. Each experiment had at least 50 monocytes scored. Data from
each experiment were normalized to the total adherent cells to account for
subtle differences in adhesion on each monolayer. ** denotes P value < 0.01
with Student’s t test.
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We considered the possibility that the increase in fluores-
cence intensity during TEM is due to changes in cellular mor-
phology surrounding the transmigratory pore; however, we
believe this is unlikely. When quantifying fluorescence sur-
rounding transmigrating neutrophils, we selected a region
larger than and inclusive of the pore rather than simply quan-
tifying the fluorescence of the ring itself. If there were only local
redistribution of cytoplasm, the total amount of fluorescence
signal over this larger area would remain unchanged over time.
This is not what we observed. In addition, we observed no de-
crease in GFP intensity adjacent to the transmigratory pore.
Since endothelial cells are extremely thin (<1 µm at the junc-
tions), if there were a substantial shift in local cytoplasmic
volume, it would likely come from nearby cytoplasm. This
would be reflected by a respective decrease in adjacent GFP
intensity that corresponded to the respective increase in GFP
intensity at the TEM pore. This was not the case. For these
reasons, we believe it is unlikely that local changes in cellular
morphology account for the increase in fluorescence intensity.

Ideally, we would perform an experiment to visualize the
TEM of fluorescent neutrophils across endothelial cells expressing

calcium-insensitive eGFP uniformly throughout the cytoplasm.
In such experiments, cytoplasmic rearrangement or changes in
local endothelial cell thickness during TEMwould be visualized
as increases in eGFP fluorescence intensity. However, if our
hypothesis is correct and the increased fluorescence intensity
we see in the GCaMP3 mice is due to ↑[Ca2+]i rather than
change in cellular morphology, we would not see a significant
increase in eGFP fluorescence intensity associated with TEM in
mice expressing calcium-insensitive eGFP. Unfortunately, due
to restrictions on research laboratory operations at the time of
this writing caused by the global COVID-19 pandemic, we have
been unable to perform such experiments, and it remains un-
certain when restrictions will be lifted. Nonetheless, for the
reasons outlined in the previous paragraph, we believe that our
interpretation of the data is correct.

Previous work has shown that the absence of TRPC6 from
murine endothelial cells results in a luminal arrest of neu-
trophils in a croton oil dermatitis model of inflammation (Dalal
et al., 2020; Weber et al., 2015). However, this was a static assay
with fixed tissues and did not address the endothelial calcium
dynamics that occur during TEM. Furthermore, published data

Figure 7. Inhibiting CaMKII in vivo signifi-
cantly reduces neutrophil TEM. (A) iVE-Cre
CaMKIINfl/fl mice were injected for 5 d consec-
utively with either tamoxifen or corn oil (control)
as described in the Materials and methods. After
allowing for a 1-wk recovery period, one ear of
each mouse was treated topically with croton oil
in an acetone:olive oil carrier while the other ear
was treated topically with carrier alone. After
5 h, the mice were sacrificed and their ears were
processed for immunofluorescence imaging us-
ing confocal microscopy on whole-mount speci-
mens. Representative images from control and
CaMKIIN-expressing (tamoxifen-injected) mice
are shown. Neutrophils and endothelial cell
junctions were visualized with antibodies against
MRP14 (blue) and PECAM (red), respectively.
Insets show the orthogonal view at the position
denoted by the dashed line. Orthogonal inset
1 shows three leukocytes (i–iii) outside the blood
vessel. Orthogonal insets 2 and 3 show two
leukocytes arrested on the apical surface (iv and
v). Scale bar is 10 µm. (B) Schematic of the
neutrophil positional scoring system used to
quantify the locations of neutrophils observed in
A. (C) Quantification of the total number of
neutrophils per field. Data shown are the average
and standard deviations of the three indepen-
dent experiments. Only neutrophils within 50 µm
of the vessel were scored. (D) Quantification of
the leukocyte positions from the images col-
lected in A. Data shown are the average and
standard deviations from three separate experi-
ments. At least five fields with at least 100
neutrophils for each mouse were analyzed. Data
shown do not include data for the neutrophils
found in the luminal position. ** denotes P value <
0.01 with Student’s t test. Carrier-only ears showed
no signs of inflammation, and neutrophils were
rarely found in the tissue or associated with the
vessels (data not shown).
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performed in vitro by loading endothelial cells with a calcium
imaging dye seemed to show that endothelial cells undergo
global calcium influx during TEM (Su et al., 2000). This model
does not fully recapitulate the complexities of leukocyte trans-
migration, and there have been no studies reproducing this
observation in vivo. Duza and Sarelius (2004) studied endo-
thelial cell calcium transients in arterioles in vivo by perfusing
mice with a calcium indicator. However, there was no attempt to
study TEM with this system. Our unique findings demonstrate
that dissecting the spatiotemporal characteristics of calcium
changes in real time can help develop better models of en-
dothelial cell function and advance our understanding of
calcium signaling patterns in both healthy and dysfunctional
endothelium.

