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Neurokinin 1 Receptor Mediates Membrane Blebbing in
HEK293 Cells through a Rho/Rho-associated Coiled-coil
Kinase-dependent Mechanism™
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We have investigated the effect of neurokinin 1 receptor (NK1R)
agonists on HEK293 cells transfected with the NK1R receptor. The
NKI1R receptor mediates dramatic shape changes that include con-
tractions of the membrane cortex resulting in membrane bleb for-
mation. We have found that the cell shape changes correlate with
changes in electrical impedance measured in cellular monolayers.
The shape and impedance changes were prevented after preincu-
bation with NK1R antagonists aprepitant and L-73060. Although
bleb formation usually heralds apoptotic cell death, we have found
that NK1R-mediated cellular blebbing does not associate with apo-
ptosis. Preincubation with a cell-permeable derivative of C3 trans-
ferase that blocks Rho or with the Rho-associated coiled-coil kinase
inhibitor Y27632 completely prevented NK1R-induced shape and
impedance changes. Blebbing was also completely inhibited by
ML-9, a myosin light chain kinase inhibitor. Furthermore, the
phospholipase C inhibitor U73,122 did not interfere with the effect
of Substance P (SP) on cellular morphology and cellular impedance
but completely blocked SP-induced intracellular calcium increase,
indicating that the blebbing is a process independent of intracellu-
lar calcium elevations. Blebbing is a protein kinase C-independent
process, since the nonselective protein kinase C inhibitor
GF109203X did not interfere with SP-induced effects. Based on
these results, we provide the first evidence that NKIR receptor-
ligand interaction can cause apoptosis-independent cellular bleb-
bing and that this process is mediated by the Rho/Rho-associated
coiled-coil kinase pathway.

Neurokinin 1 receptor (NK1R)* mediates a variety of biolog-
ical effects, including inflammatory processes and immuno-
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logic responses (1-6), smooth muscle contraction, hypotensive
effects, and stimulation of cellular secretion (7, 8). Two iso-
forms of NKIR have been described: a full-length NKI1R that
includes in its primary structure 407 amino acid residues and a
truncated NKIR that lacks 96 amino acid residues in the
COOH terminus intracellular domain. Both isoforms are func-
tionally active and activated different signaling pathways
(9-12). In this study, we have focused on the biology of the
full-length NK1R.

It is generally accepted that the NKIR couples mainly to
Gg/11 proteins, resulting in activation of phospholipase C and a
transient increase in intracellular inositol 1,4,5-trisphosphate
(IP,) and calcium concentration (13, 14). In addition, NK1R has
the ability to induce adenylyl cyclase activation and production
of cAMP via the G, protein, although the potency of the NK1R
agonists in generating cAMP accumulation is lower as com-
pared with their ability to induce IP; formation and intracellu-
lar calcium increase (15). Furthermore, NK1R was also linked to
inhibition of adenylyl cyclase production via the pertussis tox-
in-sensitive G, protein in rat submandibular cells (16). G pro-
tein-independent coupling mechanisms initiated by neuro-
kinin receptors have also been suggested, especially in
connection with ion channels (17).

NKIR is an important regulator of motility in a variety of
cells. NK1R mediates in vitro chemotaxis of human peripheral
blood leukocytes (18) and local recruitment of opioid-contain-
ing leukocytes in an in vivo model of hind paw inflammation in
rats (19). Furthermore, the carboxyl-terminal sequence of SP
induces chemotaxis of human monocytes (20). SP has chemo-
tactic effect on eosinophils (21); this effect may be at least in
part indirect, since it has been found that Substance P stimu-
lates bronchial epithelial cells to release eosinophil chemotactic
activity (22). SP stimulates the migration of natural killer cell in
a dose-dependent manner, with a maximal response at 10~ M
SP (23). Substance P has a role in cancer promotion and pro-
gression, through proliferative and antiapoptotic effects (24—
26). Additionally, Substance P is a promoter of adult neural
progenitor cell proliferation under normal and ischemic condi-
tions (27). SP has a priming effect on undifferentiated THP-1
cells, augmenting the CCR5-mediated calcium increase (9). We
have recently shown that SP enhances CCL5-induced chemo-
taxis of human monocytes (12).

Changes in cellular shape involve cytoskeletal rearrange-
ments resulting in membrane ruffling, extension of filopodia,
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and actin stress fiber formation. Myosin contractility has a cen-
tral role in cytoskeleton rearrangement, and it is regulated by
the phosphorylation of the myosin regulatory light chain
(MLC). The phosphorylation state of MLC is held in balance by
the two opposing enzymes, myosin regulatory light chain
kinase (MLCK) and myosin light chain phosphatase (MLCP).
Furthermore, MLC phosphorylation is associated with mem-
brane blebbing (28).

