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Neutrophil membrane expansion 4631

Fig. 5. The mechanism of membrane expansion during cell spreading. Time series of images of neutrophils in the presence of FM1-43 with the accompanying
phase contrast images for (A) an unstimulated neutrophil, which remains approximately spherical and has a constant FM1-43 signal (quantified in the graph
as “footprint’ and FM intensity respectively), (B) a neutrophil undergoing rapid spreading, with the final fluorescent image resulting from the permeabilisation of
the plasma membrane with digitonin (DGT; 150 uM), and (C) a rapidly spreading neutrophil pre-stained with Dil (red) in the presence of FM1-43 (green) as in the
previous two panels. In C, the ratio of the FM1-43 and Dil signals is shown together with the change in cell footprint.

unwrinkling mechanism for membrane expansion being
dominant rather than the insertion of new membrane.

The crucial role of calpain activation

It has been proposed that plasma membrane wrinkles are held in
place by calpain-sensitive cytoskeletal elements (Hallett and
Dewitt, 2007; Dewitt and Hallett, 2007), and that localised high
Ca®" restricted to wrinkled membrane (Brasen et al., 2010) might
activate sub-plasma membrane calpain-1, whose K4 is ~30 uM
(Goll et al., 2003). Calpain activity, monitored using a ratiometric
fluorescence approach, to avoid the effect of optical path-length
changes during cell spreading on the measurement (Dewitt et al.,
2009; see Materials and Methods), increased during cell spreading
(Fig. 6A). However, measuring activity using this approach gives
limited information because (1) it is not possible to synchronously
monitor cytosolic free Ca®" (fura2 or fluo4 requires excitation in
the 340-390 nm or 470490 nm regions thus preventing
simultaneous calpain measurement), and (2) it is not possible to
time the onset of calpain activation and so correlate this to cell
spreading (the signal observed was the result of the accumulation
of the product of calpain activation, which accompanied neutrophil
spreading). However, the method showed that calpain was
activated and permitted effect of the use of pharmacological
inhibitors of calpain to be established. Two classes of calpain
inhibitors were used, mono-halide mercaptoacrylates, such as PD
150606 (Adams et al., 2012), which acts on a regulatory site
required for Ca®' triggering of the proteolytic activity, and
calpeptin, which inhibits the proteolytic domain of the enzyme.

The spreading morphological changes were reduced by these
inhibitors at concentrations which inhibited the calpain activity
increase associated with cell spreading. Electric cell-substrate
impedance sensing (ECIS) showed that calpain inhibition
significantly reduced the rate of neutrophils spreading on either
the electrode itself or fibronectin-coated electrodes (Fig. 6B). The
inhibitors also had a dramatic and clear inhibitory effect on IP5-
induced neutrophil spreading: on IP; uncaging, the evoked Ca*"
signal remained at levels that would stimulate rapid cell spreading
(Fig. 6C), but the majority of cells failed to spread on either glass
or integrin-engaging fibronectin (Fig. 6C,D). However, on glass, a
small number of calpain-suppressed cells exhibited a slow and
aberrant type of cell spreading. Unlike in cells with active calpain,
where cell spreading was synchronised and uniform over the
majority of the cell periphery (Figs 1,3), these calpain-suppressed
cells flattened by producing numerous small bleb-like structures,
which subsequently coalesced into a larger area and gave rise to an
asymmetrical spreading response (Fig. 7A; supplementary
material Movie 3). The FM1-43 signal in these mini-blebs
decreased (Fig. 7B), which is consistent with them resulting
from localised plasma membrane unwrinkling (Fig. 7D). We
propose that, in the absence of full calpain activity, the release of
membrane wrinkles is slowed sufficiently for the cellular events
that normally accompany rapid neutrophil spreading to be
temporally resolved into two clear stages of membrane
expansion: first, the release of surface wrinkles, which is,
second, permissive for the subsequent actin-dependent
morphology change.
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Fig. 6. The role of calpain activity in neutrophil spreading. (A) Calpain activity monitored by the ratio of the signals from fluorogenic substrate Suc-LY-AMC
and fluorescein in two neutrophils undergoing spreading is shown as a series of ratio images from which the graph was constructed. (B) The effect of a calpain
inhibitor on the impedance, quantified by ECIS as a measure of spreading of neutrophils. The graphs shown are the means (black lines) and *s.d. (grey lines) for
five electrodes (the total cell number was ~125). (C) Sample data comparing the effect of two calpain inhibitors (calpeptin, CPTN) and PD151746 (PDa) with a
solvent control (DMSO). In all sections, uncaging of IP5 was at 30 seconds, and the fluo4 (Ca®") and phase contrast images are shown together with the
quantification of cytosolic free Ca®" and the contact area of the cell (footprint). (D) The percentage of neutrophils that did not spread but were adherent (grey area
of bars) and those that spread (black area of bars) is shown for three calpain inhibitors [PD150606 (PD1), PD151746(PD2) and calpeptin (CPT)] after IP;
uncaging. Cells were cultured on glass or fibronectin (indicated by ‘F”).
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Fig. 7. Aberrant spreading mechanism in