We previously showed that three major molecules regulating
this process, namely PECAM (Mamdouh et al., 2003; Muller
et al., 1993), TRPC6 (Weber et al., 2015), and IQGAP1 (Sullivan
et al., 2019, 2014), are enriched at the site of the migrating
leukocyte. Our previous data suggested that the CHD helps en-
rich IQGAP1 at the junction. In combination with the data

presented here, we show that CaM, which is constitutively
bound to IQGAP1 through the IQ domain (Ho et al., 1999), is
important in TEM. Once leukocyte PECAM engages endothelial
cell PECAM, local TRPC6 activation leads to a calcium influx
surrounding the transmigrating leukocyte (Weber et al., 2015).
This local influx allows CaM to bind calcium and then activate
CaMKIIδ, the predominant isoform of CaMKII expressed in en-
dothelial cells, to mediate targeted delivery of the LBRC to fa-
cilitate TEM (Fig. 9). Without proper delivery of the LBRC, the
leukocyte and endothelial cell lack additional membrane, un-
ligated receptors, and the necessary signals required for TEM
(Mamdouh et al., 2003; Muller, 2011).

Mechanistically, we report that the IQ domain of IQGAP1,
which is required for TEM, interacts with CaM in endothelial
cells. While the IQ domain was previously shown to interact
with CaM, this interaction was only shown in MCF-7 (Li et al.,
1999) and CV-1 in origin and carrying SV40 (COS) cells (Li and
Sacks, 2003). Although the interaction between IQGAP1 and
CaM can occur in both the presence and the absence of calcium,
the interaction between CaM and CaMKIIδ only occurs in the

Figure 8. CaMKIIδ is required for neutrophil
TEM in vivo. (A) iVE-Cre CaMKIIδfl/fl mice were
injected for 5 d consecutively with either ta-
moxifen or corn oil as described in the Materials
and methods. After allowing for a 1-wk recovery
period, one ear of each mouse was treated
topically with croton oil in an acetone:olive oil
carrier while the other ear was treated topically
with carrier alone. After 5 h, the mice were
sacrificed and their ears processed for immu-
nofluorescence imaging using confocal micros-
copy. Representative images from control and
endothelial cell CaMKIIδ knockout mice are shown.
Here, neutrophils, endothelial cell junctions, and
basement membranes were visualized with anti-
bodies against MRP14 (green), PECAM (red), and
collagen IV (blue), respectively. Insets show the
orthogonal view at the position denoted by the
dashed line. Orthogonal inset 1 shows two
leukocytes (i and ii) outside the blood vessel and
basement membrane. Orthogonal insets 2 and 3
show three leukocytes arrested on the apical
surface (iii–v). Scale bar is 10 µm. (B) Schematic
of the neutrophil positional scoring system used
to quantify the locations of neutrophils observed
in A. (C) Quantitation of the total number of
neutrophils per field. Only neutrophils within 50
µm of the vessel were scored. Data shown are
the average and standard deviations of the three
independent experiments. (D) Quantitation of
the leukocyte positions from the images col-
lected in A. Data shown are the average and
standard deviations collected from three sepa-
rate experiments. At least five fields with at least
100 neutrophils for each mouse were analyzed.
Data shown do not include data for the neu-
trophils found in the luminal position. ** denotes
P value <0.01 with Student’s t test. Carrier-only
ears showed no signs of inflammation, and
neutrophils were rarely found in the tissue or
associated with the vessels (data not shown).

Dalal et al. Journal of Experimental Medicine 9 of 16

Calcium signaling in transendothelial migration https://doi.org/10.1084/jem.20192378

https://doi.org/10.1084/jem.20192378


presence of calcium. This further supports our model where an
acute, local calcium influx initiates signal transduction through
IQGAP1, CaM, and CaMKII to support TEM.

Inhibiting either CaM or CaMKIIδ by a variety of methods
both in vitro and in vivo blocks leukocyte TEM, a novel finding
that implicates these molecules as critical mediators of the acute
inflammatory response. Monocyte TEM in vitro is substantially
reduced when endothelial cells are pretreated with TFP or KN-
93. Furthermore, KN-93 attenuates the interaction between CaM
and CaMKIIδ. We additionally confirmed the role of CaMKII by
expressing a small peptide inhibitor (CaMKIIN) and dominant
negative CaMKIIδ in endothelial cells, both of which signifi-
cantly reduced monocyte transmigration in vitro. Mechanisti-
cally, CaMKIIδ is required for efficient targeted recycling of the
LBRC to migrating leukocytes. This helps us understand calcium
signaling as it sequentially relates to other molecules required
for TEM, such as CD99. CD99 is not required for the initiation of
the targeted recycling of the LBRC but rather is required for
subsequent, continuous recruitment of the LBRC (Watson et al.,
2015). Since dominant negative CaMKIIδ substantially reduced
even the initiation of targeted recycling, we conclude that cal-
cium, CaM, and CaMKIIδ are required for steps upstream
of CD99.