Activation of Rho-associated coiled-coil kinase (ROCK) is
associated with increased phosphorylation of MLC by a dual
mechanism; activated ROCK directly phosphorylates MLC,
and ROCK phosphorylates MLCP, resulting in inhibition of the
phosphatase activity (29, 30).

Cell rounding and shrinkage is a result of the actin-myosin
cortex contraction and has long been known to be used by cells
for detaching and retracting their body during migration.
Actin-myosin contraction can also lead to stress on the struc-
tural proteins that link cortical actin to the cell membrane, and
these proteins can be cleaved. The result is the growth of spher-
ical membrane protrusions, also known as cellular blebs. Bleb
formation has been described as a marker of cellular apoptosis
and results as a consequence of caspase activation (31, 32).
Caspase-3 cleaves the carboxyl-terminal autoinhibitory
domain of ROCK, resulting in deregulated and constitutive
kinase activity (28). Cell treatment with ROCK inhibitors,
including Y27632, results in inhibition of bleb formation with-
out affecting the apoptotic state of the cells (32). Thus, it has
been concluded that at least in some cell types, apoptosis occurs
independently of blebbing. Furthermore, in recent years it has
become evident that membrane blebbing is important in vari-
ous types of cell movement, cell spreading, and cancer cell inva-
sion (33).

Our study demonstrates that activation of NKIR triggers
complex and rapid cellular shape change, including blebbing, in
HEK293 cells. This cellular shape change can be quantified
using a cellular assay based on electrical impedance measure-
ments in cellular monolayers. NK1R-induced blebbing is not
associated with apoptosis, and we have identified the main
intracellular signaling mechanisms activated by NKI1R that are
responsible for Substance P-induced cellular shape change. Cell
shape change is dependent on Rho/Rock activation, and it is
independent of phospholipase C activation, cytosolic calcium
increase, and PKC activation. Based on the known pattern of
interactions between other G protein-coupled receptors and
the molecular targets that we have investigated, we suggest that
NKIR has the ability to interact with proteins from the G,,,;;
family.

EXPERIMENTAL PROCEDURES

Reagents—The plasmid encoding the full-length NK1R was a
gift from Dr. Norma Gerard (Harvard University, Boston, MA).
The NK1R antagonist, aprepitant (Emend®), manufactured by
Merck, was purchased through the Children’s Hospital of Phil-
adelphia Pharmacy and purified by chromatography (12). Sub-
stance P, [Sar®,Met(0,)"']Substance P (Sar9), Substance P frag-
ment4-11, L-73060, and L-73061 were purchased from Sigma.
Y27632 was from Biomol (Plymouth Meeting, PA).
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Cells—HEK293 cells (human embryonic kidney cells; Amer-
ican Type Culture Collection, Manassas, VA) were grown at
37 °C and 5% CO, in 100-mm cell culture dishes (Fisher) in
Dulbecco’s modified Eagle’s medium containing 4.5 g/liter glu-
cose, 584 mg/liter L-glutamine, and 110 mg/liter sodium pyru-
vate (Mediatech, Manassas, VA), supplemented with 100
units/ml penicillin, 100 wg/ml streptomycin (Invitrogen), and
10% fetal bovine serum (Hyclone, Logan, UT).

Establishment of the NKIR Stable Expressing Cell Lines—
NKI1R plasmids (full-length NKI1R) were transfected into
HEK293 cells using Nucleofector (Amaxa, Inc., Gaithersburg,
MD) and Cell Line Nucleofection Kit V, according to the man-
ufacturer’s instructions. In brief, HEK293 cells (2 X 10° cells)
were suspended in 100 ul of Nucleofector solution, and 5 ug of
the plasmid encoding NK1R was transfected into HEK293 cells.
Transfected cells were transferred to 24-well plates and
selected with G418 (1 mg/ml) for 4—6 weeks. The antibiotic-
resistant cells were further selected by limited dilution in
96-well plates for another 3—5 weeks. The antibiotic-resistant
clones were further selected and characterized by reverse tran-
scription-PCR amplification of NK1R mRNA and flow cytom-
etry assay for surface expression of NKIR (10).