4 C - S :
calpain-inhibited cells. (A) A series of phase
13 + contrast images that are typical of neutrophils
T » that spread after calpain inhibition. Unlike
:E 1.2 + l 25 uninhibited cells, clear ‘bleb-like’ structures
I3 * g2 form before spreading. The complete data set
'g' 11 §1.5 for this is shown in supplementary material
e g1 Movie 3. (B) A close up view of a ‘bleb-like’
15 0-50 " 20 structgre in a neutrophil pre-stained with Dil
0.9 X : (red) in the presence of FM1-43 (green)
30 60 90 showing that FM1-43 intensity decreases,
Time (sec) consistent with unfurling of existing wrinkled
membrane, rather than the addition of new
D membrane. (C) The kinetics of cell spreading

under calpain inhibition, where ‘steps’ in the
increase in cell area are observed that
correlate with the formation of ‘bleb-like’
structures (indicated by the asterisks).
(D,E) Our hypothesis for the underlying
mechanism at a macroscale (D), where the
E p wrinkled membrane locally and patchily
it ’ /"fu ’ m unfurls; and at a micro-scale (E), where the
J—'}} _____ . _,L_ S _J,_ o molecules holding the wrinkles in place are
Ry ’ cleaved by activated calpain.
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Discussion

In this study, we have shown that elevated cytosolic IP; is an
initiator of the Ca®" influx that stimulates the morphological
flattening of neutrophils. The Ca*" influx is sufficient to activate
cytosolic calpain, an event that is crucial for permitting spreading
to proceed and for the apparent expansion in plasma membrane
area. Because the apparent expansion is not accompanied by the
addition of new membrane, we propose that the wrinkles on the
surface of the neutrophils represent a ‘membrane reservoir’ and
that calpain mediates the unfurling of these wrinkles.

Activation of phospholipase C (PLC), which generates IP;,
probably plays a crucial role in physiological neutrophil
spreading. Inhibition of PLC activity by compound U73122
(Bleasdale et al., 1990) has a profound inhibitory effect on
neutrophil spreading (Smith et al, 1996). Similarly, in
lymphocytes, the IP;-generating enzyme (PLCy2) was found to
be crucial for cell spreading (Weber et al., 2008). However, the
authors of this latter study concluded that, in these lymphocytes,
IP; itself was not involved because cell spreading occurred in
mutant cells lacking the three types of IP; receptor (Weber et al.,
2008). Clearly, our study shows that photolytically generated IP5,
produced to a level sufficient to trigger a Ca®" signal, induces cell
spreading in human neutrophils. However, we must be careful not
to extrapolate from this that IP; is involved in neutrophil
spreading physiologically. Indeed, at the integrin-engaging
surface in myeloid cells, there is a strong and localised
production of phosphotidylinositol (3,4,5)-trisphosphate (PIP3)
(Dewitt et al., 2006), which might be involved in Ca*" influx by a
non-IP; route. The data in this present paper shows that the Ca*"
influx itself, however it is generated physiologically, is a signal
for rapid neutrophil spreading.

In other cell types, there is growing evidence for a role of
calpain-2 in focal adhesion complexes and slow motility (Franco
et al.,, 2004; Franco and Huttenlocher 2005). Neutrophils,
however, mainly express calpain-1 and do not form focal
adhesion complexes, and there are two reports that calpain
inhibitors increase neutrophil motility (Lokuta et al., 2003;
Katsube et al., 2008). Although it is not clear whether this latter
effect was a result of decreased cell adhesion, there is a
significant body of evidence showing that calpain inhibitors are
effective in preventing neutrophil extravasation during
experimental inflammation in animal models (Noble et al.,
1998; Ikeda et al., 2002; Tissier et al., 2004; Cuzzocrea et al.,
2000; Marzocco et al., 2004; Yoshifuji et al., 2005) and that
calpain inhibition prevents full extension of pseudopodia during
phagocytosis by neutrophils (Dewitt and Hallett, 2002) and
spreading by lymphocytes (Stewart et al., 1998) and platelets
(Croce et al., 1999). In our studies, calpain-inhibited cells were
essentially quiescent, or sluggish even after IP; uncaging (e.g. see
Fig. 6). The ‘blebbing prelude’ to slow cell spreading, which we
observed in calpain-suppressed neutrophils (Fig. 7), might occur
physiologically in some cells (Fackler and Grosse, 2008; Charras
and Paluch, 2008), especially in Dictyostelium, where recent
reports have shown that blebbing even accompanies chemotaxis
(Yoshida and Soldati, 2006; Langridge and Kay, 2006).