Furthermore, we generated two novel mouse models. This is
the first description of an inducible, endothelial-specific CaMKIIδ
deletionmousemodel. Previous studies have used global CaMKIIδ
knockout mice and cardiomyocyte-specific CaMKIIδ knockout
mice, but our model uniquely assesses the contribution of en-
dothelial CaMKIIδ to disease pathology (Ling et al., 2013, 2009;
Suetomi et al., 2018; Willeford et al., 2018). Additionally, in our
model CaMKIIδ deletion can be induced when the mouse rea-
ches adulthood. This temporally limited approach allows for
targeted study of CaMKIIδ function without affecting devel-
opment and limits potential compensation by up-regulation of
other CaMKII isoforms.

While determining the relevant substrates of CaMKIIδ in
regulating TEM is beyond the scope of this study, potential

targets are likely in the vicinity of the LBRC. An elegant study
in neurites showed that even though CaMKII and one of its
substrates (vimentin) were distributed throughout the neurite
cytoplasm, CaMKII-dependent phosphorylation of vimentin oc-
curred only in the region of high calcium (Inagaki et al., 1997).
Thus, CaMKIIδ activation likely occurs near the transmigration
pore when there is a local influx of calcium. CaMKIIδ may be
involved in affecting cytoskeletal rearrangements through po-
tential interactions with vimentin or kinesin light or heavy
chain (Cyrus and Muller, 2016), or it may be involved in af-
fecting calcium influx through a potential interaction with
TRPC6, creating a local feedback loop to modulate the calcium
signal (Boulay, 2002; Eriksson et al., 2004; Guillaud et al., 2008;
Inagaki et al., 1997; Tang et al., 2001; Zhang et al., 2001). Ulti-
mately, further work will be required to determine which of
these downstream effectors are involved in facilitating targeted
recycling and TEM.

Establishing the importance of CaMKII in leukocyte TEM also
uncovers a novel potential target for therapeutic intervention in
inflammatory conditions. For example, while bosutinib was
originally developed as a Bcr-Abl tyrosine kinase inhibitor for
use in chronic myelogenous leukemia, studies have found that it
can bind and inhibit CaMKII (Chao et al., 2011). CaMKII is also a
target in cardiovascular disease, and several attempts have been
made to create selective inhibitors for therapeutic applications
(Pellicena and Schulman, 2014). With proper optimization, it
may be possible to target CaMKII to reduce aberrant inflam-
mation. Many biological functions rely on local calcium signal-
ing, and this mechanism in endothelial cells specifically allows
for the local propagation of calcium signals to facilitate TEM
without affecting other cellular functions.

Materials and methods
Antibodies and reagents
Mouse anti-human PECAM IgG2a (clone hec7; Muller et al.,
1989), mouse anti-human VE-cadherin IgG2a (clone hec1; Ali