SP-induced Calcium Mobilization in HEK293 Cells—Intra-
cellular calcium measurements were performed in Fura-2-
loaded cells using Tsien’s ratiometric method (34). Briefly, cells
were seeded in 96-well plates and allowed to adhere overnight
in a standard cell culture incubator at 37 °C in a humidified
atmosphere 5% carbon dioxide and air. Fura-2 loading was per-
formed by incubating cells for 45 min at room temperature in
medium containing 4 um Fura-2/AM and 0.01% Pluronic F-127
(Molecular Probes, Inc., Eugene, OR). Cells were washed in
Hanks’ balanced salt solution containing 1 mm calcium chlo-
ride, and fluorescence was recorded in individual cells using an
imaging system from Photon Technologies Inc. (Lawrenceville,
NJ). Recordings were performed using excitation wavelengths
of 340 and 380 nm, and emitted light was measured at 510 nm.
A standardization kit (Molecular Probes) was used to convert
the ratio measurements to intracellular calcium concentra-
tions. Peak intracellular calcium increases were determined
and used to construct concentration-response curves. Logistic
curves were fitted to data and used to derive EC,, values for
Substance P.

Video Microscopy—Cells were plated in 96-well plates by
incubation in complete Dulbecco’s modified Eagle’s medium
at a density of 5,000 cells/well. After 24 h, the medium was
replaced with 50 ul of complete Dulbecco’s modified Eagle’s
medium/well. Either 50-ul controls, antagonists, or kinase
inhibitors were added at the appropriate times for each
antagonist. The agonists were added at a volume of 50
wl/well. The cells were examined on a Olympus CK-X41
microscope. Images were recorded using an Olympus DP-71
camera.

Electron Microscopy—Cells were grown in 6-well plates in
complete Dulbecco’s modified Eagle’s medium, and after 24 h,
cell SP (100 nMm) or solvent was added to each well. Cells were
fixed and subjected to electron microscopy imaging, as previ-
ously described (35).
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Real Time Cell Electronic Sensing Assay—The real time cell
electronic sensing assay is based on electrical impedance read-
ings in cell monolayers plated in wells containing built-in
gold electrodes. We have used the analyzer, 16 well e-plates,
and the integrated software from Acea Biosciences Inc. (San
Diego, CA). Cells were plated at a density of 4,000 cells/well
in 100 wl of medium, installed on the analyzer. The analyzer
and the installed plates were placed in a standard cell culture
incubator, at 37 °C in a humidified atmosphere of 5% carbon
dioxide and air. Cells were allowed to adhere to plates over-
night. The analyzer was programmed to take readings during
the addition of drugs to the medium. Data were recorded and
analyzed using the integrated software.

Quantification of Apoptosis by 4',6-Diamidino-2-phenylin-
dole Staining—Cells were treated for 24 h with the NK1R
agonist Sar9 (100 nm), staurosporine (0.5 uMm), or solvent
(controls) and then were trypsinized, mounted on glass
slides, and fixed with 70% ethanol. Cells were then stained
for 20 min with 1 mg/ml 4’,6-diamidino-2-phenylindole
(Sigma) and examined by fluorescence microscopy. Apop-
totic cells were identified by chromatin condensation and
fragmentation.

Quantification of Apoptosis by Flow Cytometry— Apopto-
sis was determined by detecting annexin V binding using
flow cytometry. HEK293-NKIR cells were treated with Sar9
(100 nwm), staurosporine (0.5 um), or solvent (controls) for
24 h, and then cells were washed, trypsinized, and then
labeled with annexin V-fluorescein isothiocyanate and pro-
pidium iodide (5 wg/ml) in staining buffer (containing 1%
bovine serum albumin in 50 mmol/liter HEPES buffer, pH
7.4) for 15 min on ice. Fluorescein isothiocyanate-conju-
gated murine IgG monoclonal antibodies of unrelated spec-
ificities were used as controls. After staining, cells were
washed in phosphate-buffered saline and fixed in 4%
paraformaldehyde prior to flow cytometry assay. Cells were
analyzed on a FACScan flow cytometer (BD Biosciences).

Western Blot Analysis—Cells were lysed in LDS sample
buffer (Invitrogen) and subjected to sonication using a sonic
dismembrator model 100 (Fisher). Cell extracts were subjected
to SDS-PAGE and transferred to polyvinylidene difluoride
membranes, using the iBlot Gel Transfer System (Invitrogen).
After blocking with 5% bovine serum albumin in 0.1% Tween
20, Tris-buffered saline, membranes were incubated with the
primary antibody. The following first phosphospecific antibod-
ies were used: anti-MLC2, myosin light chain 2 (Ser'?), and
anti-MYPT1, myosin-binding subunit of myosin phosphatase
(Thr®3; Cell Signaling Technology, Beverly, MA). Anti-rabbit
horseradish peroxidase (1:3000; Bio-Rad) was used as the sec-
ondary antibody. Bands were visualized by enhanced chemilu-
minescence (Thermo Scientific).