Our study therefore demonstrates that rapid cell spreading is
triggered by the influx of Ca®" through physiologically opened
Ca?" channels. This depends on calpain activation to release
tethered undulations (wrinkles) in the plasma membrane, which,
in turn, permits the apparent plasma membrane expansion. It is
possible that the activation of calpain in neutrophils leads to the

cleavage of an important set of cytoskeletal plasma membrane
linkage molecules, including talin (Sampath et al., 1998) and
ezrin (Potter et al., 1998), which are responsible for maintaining
the membrane its is wrinkled state and thus acts as the permissive
step in rapid neutrophil spreading (Dewitt and Hallett, 2007;
Hallett and Dewitt, 2007).

Methods and Materials

Cell preparation and probe loading

Human neutrophils were isolated from the blood of healthy volunteers as described
previously (Pettit and Hallett, 1995) as approved by SMREC ethics board (Cardiff
University School of Medicine Research Ethics Committee, Cardiff, UK) with the
informed consent of participants. The neutrophils were then suspended in Krebs
medium (120 mM NacCl, 4.9 mM KCI 1.2 mM KH,PO,, 1.2 mM MgSOy,, 1.3 mM
CaCl,, 25 mM HEPES and 0.1% BSA, adjusted to pH 7.4 with NaOH). The
neutrophils were loaded with the fluorescent Ca*" probe fluo4 acetoxylmethyl
ester (AM) (Molecular Probes; 1-5 uM) as described in detail elsewhere (Hillson
et al., 2007). This produced cytosolic concentrations of the probes of 50-100 uM.
When loading neutrophils with both Ca>" probe and caged-IP; or caged Ca*"
(nitrS), the incubation with the caged IP; propionyloxymethyl ester (PM) (Alexis
Biochem) or nitr5-AM (Biochem) was started before adding the fluo4-AM
compound. Loading with caged compounds was performed in the dark to prevent
uncontrolled uncaging by ambient light. The times for loading of the probes were:
fluo4-AM, 40 minutes, IP; (caged)-PM, 1 hour; and nitr5-AM (1 hour). Extreme
care was taken during the isolation and loading procedures to avoid mechanical
activation of the cells, which can cause them to adhere rapidly and spontaneously
to uncoated glass. Under the isolation conditions used here, neutrophils adhere to
glass, but remain in the apparently ‘spherical’ (i.e. non-spread) morphology.

Ca®* measurement and manipulation

Cytosolic free Ca?" was measured as described in detail elsewhere (Hillson et al.,
2007) using the resonant scanning head of the Leica RS confocal microscope,
which had a frequency of ~40 MHz. Neutrophils were allowed to adhere to the
glass coverslip mounted onto a thermostatically controlled stage (37+0.1°C) in
Krebs medium and soluble stimuli such as f-mlp (Sigma) were added to them
during a data acquisition run. During image acquisition, uncaging was achieved by
positioning of an additional dichroic mirror and band-pass filter to illuminate the
microscopic field with UV (330-300 nm) light (430 DCLPO2 dichroic; Omega
Optics) from a 100 W mercury arc lamp. It was shown, using caged fluorescein as
a surrogate read-out, that this procedure generated photolytic product linearly with
no initial time delay. After loading with caged IP; from its permeant ester, human
neutrophils retain the ability to undergo adhesion and spontaneous spreading. In
addition, other neutrophil functions, such as chemotaxis and phagocytosis were
unimpaired. However, cell-cell adhesion (aggregation) in suspension was often
observed to increase. This effect was attributed to the ester loading method,
presumably esterase-cleavage products, rather than caged IP;, as loading with
other esters (e.g. those of fluo4, fluo3, fura2) can also induce this. The Ca’" and
morphological responses reported here were also mimicked in individual
neutrophils that had been microinjected with non-esterified forms of fluo4 and
caged IP; (Dewitt et al., 2003). Given that no esterase products are generated under
these latter conditions, none of the phenomena reported can be attributed to these
side products. From knowledge of the relative uncaging indices for caged IP; and
nitr5 (e¢) (Ellis-Davies, 2007), photolysis was estimated to released IP; at a rate of
4 uM/second.