Figure 9. Schematic illustrating mechanism
of endothelial cell calcium signaling during
TEM. The endothelial cell calcium signaling
pathway is activated by homophilic PECAM–
PECAM interactions. This leads to activation of
TRPC6 and an influx of calcium. The CHD helps
enrich IQGAP1 at the junction, allowing CaM
bound to the IQ domain to be locally concen-
trated for the calcium influx. The local influx of
calcium allows CaM to then activate CaMKIIδ.
CaMKIIδ subsequently mediates targeted deliv-
ery of the LBRC to facilitate TEM. Note that
CaMKII is shown as a monomer for clarity.
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et al., 1997), Armenian hamster anti-mouse PECAM (clone 2H8;
Schenkel et al., 2004), and mouse anti-human CD18 (clone IB4;
Wright et al., 1983) were produced in the laboratory using
standard hybridoma antibody production and purification
methods. The nonfunction blocking mouse anti-human PECAM
antibody (clone P1.1; Liao et al., 1997) was purified from ascites
generously gifted by Peter Newman (Blood Center of Wiscon-
sin, Milwaukee, WI). This was then digested to F(ab) fragments
using standard protocols. Mouse anti-human β-actin (catalog
number A2228, clone AC-74), mouse anti-human CaM (Sacks
et al., 1991; catalog number 05–173), Sepharose 4B (catalog
number 4B200), CaM Sepharose 4B (catalog number 17–0529-
01), KN-93 (catalog number K1385), TFP (catalog number
T8516), tamoxifen (catalog number T5648), and corn oil (C8267)
were all purchased from Millipore Sigma. Rabbit anti-human
IQGAP1 (catalog number H-109) and mouse anti-human CaMKIIδ
(catalog number sc-100362, clone L-04) were purchased from
Santa Cruz Biotechnology. Mouse anti-HA; catalog number
2367, clone 6E2) was purchased from Cell Signaling Technol-
ogy. Rabbit anti-mouse collagen IV (ab19808) and rat anti-
mouse MRP14 (ab105472, clone 2B10) were purchased from
Abcam. Rat anti-mouse PECAM (clone 390) was purchased
from EMD Millipore. Mouse serum, goat serum, and DyLight
488– or DyLight 550–goat anti-rabbit and goat anti-mouse
secondary antibodies were purchased from Jackson ImmunoR-
esearch. Rat anti-mouse PECAM, mouse anti-human CD18, rabbit
anti-mouse collagen IV, rat anti-mouse MRP14, and goat anti–
Armenian hamster IgG were directly conjugated with DyLight
488, DyLight 550, or DyLight 649 (Thermo Fisher Scientific) ac-
cording to themanufacturer’s protocols. Goat anti-rabbit–HRP and
goat anti-mouse–HRP were purchased from Bio-Rad.

Animals
All protocols and procedures involving mice were reviewed and
approved by the Northwestern University Institutional Animal
Care and Use Committee (Public Health Service assurance
number A328301). Mice were housed in the institutional animal
facility operated by the Northwestern University Center for
Comparative Medicine in Chicago, IL, and were maintained ac-
cording to standard Association for Assessment and Accredita-
tion of Laboratory Animal Care protocols. All experiments in
this study used mice between 8 and 12 wk of age.

The C57Bl/6 Ly6g(Cre-tdTomato) mouse strain was described
previously (Hasenberg et al., 2015). Briefly, neutrophils of these
mice are fluorescent because they express both Cre recombinase
and the fluorescent protein tdTomato at the neutrophil-specific
locus, Ly6G. To increase the fluorescence, this line was crossed
with the C57Bl/6 129S6 Gt(ROSA)26Sortm9(CAG-tdTomato)Hze line
(The Jackson Laboratory, catalog number 007905) to generate the
CatchupIVM mice as described (Hasenberg et al., 2015). Mice that
were heterozygous for both Ly6Gcre/tdTomato and Rosa26CAG-tdTomato

were used as donors.
The C57Bl/6 GCaMP3 mouse strain was obtained from Dr.

Savio Chan at Northwestern University (Evanston, IL; Cui et al.,
2016). This strain contains a lox-stop-lox cassette upstream of
the GCaMP3 coding region. Then, to generate mice that ex-
pressed the GCaMP3 calcium biosensor specifically in the

vascular endothelium, we crossed the GCaMP3 mice with a VE-
Cadherin Cre mouse strain. The C57Bl/6 VE-Cadherin Cre mice
were obtained from Dr. Gangjian Qin at Northwestern Univer-
sity (Evanston, IL; Zhou et al., 2013). These mice express the Cre
recombinase under the VE-cadherin reporter so that its ex-
pression is limited to endothelial cells. The C57Bl/6 Cdh5-
CreERT2 mouse strain was obtained from Dr. Ralf Adams at
theMax Planck Institute (Münster, Germany) andwas described
previously (Wang et al., 2010a).

The Black Swiss CaMKIIδfl/fl mice were obtained from
J. Heller Brown at the University of California at San Diego (Ling
et al., 2013). These mice were crossed with the Cdh5-CreERT2
mouse line to generate mice in which CaMKIIδ is selectively
deleted in endothelial cells after induction of the Cre re-
combinase. To induce Cre activity, tamoxifen was dissolved in
corn oil at a concentration of 20 mg/ml. 100 µl of the tamoxifen/
corn oil solution was administered via intraperitoneal injection
once every 24 h for 5 d consecutively. Following the final in-
jection, there was a 7-d waiting period before experimentation
was performed. This allowed the deletion of CaMKIIδ specifi-
cally in endothelial cells.

The C57Bl/6 CaMKIIN mice were obtained from I.M. Grum-
bach at the University of Iowa, Iowa City, IA (Murthy et al.,
2017). These mice expressed a floxed eGFP sequence upstream
of a stop codon that was followed by HA-tagged CaMKIIN. The
CaMKIIN mice were also crossed with the Cdh5-CreERT2 mouse
strain carrying the endothelial cell–specific inducible Cre re-
combinase. Once Cre activity is induced with tamoxifen as de-
scribed above, the floxed GFP/stop codon sequence is excised.
This allows for HA-tagged CaMKIIN to be expressed specifically
in endothelial cells while GFP is expressed in all nonendothelial
cells that do not have Cre activity.