Statistical Analysis—The results are expressed as mean *
S.E. The data were analyzed by Student’s ¢ test for two group
comparisons or analysis of variance for multiple comparisons.
Differences were considered significant when p was <0.05.
EC,, values were obtained by sigmoidal curve fitting using
GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, CA).
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FIGURE 1. NK1R activation leads to cell shape changes in HEK293 cells.
Scanning electron micrographs (A) and phase-contrast micrographs (B) of
HEK293-NK1R cells treated with 100 nm SP for either 2 or 5 min. Untreated
cells (0 min) are shown for comparison.

RESULTS

NKIR Activation Leads to Cell Shape Changes in HEK293-
NKIR Cells—Treatment with the NK1R agonist, Substance P,
induced dramatic changes in the morphology of HEK293-
NKI1R cells (Fig. 1). Scanning electron microscopy as well as
phase-contrast microscopy revealed both formation of blebs
and protrusions emanating from the cell surface. Fig. 14 shows
scanning electron microscopy of representative cells fixed at 0,
2, and 5 min of stimulation with SP (100 nm). Fig. 1B shows time
lapse images of cells observed by phase-contrast microscopy.
The changes in shape occur at concentrations of SP as low as 0.1
nM, and they start within 1 min of stimulation and last as long as
30 min (supplemental material). The morphological changes
persisted for several hours (data not shown).

We quantitated the shape changes in order to calculate EC,,
values for activation of the NKIR receptor and be able to
observe the changes in a less subjective way. By growing cells in
plates equipped with electrodes built in the bottom of the wells,
we were able to measure the changes in the electric impedance,
which measures minute changes in cellular morphology (36).
Treatment with varying concentrations of SP reveals a sharp
decrease in impedance within the first 2 min (Fig. 2A4). The
changes in impedance were reversible up to 3 nMm of SP and
reached the maximum amplitude at 100 nm SP. By plotting the
decrease in impedance against the concentration of SP, we
observed a sigmoidal dose-response curve with an EC, of 1.4
nMm (Fig. 2B). We compared the changes in impedance to
another quantifiable indicator of NK1R activation (i.e. mobili-
zation of intracellular calcium). SP caused intracellular calcium
increase in a dose-dependent manner (Fig. 2C). Plotting the
peak changes in calcium against concentrations also shows a
sigmoidal dose-response curve with an EC., of 0.1 nm.

Pretreatment of the HEK293-NKIR cells with the NK1R
antagonists aprepitant and L-73060 blocked SP-induced intra-
cellular calcium changes, whereas L-73061 (an inactive enanti-
omer of L-73060) had no effect (Fig. 3A4). Aprepitant was also
able to completely block any changes in impedance caused by
SP (Fig. 3B). Although L-73060 did not completely block the
SP-induced effect on impedance, the response to SP was obvi-
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FIGURE 2. Impedance changes induced by NK1R agonists in HEK293 cells.
A, representative real time cell electronic sensor (RT-CES) recordings in
HEK293-NK1R cells treated with varying doses of SP. SP was added where
indicated by an arrow. B, dose-response curve for the maximum decrease of
impedance signal induced by SP in HEK293-NK1R cells. Data were obtained in
three independent experiments. C, representative tracings of intracellular
calcium in HEK293-NK1R cells treated with varying doses of SP, which was
added where indicated by an arrow. D, dose-response curve for the peak
intracellular calcium increase induced by SP in HEK293-NK1R cells. Data were
obtained from three independent experiments.
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NK1R-mediated Membrane Blebbing

ously smaller in cells treated with L-73060 as compared with
controls. The inactive enantiomer L-73061 had no effect on
SP-induced impedance change (Fig. 3B). Phase-contrast
microscopy reveals that both of the NKI1R inhibitors effectively
block the blebbing (Fig. 3, C and D). No microscopic shape
change, intracellular calcium increase, or decrease in imped-
ance values were observed upon SP stimulation of untrans-
fected HEK293 cells or HEK293 cells transfected with the trun-
cated NKIR receptor. These data indicate that the changes in
cell shape are a result of activation of the full-length NK1R by
Substance P.