Quantification of Ca®* and morphological changes

Adjustments to gain and offset were applied to whole time-series data sets to allow
genuine comparisons within a time sequence. Ratio images (F/F,) were taken to
negate differences in Ca>" probe loading, but this never revealed Ca®" signals that
were not evident in the raw fluorescent intensity data set. Cytosolic free Ca** was
estimated using the following ec&uation, which the Ky for fluo4 taken as 516 nM
(Hillson and Hallett, 2007), Ca* =Ky[F—Fuinl/[Fmax—F]. Fmin and Fy,.x were
found for Ca*'-free and Ca*'-saturating probes as described (Hillson et al., 2007).
The cell morphology change during neutrophil spreading was dramatic and easily
quantified in populations by counting individual cells. For time relationships, the
cell contact area (footprint) was measured frame by frame using Image Master
(PTI) or ImageJ software. The kinetics of cell spreading was also quantified by
‘electric cell-substrate impedance sensing” (ECIS, Applied Biophysics), which is a
non-invasive means of monitoring the kinetics of spreading of very small
populations of neutrophils (about five cells per electrode) onto a 250-pum-diameter
gold electrode coated with fibronectin. As neutrophils spread, they reduce the
effective area of the electrode and the impedance signal rises (Wegener et al.,
2000). All measurements were performed at 37°C and the final outcome was
confirmed by microscopic inspection of the electrodes. For 3D reconstruction,
optical xy planes were taken at z planes through cells whose plasma membrane had
been stained with Dil (Invitrogen) or PKH (Sigma), and with either the nuclear
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membrane stained with PKH or DNA content stained with Acridine Orange
(Sigma). Optical sectioning was performed in real time as the cell morphology
changed, using a fast resonant scanning system (Leica RS 2) and the data later
reconstructed using Imaris software (Bitplane). All data shown are representative
of a number of different experimental runs from at least three different blood
donors as the source of neutrophils.

Calpain measurement and manipulation

Calpain activity was assessed in neutrophils by dual labelling with fluorescein
from its diacetate ester (fluorescein diacetate, Sigma) and the cell-permeant
fluorogenic calpain substrate, Suc-Leu-Tyr-7-amido-4-methyl coumarin (Suc-LY-
AMC). The calpain-derived product, AMC was measured by excitation at 360 nm
and fluorescein by excitation at 470 nm using a rapid changing monochromator
(DeltaRAM, PTI, UK) and emission >510 nm was detected using an intensified
CCD camera (PTI, UK). Ratio images (360:470 nm) were acquired in real time
using ImageMaster software (PTI, UK). Calpain activity was inhibited by pre-
incubation (15 minutes) with either calpeptin, which inhibits the proteolytic
domain, or PD150606 or PD 151746 (50 uM), which inhibit the Ca*" activation
domain.

Measurement of membrane expansion

The membrane was stained by the addition of FM1-43 (Molecular Probes) to
neutrophils in suspension (8 uM) and imaged confocally (Leica RS SP2; excitation
488 nm, emission 530-560 nm) with the pinhole set open (2 AU). The dye was
present throughout the experiment. In experiments with Dil, the cell membranes
were pre-stained (as described above) before the addition of FM1-43.

Imaging and quantification

Confocal imaging was achieved using a resonant scanning head for the Leica RS
confocal laser microscope with a 63x oil immersion objective (NA 1.32) (HCX-
PL- APO). The confocal pinhole was set to 1 AU for all experiments except where
FM1-43 was used, where it was adjusted to 2 AU in order to increase the thickness
of the confocal slice sufficiently to monitor total cell fluorescence. Neutrophils
were allowed to adhere onto the glass coverslip mounted on a thermostatically
controlled stage (37+0.1°C) in Krebs medium and soluble stimuli (f-mlp) were
delivered or uncaging achieved during image acquisition. Adjustments to gain and
offset were applied to whole time-series data sets to allow genuine comparisons
within a time sequence. ‘Raw fluorescent’ images with no post acquisition contrast
enhancement or other manipulation were used for quantification. The intensity and
area occupied by the spreading cell was measured using either Leica analysis
software, ImageMaster analysis software (PTI) or Image J (NIH). The number of
individual neutrophils analysed exceeded 50 in all experiments. All data shown
were representative of at least three different experimental runs from different
blood donors as the source of neutrophils.
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Movie 1. Examples of neutrophils spreading in response to photolytic uncaging of cytosolic IP,. The sequence shows phase contrast
images with the Ca?" signal (fluo4 intensity) overlain,so that the temporal relationship between the induced Ca*" signal and cell
spreading can be seen..

Movie 2. An example of the response to uncaging of cytosolic IP, in an actin-inhibited neutrophil (treated with cytochalasin B).
Although the elevated Ca?* signal was induced, cell spreading was prevented and instead cell “wriggling” is seen..

PLAY VIDEO

Movie 3. An example of aberrant cell spreading in a calpain-inhibited neutrophils showing the bleb-like structures which precede
spreading


http://www.biologists.com/JCS_Movies/JCS124917/Movie1.mov
http://www.biologists.com/JCS_Movies/JCS124917/Movie2.mov
http://www.biologists.com/JCS_Movies/JCS124917/Movie3.mov