Bone marrow chimeras
To effectively visualize in vivo endothelial calcium signals dur-
ing leukocyte TEM using intravital microscopy, bone marrow
chimeras were generated using standard protocols (Duran-
Struuck and Dysko, 2009; Mahajan et al., 2015). VE-Cadherin
Cre GCaMP3micewere lethally irradiatedwith a 1,000-cGy dose
using a Gammacell 40 Exactor 137Cs irradiator and reconstituted
with bone marrow from CatchUpIVM. Male bone marrow donors
and recipients were used for imaging of the cremaster muscle.
Recipients recovered for 1 mo to allow for complete bone mar-
row reconstitution before use in these experiments. Reconsti-
tution was confirmed with fluorescence imaging of a blood
smear (for the presence of tdTomato neutrophils).

Intravital microscopy of the mouse cremaster
The cremaster muscle from male mice was prepared for visu-
alization using methods as previously described (Sullivan et al.,
2016; Thompson et al., 2001; Woodfin et al., 2011). Male mice
between 8 and 12 wk of age were intrascrotally injected with
50 ng of mouse recombinant IL-1β (R&D Systems) and with
100 mg of DyLight 649–conjugated nonblocking rat anti-mouse
PECAM (clone 390) in a final volume of 100 µl 4 h before ex-
teriorization and visualization of the cremaster muscle. The
tissue was visualized using an Ultraview Vox imaging system
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equipped with a Yokogawa CSU-1 spinning disk and a 20× water
immersion objective (numerical aperture = 1.00). Images were
collected using Volocity software (Perkin Elmer) and analyzed
using ImageJ (National Institutes of Health; Schneider et al.,
2012). Fields containing postcapillary venules with robust flow
were identified using bright-field illumination. Preferred fields
for imaging contained a relatively straight 30–50-µm post-
capillary venule with normal, steady flow. For each field, three
separate channels were acquired: green (GCaMP3 calcium sig-
nal), red (tdTomato neutrophils), and far red (anti-PECAM la-
beling of endothelial cell junctions). A 3D stack in the far red
channel (anti-PECAM labeling of endothelial cell junctions) was
first captured to determine vessel dimensions. Then a 30–60-
min recording (four frames per second) of all three channels in
3D was collected to capture TEM events.

Endothelial cells and isolation of primary human peripheral
blood mononuclear cells (PBMCs)
All procedures involving human subjects were approved by the
institutional review board of the Northwestern University
Feinberg School of Medicine. To grow endothelial cells, we used
a well-established procedure to generate a stable iHUVEC line as
previously described (Moses et al., 1999). In our experience as
well as in reports by several other groups, these cells grow in
stable monolayers, express appropriate levels of the relevant
adhesion molecules, support TEM, and overall behave identi-
cally to unmodified human umbilical vein endothelial cells
(HUVECs; Ancuta et al., 2003; Watson et al., 2015; Yang et al.,
2005). However, iHUVECs can be transduced with adenovirus
more reproducibly than HUVECs, making it preferable to use
iHUVECs for our studies.

PBMCs were isolated using standard protocols as previously
described (Muller and Luscinskas, 2008; Muller and Weigl,
1992). Briefly, blood was drawn from healthy volunteers into
1/10 volume EDTA (10 mM). Whole blood was then mixed with
an equal volume of HBSS (Corning). The blood/HBSS mixture
was layered over a Ficoll-Paque density gradient (GE Health-
care) and centrifuged at 2,200 rpm for 20 min. The upper
plasma layer and the PBMC layers were collected separately. The
PBMC layer was then diluted in HBSS. Both the PBMCs and
plasma were centrifuged at 1,000 rpm for 10 min. The PBMC
pellet was then resuspended in the spun platelet-depleted plas-
ma and centrifuged again at 1,000 rpm for 10 min. The resultant
PBMC pellet was then resuspended with HBSS and centrifuged
two times at 1,000 rpm for 10 min. The final PBMC pellet was
resuspended in M199 (Life Technologies) with 0.1% human se-
rum antigen for use.

IQGAP1, CaMKIIN, dominant negative CaMKIIδ constructs, and
adenoviral transduction
The IQGAP1 domain truncation constructs (Δ5,6 and Δ4–6) have
been generated in the laboratory and have been previously de-
scribed (Sullivan et al., 2019). Briefly, we used full-length IQ-
GAP1 in a pENTR4-GFP vector as the template to generate the
IQGAP1 domain truncation constructs. The resulting constructs
were then recombined with the adenoviral pAd/CMV/V5-DEST
vector (Invitrogen) using LR clonase (Invitrogen). The resulting

vectors were digested with PacI and then transfected into 293A
cells that produced adenovirus for transduction according to
standard methods.