Shape Change in HEK293-NK1R Cells Is Not Due to Change
in Intracellular Calcium Increase—To determine whether the
shape changes induced by SP were due to mobilization of intra-
cellular calcium, we stimulated the HEK293-NKIR cells with
ATP. HEK293 cells express endogenous P2Y, and P2Y, recep-
tors (37), and they mediate intracellular calcium increase (Fig.
4A). Unlike SP, treatment with ATP causes a biphasic response
that consists of a brief decrease followed by an obvious increase
of impedance measurements, consistent with the cells occupy-
ing more area on the plate and spreading out (Fig. 4B). The
phase-contrast microscopy of the ATP-treated cells shows that
the cells did not bleb and they did not contract (Fig. 4C).
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FIGURE 3. NK1R antagonists block intracellular calcium increase and shape changes. HEK293-NK1R cells were preincubated with solvent or aprepitant (1 um),
L-73060 (3 um), or L-73061 (3 um) for 10 min. A, representative intracellular of calcium recordings. SP (100 nm) was added to medium where indicated by solid arrows.
B, representative cell impedance recordings. NK1R antagonists were added where indicated by dotted arrows, and SP (100 nm) was added where indicated by solid
arrows. Cand D, phase-contrast micrographs before (0 min) and 5 min after the addition of SP to cells pretreated with 1 umaprepitant (C) or 3 um L-73060 (D) for 10 min.
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FIGURE 4. ATP, an agonist at the P2Y, and P2Y, receptors, induces imped-
ance changes that are distinct from those mediated by NK1R. HEK293-
NK1R cells were treated with 1 um ATP. Shown are representative intracellular
calcium (A) and cell impedance (B) recordings in cells treated with ATP (right)
or solvent (left). Reagents were added where indicated by an arrow. C, phase-
contrast micrographs before (0 min) and 5 min after the addition of ATP,
showing that ATP does not trigger cell blebbing.

In order to determine whether activation of phospholipase C
plays a role in the shape change induced by SP, we treated
HEK293-NKI1R cells with the phospholipase C (PLC) inhibitor
U73122. Fig. 5A shows that the U73122 treatment was suffi-
cient to abolish changes in intracellular calcium. In contrast,
there was no effect on the changes in impedance caused by SP in
U73122-treated HEK293-NKI1R cells (Fig. 5B). Also, cell treat-
ment with U73122 did not induce blebbing, and it did not block
SP-induced bleb formation and contractions, as visualized by
phase-contrast microscopy (Fig. 5C).

Implication of Rho/ROCK/MLCK Pathway in HEK293-
NKIR Cellular Blebbing—The intracellular mechanisms that
are responsible for NK1R-mediated cell shape changes are not
known. ROCK has been reported to mediate morphological
changes in cells, including bleb formation (31, 32, 38 —40). We
therefore investigated the consequences of inhibition of ROCK
in SP-stimulated HEK293-NKI1R cells using a cell-permeable
compound, Y27632, which is a highly specific and efficient
inhibitor of the ROCK (41). HEK293-NKI1R cells treated with
Y27632 still displayed calcium mobilization similar to control
cells (Fig. 6A), but the decrease in impedance values was greatly
inhibited (Fig. 6B). Furthermore, cell impedance values
increased after treatment with SP (Fig. 6B), which is most likely
due to a tendency of cells to spread more on the substrate (Fig.
6C) as well as to the changes in the intracellular ion concentra-
tions (e.g Ca>") triggered by NKI1R activation. Thus, the pre-
treatment with Y27632 totally abolished blebbing and cell con-
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FIGURE 5. Cellular blebbing induced by NK1R activation is not blocked by
the PLC inhibitor U73122. HEK293-NK1R cells were pretreated with either
vehicle or 10 um U73122 for 30 min, and subsequently, the cells were stimu-
lated with 100 nm SP where indicated by arrows. Representative intracellular
calcium (A) and cell impedance recordings (B) in control (left) or U73122
(right)-treated cells are shown. C, phase-contrast micrographs were taken
before (0 min) and 5 min after the addition of 100 nm SP.

traction, and in fact some of the cells have undergone spreading
on the substrate after treatment with SP.

The effect of Y27632 indicates that ROCK is involved in the
shape change of the HEK293-NKIR cells, and because Rho
GTPase is a known activator of this protein, we investigated its
role in cell NK1R-mediated effects. We used a cell-penetrating
form of the Clostridium botulinum C3 toxin (C3 transferase)
from Cytoskeleton (Denver, CO). The exoenzyme C3 transfer-
ase is an ADP ribosyltransferase that selectively ribosylates Rho
proteins, rendering them inactive. Pretreatment with the C3
transferase for 24 h had no effect on the calcium mobilization
by SP (Fig. 6A) but greatly inhibited the SP-induced decrease of
impedance values (Fig. 6B) and abolished the blebbing and
shape changes, as visualized by phase-contrast microscopy (Fig.
6D). The MLCK inhibitor ML-9 also inhibited the cellular bleb-
bing (Fig. 6E). ML-9 causes massive detachment of cells off of
the tissue culture plate, and since impedance measurements
requires the cells to be adherent to the plate, impedance meas-
urements were not performed.

PKC Does Not Mediate the Cellular Blebbing/Shape Change—
Signaling through the G proteins results in activation of classic
and novel PKC isoforms as a result of PLC activation and gen-
eration of diacyl glycerol from phosphatidylinositol 4,5-
bisphosphate. Because the NKIR receptor signals through G,
we determined whether PKC mediates the shape changes
induced by SP. We pretreated cells with the nonselective PKC
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NKIR-mediated Cellular Bleb-
bing Is Nonapoptotic—Since cellu-
lar blebbing is usually associated
with apoptosis (31, 32,42), we inves-
tigated if NKIR agonists induce
apoptosis in HEK293-NKIR cells.
We used Sar9, an endopeptidase-re-
sistant synthetic derivative of SP, to
avoid degradation of the agonist
during extended incubation with
\ cells. Sar9 is a potent NK1R agonist
that induced cell blebbing (data not
shown), typical for NKIR receptor
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FIGURE 7. Cellular blebbing induced by NK1R activation is not blocked by
the PKC inhibitor GF109203X. Representative cell impedance measure-
ments of HEK293-NK1R cells pretreated with either vehicle (A and C) or 5 um
GF109203X (Band D) for 30 min and then stimulated either with either 100 nm
SP (A and B) or 100 nm 12-phorbol 13-myristate acetate (PMA) (C and D).

inhibitor GF109203X. Treatment with the inhibitor had no
effect on SP-induced decrease in impedance values (Fig. 7, top).
To confirm that the treatment with GF109203X resulted in
efficient inhibition of PKC, we used 12-phorbol 13-myristate
acetate to directly activate PKC. In HEK293 cells, 12-phorbol
13-myristate acetate causes a dramatic increase in impedance,
due to a tendency of the cells to spread on the substrate, and this
increase was abolished after treating the cells with GF109203X
(Fig. 7, bottom), confirming that PKC was effectively inhibited.

ACEVEN

APRIL 3, 2009+VOLUME 284 -NUMBER 14

FIGURE 6. Cellular blebbing induced by NK1R activation is mediated by the ROCK/Rho/MLCK pathway.
A and B, HEK293-NK1R cells were pretreated with solvent (left), 10 um Y27632 for 1 h (middle), or 2.0 p.g/ml C3
transferase for 24 h (right) and then stimulated with 100 nm SP where indicated by arrows. Representative
intracellular calcium recordings (A) and cell impedance measurements (B) are shown. C-E, phase-contrast
micrographs before (0 min) and 5 min after the addition of 100 nm SP to cells pretreated with 10 um Y27632 for

activation in this cell type. Cells
stimulated with Sar9 (100 nm for
24 h) did not display chromatin con-
densation and nuclear fragmenta-
tion. In parallel experiments, we
have treated the cells with stauros-
porine (0.5 um for 24 h), which is a
well known activator of apoptosis
(Fig. 8, top). As expected, staurospo-
rine did cause chromatin condensa-
tion and nuclear fragmentation. We
also measured annexin V binding
by flow cytometry as an indicator
of apoptosis. The percentages of
annexin V-positive cells were 6.3
and 6.5% in control cells and Sar9-stimulated cells, respectively.
The percentage of staurosporine-stimulated cells positive for
annexin V was 22.8%.

SP Induces MLC and MYPT1 Phosphorylation—MLC phos-
phorylation on Ser'® was examined using a phosphospecific
antibody (Fig. 9). SP induced an increase in Ser'? phosphoryla-
tion after 5 min. NK1R activation caused a significant increase
in the levels of MLC phosphorylation. Treatment with the
NKIR antagonist aprepitant blocked SP-induced phosphoryla-
tion of MLC. We used a cell-permeable derivative of C3 trans-
ferase as a Rho inhibitor to investigate the role of Rho on MLC
phosphorylation. Inhibition of Rho caused the level of MLC
phosphorylation to remain at basal levels when treated with SP.
The ROCK inhibitor Y27632 and the MLCK inhibitor caused
the levels of MLC phosphorylation to decrease even less than
basal levels. These data indicate that MLC phosphorylation can
be affected either by blocking activation of the NK1R receptor
or inhibiting Rho, ROCK, or MLCK proteins.

We next tested the effects of the inhibitors of cellular bleb-
bing on levels of myosin light chain phosphatase (MLCP) activ-
ity. The MLCP holoenzyme includes three distinct subunits:
PP16, which is the catalytic subunit of the type 1 protein serine/
threonine phosphatase family; a 20-kDa small subunit; and a
140-kDa myosin phosphatase targeting/regulatory subunit
(MYPT1) (29, 43, 44). Since phosphorylation of MYPT1 on
Thr® and Thr®? results in phosphatase inhibition, we chose
to examine the phosphorylation at the Thr®>® in MYPT1 using
a phosphospecific antibody. SP induced a significant increase in
MLCP phosphorylation, whereas treatment with the NK1R
antagonist aprepitant blocked this effect. Treatment with the
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(necrosis marker) 24 h after treatment.
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FIGURE 9. SP-induced MLC and MYPT1 phosphorylation. Cell lysates were
analyzed by Western blotting using primary antibodies directed at phospho-
MLC (A) or phospho-MYPT1 (B). Where indicated, cells were pretreated with
solvent (control), C3 tranferase (2.0 wg/ml; 24 h), Y27632 (10 um; 1 h), or ML-9
(50 wm; 1 h) and then with SP (100 nm; 5 min). Equal protein loading of lanes
was confirmed by detecting a-actin. Data are expressed as mean = S.E.from
at least three determinations. *, p < 0.05.