Adenovirus expressing HA-tagged CaMKIIN (Ad5.CMV.-
CaMKIIN.HA.IRESeGFP) was generously gifted by I.M. Grum-
bach (Murthy et al., 2017). Adenovirus expressing HA-tagged
dominant negative CaMKIIδ was generously provided by J. Heller
Brown (Zhu et al., 2007, 2003). The dominant negative form of
CaMKIIδ contains a K43A mutation. This mutation results in a
catalytically dead form of the protein that prevents its kinase
activity and downstream substrate phosphorylation.

For adenoviral transduction of iHUVECs, cells were seeded
on 96-well 3D collagen gels at 7,500 cells per well. The following
day, monolayers were washed and incubated with fresh media
overnight. On day 2 after initial seeding of cells, monolayers
were washed and incubated with the indicated adenoviral con-
struct in 100 µl of conditionedmedia overnight. The media were
then replaced with fresh media for 24 h before the cells were
used in experimentation. With this approach, the reexpression
constructs were transduced for 48 h before the start of the assay.

CaM Sepharose pull-down assay
iHUVECs were grown in 60-mm plates and were transduced
with adenovirus for ∼48 h as described above, incubated with
10 µM KN-93 30 min before experimentation, or left untreated.
All experiments were donewith confluent monolayers. The CaM
Sepharose pull-down assay was performed as previously de-
scribed (Kaleka et al., 2012; Li and Sacks, 2003). Briefly, cells
were washed three times with ice-cold PBS and lysed in lysis
buffer composed of PBS (without Ca2+ orMg2+), 1% Triton X-100,
1 mM PMSF (Millipore Sigma), complete Mini protease inhibitor
cocktail (Roche), and either 1 mM CaCl2 or 1 mM EGTA. Lysates
were collected and centrifuged at 14,000 rpm for 30 min at 4°C.
Supernatants were recovered and precleared with Sepharose
beads (Millipore Sigma; catalog number 45–165) for 1 h at 4°C
with end-over-end rotation. Lysates were then incubated with
CaM Sepharose beads (Millipore Sigma; catalog number 17–0529-
01) on a rotator for 3 h at 4°C. Beads were then washed ex-
tensively five times with lysis buffer containing CaCl2 or EGTA
as appropriate before being resuspended in 6× Laemmli loading
buffer. The samples were heated at 60°C for 30 min and pro-
cessed with standard Western blotting techniques as described
below.

Western blotting
Confluent iHUVEC monolayers grown on collagen gels and
transduced with adenoviral constructs as described above were
washed twice with cold PBS. After washing, the cells were lysed
in 50 µl PBS containing 1% NP-40, 1× protease inhibitor cocktail
(Millipore Sigma; catalog number P8340), and 1 mM PMSF for
5 min at room temperature. The lysates were collected and
pooled from three wells, mixed with 6× Laemmli loading buffer
with β-mercaptoethanol, and heated to 60°C for 30 min.
Equivalent amounts were loaded onto a 10% polyacrylamide gel
and resolved using SDS-PAGE. Proteins were transferred to
polyvinylidene difluoride and detected using standard Western
blotting techniques. The amount of virus needed to achieve
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expression levels for the constructs that were comparable to
endogenous IQGAP1 or CaMKII expression levels was deter-
mined empirically for each construct.

Immunofluorescence microscopy
Confluent iHUVECs were washed twice with PBS and fixed with
4% paraformaldehyde for 20 min at 37°C. Cells were then
washed three times with PBS and permeabilized with 0.01%
Triton X-100 (Millipore Sigma) for 10 min at room temperature.
Blocking buffer (PBS with 5% BSA [Fraction V; Thermo Fisher
Scientific] and 1% goat serum) was added for 30 min at room
temperature. Cells were then incubated with primary antibody
at 10 µg/ml in blocking buffer for 45 min at room temperature,
washed extensively with PBS, and then incubated with sec-
ondary antibody at 4 µg/ml in blocking buffer for 45 min at
room temperature protected from light. Confocal images were
visualized using an Ultraview VoX imaging system equipped
with a CSU-1 spinning disk. Images were acquired with a 40× oil
immersion objective (numerical aperture = 1.0) using Volocity
software. All images were processed and analyzed with ImageJ
software.