Rho and ROCK inhibitors caused the level of MLCP phospho-
rylation to decrease as compared with basal levels, whereas
treatment with the MLCK inhibitor ML-9 caused no significant
change. These data indicate that MLCP phosphorylation can be
affected by blocking activation of the NKI1R receptor as well as
inhibiting the Rho/ROCK pathway.
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FIGURE 10. Model for the signaling pathways downstream of NK1R. Acti-
vation of the NK1R receptor by an agonist leads to membrane blebbing.
Using U73122 to block the PLC pathway, intracellular calcium mobilization is
blocked but membrane blebbing still occurs; therefore, blebbing is initiated
before the PLC step, possibly via G;,,,5 proteins. Rho, ROCK, and MLCK are
required for NK1R-mediated cell blebbing, as demonstrated using specific
inhibitors C3 transferase, Y27632, and ML-9, respectively.

DISCUSSION

We have shown that activation of the NKIR receptor in
HEK293 cells leads to strong and sustained membrane blebbing
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as well as membrane protrusions. Electric impedance measure-
ments across a cellular monolayer allowed us to quantitate the
changes in cell shape that are attributed to contractions of the
membrane cortex, which is composed of an actin and myosin
complex with essential functions in maintaining cell shape and
in cell locomotion (45, 46). The membrane cortex is structurally
connected to the inner face of the lipid-protein mosaic of the
membrane through anchoring proteins, such as fodrin (47).
Cell membrane blebs form as a result of the contraction of the
membrane cortex, which causes the cell to assume a nearly
round shape, and when the cortex contraction is excessive,
increased hydrostatic pressure develops within the cell. When
anchoring proteins of the cortex are disrupted, the hydrostatic
pressure pushes the membrane outside, forming blebs. A
tightly regulated bleb formation occurs during cell locomotion.
We have recently shown that the truncated NK1R modulates
CCR5-induced chemotaxis in human monocytes, and it causes
potentiation of CCR5-mediated intracellular calcium increase
in (12). The mechanism of this regulatory effect is not com-
pletely understood. Our present study proves that full-length
NKI1R can signal through the Rho/ROCK pathway, which is
important for cell locomotion (48, 49).

We determined that Substance P-induced blebbing and
shape changes are a result of activation of the NK1R receptor by
using the NK1R-selective antagonists aprepitant and L-73060.
Membrane blebs, cell contraction, and intracellular increases in
calcium levels were blocked by NK1R antagonists. In addition,
L-73061, the inactive enantiomer of L-73060, had no effect on
blebbing, shape change, electric impedance, or calcium mobi-
lization, further confirming that the effect of the NKI1R antag-
onists was specific.

In addition to its well known function as an energy store
inside the cell, ATP may escape in the extracellular milieu,
where it interacts with membrane receptors that are almost
ubiquitously expressed (50, 51). The ability of ATP to induce
intracellular calcium changes in HEK293 cells has been attrib-
uted to activation of the purinergic receptors P2Y; and P2Y,
(37). Both of these receptors are known to couple to G, result-
ing in PLC activation and increased intracellular calcium con-
centrations. ATP does not induce blebbing or cell contraction
and in fact leads to spreading of the HEK293 cells on the sub-
strate. Although the endogenously expressed P2Y, and P2Y,
are not able to mediate blebbing in HEK293 cells, when the
P2X7 purinergic receptor is transfected in this cell type, bleb-
bing occurs in response to nucleotide stimulation (52). P2X7-
mediated bleb formation requires ROCK activation; however, it
should be noted that the P2X, receptor is not a G protein-
coupled receptor, and thus it is not surprising that its signaling
mechanisms differ from those triggered by the endogenous
P2Y, and P2Y, receptors.

Activation of NKIR couples to G, proteins (14, 53), as well as
G, (15) and G; and G, (16, 54). G, is an important mediator of
NKI1R activation and leads to activation of PLC that causes
phosphatidylinositol 4,5-bisphosphate cleavage to diacylglyc-
erol and IP; (53). The release of IP; ultimately leads to release of
internal stores of calcium. The PLC inhibitor U73122 blocked
intracellular calcium increase caused by SP, proving that PLC
was effectively inhibited. However, SP-induced blebbing and
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cell shape change was not affected, suggesting that these effects
are independent of the classical G, pathway involving intracel-
lular calcium increase and PKC activation.