TEM assay
TEM assays were performed as previously described on cytokine-
activated endothelial cell monolayers (Muller and Luscinskas,
2008). In brief, 100 µl of the freshly isolated PBMC suspension
(2 × 106 cells/ml) was added to each well of confluent iHUVEC
monolayers grown on hydrated collagen gels. The PBMCs were
allowed to migrate for 1 h at 37°C in 5% CO2. The monolayers
were washed two times with 1 mM EDTA in PBS (no Ca2+ and
Mg2+) to disrupt lymphocyte adhesion, leaving behind mono-
cytes. Lymphocytes do not typically adhere or migrate under
these conditions; however, if any remain, they are identified
based on their morphology and are not scored. Monolayers
were then fixed and imaged, and monocyte transmigration was
quantified according to previously described standard methods
(Muller et al., 1993; Sullivan et al., 2019).

For TEM assays in which PECAM homophilic interactions
were blocked, 20 µg/ml anti-PECAM (hec7) antibody was added
to the leukocyte suspension for 5 min before its addition to the
endothelial cell monolayers. For TEM assays in which small-
molecule inhibitors were used, the endothelial cell monolayers
were preincubated with either 100 µM TFP or 10 µM KN-93 in
culture-conditioned media for 30 min at 37°C. The endothelial
cell monolayers were then extensively washed in warm M199
before addition of the leukocytes. For TEM assays in which ad-
enoviral constructs were transduced, the endothelial cells were
transduced for ∼48 h (as described above) before the addition of
leukocytes for TEM.

LBRC targeted recycling assay
The targeted recycling assay to visualize the LBRC during TEM
was performed as previously described (Mamdouh et al., 2009;
Sullivan et al., 2019; Watson et al., 2015; Weber et al., 2015).
Briefly, iHUVEC monolayers were grown to confluence on
hydrated collagen gels and transduced with adenovirus ∼48 h
before experimentation (as described above). To perform this

assay, we first tagged total PECAM (LBRC and surface) on
cytokine-activated endothelial cells with nonblocking anti-
PECAM Fab IgG2a fragments (clone P1.1) in culture-conditioned
media. Monolayers were subsequently washed, chilled, and in-
cubated with unlabeled F(ab9)2 secondary antibodies at 4°C to
mask the surface pool of PECAM. After extensive washing of
unbound antibody, PBMCs (2 × 106 cells/ml) and DyLight 550
fluorescently labeled F(ab9)2 secondary antibody were added.
The leukocytes were allowed to settle on the monolayers at 4°C
for 15 min, and then the samples werewarmed to 37°C for 10min
to allow synchronized TEM. In this brief assay, most lympho-
cytes do not bind and are washed away. The few lymphocytes
that do bind are easily identified morphologically and are not
scored. Cells were then washed and fixed in 4% paraformalde-
hyde for 10 min at 4°C. Leukocytes were visualized by staining
with DyLight 649–conjugated anti-CD18 after fixation.

During a brief 10-min TEM, the monocytes bind and trigger
the recruitment of the LBRC. This exposes the previously un-
blocked primary epitopes contained within it. These epitopes
are detected by the fluorescent secondary antibodies so that with
confocal microscopy the recruitment of the LBRC is observed as
increased fluorescence signal surrounding the migrating mon-
ocytes. For each sample, at least five fields and 20 total cells per
monolayer were counted and fluorescence was quantified.
Targeted recycling was considered to have occurred if the mean
intensity of fluorescence around the transmigrating leukocyte
was >1.5× the average intensity of the uninvolved endothelial
cell border adjacent to the TEM event.

Croton oil dermatitis model and immunofluorescence staining
of whole-mount ears
Croton oil–induced inflammation was performed using standard
protocols as previously described (Schenkel et al., 2004; Sullivan
et al., 2019). 20 µl of 0.9% croton oil in a 4:1 solution of acetone:
olive oil (carrier) was applied to both leaflets of an ear for 5 h to
induce inflammation. The contralateral ear was treated with
carrier only. After harvesting, fixing, permeabilizing, and
blocking, the ear leaflets were stained. 1 µg/ml anti-MRP14
conjugated to DyLight 488, 10 µg/ml anti-PECAM (clone 2H8)
conjugated to DyLight 550, and 1 µg/ml anti-collagen IV con-
jugated to DyLight 649 were used for the iVE-Cre CaMKIIδ
mice. 10 µg/ml anti-PECAM (clone 2H8) conjugated to DyLight
550 and 1 µg/ml anti-MRP14 conjugated to DyLight 649 were
used for the iVE-Cre CaMKIIN mice.

Image processing and data collection
TEM events were defined as those where the neutrophil tra-
versed from clearly inside of the blood vessel to clearly outside
and separated from it. We centered our region of interest around
the transmigratory pore as defined by PECAM labeling. Using
ImageJ, we quantified the total fluorescence in this area over the
entire duration of the TEM event. The GCaMP3 fluorescence
images were first corrected for background by subtracting the
“off vessel” value (determined using the average pixel intensity
in a region of interest adjacent to the vessel). The relative flu-
orescence signal increase over baseline (F/F0) around the mi-
grating neutrophil was calculated by dividing by the average
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total fluorescence in that region over the 2 min before initiation
of TEM. Data are shown as a rolling average calculated by taking
the mean of two consecutive frames and are graphed as a
function of time. Overall, we studied a total of 12 different mice
on separate days. 30 different postcapillary venule segments
were studied.

For axial profile analysis, a 15-µm linewas drawn centered on
the pore of a TEM event, and the pixel intensity along that line
was recorded for the green channel (GCaMP3 signal). The same
line was then used to analyze pixel intensity for the GCaMP3
signal before the TEM event when the leukocytewas adherent to
the endothelium. The individual lines from several different
events were adjusted slightly to account for variations in the
center of the pore. The plots were then normalized to the min-
imum intensity value proximal to the pore. Note that this makes
the relative intensities for the plots similar at the proximal 0-µm
end of the plot but retains meaningful information regarding the
axial profile of the GCaMP3 signal.

Statistical analysis
All experiments were performed independently at least three
times. In vitro experiments contained at least three replicates
for each sample within each experiment. Average values within
each experiment were averaged between experiments to pro-
duce themeans and standard deviations shown here. Variance of
mean values between two groups was analyzed by the Student’s
t test with a Bonferroni correction for unpaired observations.
Statistical significance is denoted by asterisks, with corre-
sponding P values indicated in the corresponding figure legend.

Online supplemental material
Fig. S1 demonstrates that expression of endothelial cell CaMKIIN
is induced by tamoxifen. Fig. S2 shows another mouse model in
which tamoxifen induces deletion of CaMKIIδ selectively in
endothelial cells. Video 1 and Video 2 show leukocyte TEM live
with intravital microscopy.
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Supplemental material

Figure S1. Tamoxifen induces endothelial cell CaMKIIN expression in vivo. The inducible VE-Cadherin CaMKIIN mice expressed a floxed eGFP sequence
upstream of a stop codon followed by an HA-tagged CaMKII inhibitor peptide, CaMKIIN (HA-tagged CaMKIIN). Once Cre recombinase activity was induced with
tamoxifen, the floxed GFP/stop codon sequence was excised, allowing expression of CaMKIIN selectively in endothelial cells. (A) Immunofluorescence of whole
mount of the control aorta shows absence of HA-tagged CaMKIIN staining in control endothelial cells. (B) Immunofluorescence of whole mount of the aorta of
mice injected with tamoxifen shows that expression of HA-tagged CaMKIIN is indeed specifically induced in endothelial cells. Furthermore, CaMKIIN expression
does not have any effect on endothelial cell morphology or PECAM expression. At least three fields from three independent experiments were evaluated, and
representative images are shown. Scale bar is 10 µm.

Figure S2. Tamoxifen induces deletion of CaMKIIδ in endothelial cells in vivo. The inducible VE-Cadherin CaMKIIδfl/fl mice exhibit selective deletion of
CaMKIIδ in endothelial cells after induction of the Cre recombinase with tamoxifen. (A) Immunofluorescence of the whole mount of the control aorta
demonstrates CaMKIIδ expression in endothelial cells. (B) Immunofluorescence of whole mount of the aorta after tamoxifen injections shows that expression
of CaMKIIδ is specifically deleted in endothelial cells. Residual staining that appears as streaks in the tamoxifen-treated, CaMKIIδ-stained sample is an artifact
created by folds during the tissue mounting process and not residual expression. Furthermore, deletion of CaMKIIδ does not have any effect on endothelial cell
morphology or PECAM expression. At least three fields from three independent experiments were evaluated, and representative images are shown. Scale bar is
10 µm.
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Video 1. Leukocyte TEM is shown live with intravital microscopy. Here, the endothelial calcium signal is fluorescent in the green channel, transmigrating
neutrophils are fluorescent in the red channel, and endothelial cells are outlined in the far red channel. Arrows highlight neutrophil transmigration events and
the corresponding endothelial calcium signal. This video was acquired at 1 frame/9 s, and the playback frame rate is 7 frames/s.

Video 2. Leukocyte TEM is also shownwith intravital microscopy. Here, the endothelial calcium signal is fluorescent in the green channel, neutrophils are
labeled using an anti-CD18 antibody and are fluorescent in the far red channel, and endothelial cells are outlined in the red channel. The arrow highlights a
neutrophil transmigration event and the corresponding endothelial calcium signal. This video was acquired at 3 frames/min, and the playback frame rate is 4
frames/s.
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