Although differences in signaling mechanisms triggered by
NK1R may depend on the cell type, the largest body of evidence
suggests that the principal signaling mechanism of NK1R relies
on G, protein and PLC activation. NK1R has been reported to
induce adenylyl cyclase activation and production of cAMP via
the G, protein in a Chinese hamster ovary cell line (15); how-
ever, NKI1R agonists have lower potency in generating cAMP
accumulation as compared with their ability to induce IP, for-
mation and intracellular calcium increase. Furthermore, we
have found that that adenylyl cyclase inhibitor 2',5'-dideoxya-
denosine did not affect SP-induced cell shape and impedance
(data not shown).

NKIR triggers inhibition of adenylyl cyclase production via
the pertussis toxin-sensitive G; protein in rat submandibular
cells (16), and G,, which belongs to the G; family, couples to
NKI1R in Sf9 cells (54). However, G; proteins do not play any
role in signaling downstream of NK1R in HEK293 cells, because
treatment with pertussis toxin, which inhibits G, proteins,
including G,, had no effect on cell shape change or bleb forma-
tion (data not shown).

There are numerous reports on the role of G;, and G,5 in
cellular shape changes that have implicated Rho as a mediator
downstream of G, ,,,5 activation (55-57). Phosphorylation of
MLC and activation of the actin-myosin machinery seems nec-
essary for the formation of blebs downstream of NK1R. Rho
contributes to MLC phosphorylation, through activation of
ROCK (28, 38, 39, 58). The major determinant of MLC phos-
phorylation is not ROCK, but MLCK, which has an activity that
is 1 or 2 orders of magnitude more effective than ROCK in
causing MLC phosphorylation (42, 49). Membrane blebbing
can occur via caspase cleavage of ROCK in a Rho-independent
manner; however, our results demonstrate a critical role for
Rho in NK1R-induced blebbing.

Cell treatment with the ROCK inhibitor Y27632 blocked the
NK1R-mediated cellular shape change and blebbing. In addi-
tion, the cells underwent spreading; this result could be
explained by the fact that a basal level of ROCK activation is
required for normal cellular integrity, and inhibiting it leads to
relaxation of the actin-myosin contractility. ROCK controls the
phosphorylation state of MLC through a dual mechanism; on
one side, it phosphorylates and activates MLC, and on another
side, it inhibits the MLCP.

Blebbing in apoptotic cells results from caspase-mediated
activation of ROCK and MLC phosphorylation, acting in a Rho-
independent manner. In fact, inhibition of ROCK led to abro-
gation of cellular blebbing but no other changes in common
markers of cellular apoptosis. This is consistent with previous
reports showing that SP has an antiapoptotic effect in Kirsten
sarcoma virus-transformed rat kidney epithelial cells (25). Our
finding led to the conclusion that NK1R-mediated blebbing is
not associated with apoptosis, and it is a consequence of Rho-
activated ROCK leading to an increase in phosphorylated MLC
(Fig. 10). Transfection of cells with dominant negative Rac
inhibits MLC phosphorylation (59). We found, however, that
inhibition of Rac using NSC23766 (Calbiochem) did not affect
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SP-induced cellular blebbing or the levels of MLC phosphoryl-
ation (data not shown).

Membrane blebbing also occurs as a consequence of throm-
bin stimulation in a wortmannin-sensitive manner in CHRF-
288 cells (60). Because this effect was shown to act though phos-
phoinositide 3-kinase, we also tested the effects of wortmannin
on SP-induced blebbing and found that it occurred in a phos-
phatidylinositol 3-kinase-independent manner (data not
shown).

Information regarding the mechanisms by which SP binding
to the NKIR receptor is translated into signals is limited. We
have shown that NK1R mediates dramatic cellular shape
changes involving formation of membrane blebs and a drastic
reduction of the surface covered by cells. Moreover, we pro-
vided evidence that this process is mediated by the Rho/ROCK
pathway. Although NK1R agonists trigger a massive intracellu-
lar calcium increase in this cell type, our data demonstrate that
this process is independent of calcium mobilization or PKC
activation. Finally, we present evidence that the membrane
blebbing mediated by NK1R is not associated with apoptosis.
Thus, we present the first evidence regarding the ability of
NKI1R to couple to the Rho/ROCK/MLCK pathway, and this
will have a significant impact on further characterizing the sig-
naling events initiated by the NK1R.
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