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Many chemical mediators regulate neutrophil recruitment to inflammatory sites. Although
the actions of each chemical mediator have been demonstrated with neutrophils in vitro,
how such chemical mediators act cooperatively or counteractively in vivo remains largely
unknown. Here, by in vivo two-photon excitation microscopy with transgenic mice express-
ing biosensors based on Forster resonance energy transfer, we time-lapse—imaged the
activities of extracellular signal-regulated kinase (ERK) and protein kinase A (PKA) in
neutrophils in inflamed intestinal tissue. ERK activity in neutrophils rapidly increased
during spreading on the endothelial cells and showed positive correlation with the migra-
tion velocity on endothelial cells or in interstitial tissue. Meanwhile, in the neutrophils
migrating in the interstitial tissue, high PKA activity correlated negatively with migration
velocity. In contradiction to previous in vitro studies that showed ERK activation by prosta-
glandin E, (PGE,) engagement with prostaglandin receptor EP4, intravenous administration
of EP4 agonist activated PKA, inhibited ERK, and suppressed migration of neutrophils. The
opposite results were obtained using nonsteroidal antiinflammatory drugs (NSAIDs). There-
fore, NSAID-induced enteritis may be caused at least partially by the inhibition of EP4
receptor signaling of neutrophils. Our results demonstrate that ERK positively regulates the

neutrophil recruitment cascade by promoting adhesion and migration steps.

Once inflammation occurs in tissues, in response
to the gradient of chemoattractants such as leuko-
triene B, (LTB,), IL-8, and formyl-methionyl-
leucyl-phenylalanine (fMLP), neutrophils begin
to emigrate from inside the venules to the in-
flammatory sites (Phillipson and Kubes, 2011).
Using various in vivo microscopy approaches,
it has been demonstrated that the neutrophil
recruitment involves four steps: rolling, adhesion,
crawling, and transmigration (Borregaard, 2010;
Megens et al., 2011; Germain et al., 2012; Sanz
and Kubes, 2012; Kolaczkowska and Kubes,
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2013).Thereafter, neutrophils that have emigrated
into the interstitial tissue migrate toward the in-
flammatory sites by the gradient of chemoattrac-
tants. Most chemoattractant receptors expressed
on neutrophils are coupled with the heterotri-
meric G; protein, which inhibits protein kinase
A (PKA) and activates p42/44 extracellular
signal-regulated kinase (ERK) through both the
o and By subunits of G; (Alblas et al., 1993;
Howe and Marshall, 1993; Winitz et al., 1993).
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The G;-mediated ERK activation is required for adhesion
and migration of neutrophils upon the engagement of the
chemoattractants with the cognate receptors (Pillinger et al.,
1996; Zarbock et al., 2007). However, this model was re-
cently challenged by Liu et al. (2012), who proposed that
fMLP-stimulated neutrophil migration is regulated negatively
by ERK.

Prostaglandins at the inflammatory sites play pleiotropic
roles in inflammation (Hata and Breyer, 2004; Narumiya, 2009).
For example, prostaglandin E, (PGE,), which is a major cy-
clooxygenase product in several physiological settings, regu-
lates multiple functions of different immune cells (Ricciotti
and FitzGerald, 2011; Kalinski, 2012). The main signal trans-
duction of the four PGE,-sensitive (EP) receptors, EP1 to
EP4, consists of a rise in intracellular cAMP concentration
and subsequent PKA activation via G, in EP2 and EP4, a rise
in intracellular free calcium ion concentration in EP1, and a
decrease in intracellular cAMP concentration and ERK acti-
vation via G; in EP3 (Narumiya et al., 1999). Further com-
plexity arises from the strength of the coupling to G, and
sensitivity to the metabolic inactivation: Although both EP2
and EP4 receptors couple to G, the EP2 receptor transduces
signals primarily through PKA, whereas the EP4 receptor
primarily utilizes phosphatidylinositol 3-kinase (PI3K) and
ERK (Fujino et al., 2003). EP4 signaling is rapidly desensitized
after its PGE, interaction, whereas EP2 is resistant to ligand-
induced desensitization (Nishigaki et al., 1996). Reflecting
these differences in molecular properties, EP2 and EP4 are
regarded as pro- and antiinflammatory receptors, respectively
(Kabashima et al., 2002; Hata and Breyer, 2004).

Upon activation of Gg-coupled receptors in many cell
types, PKA suppresses ERK mitogen-activated protein kinase
(MAPK) via phosphorylation and inhibition of c-Raf, a MAPK
kinase (Hifner et al., 1994; Pillinger et al., 1996). In neutro-
phils, for example, PKA has been shown to suppress respira-
tory burst by inhibition of the ERK signaling (Bengis-Garber
and Gruener, 1996). However, in neuronal cells, an increase
in cytoplasmic cAMP can activate ERK in a Rap1-dependent
manner (Vossler et al., 1997). Therefore, the regulation of
ERK activity by G,-coupled receptors is dependent on the
cell context.

In the inflammatory tissues, neutrophils perceive several
extracellular signals, which activate or inactivate ERK and
PKA. Under this circumstance, it is hardly predictable which
signaling pathway will be dominant in neutrophils during the
course of inflammation. Although the recent advent of in vivo
microscopy has enabled us to visualize the neutrophil recruit-
ment to inflammatory sites (Megens et al., 2011; Germain
et al., 2012; Sanz and Kubes, 2012), the activity change of sig-
naling molecules has not been examined because of technical
constraints. To overcome this problem, we generated trans-
genic mice expressing functional Forster resonance energy
transfer (FRET) biosensors for ERK and showed that ERK
activity correlated with migration velocity in the neutrophils
of inflamed subcutaneous tissue (Kamioka et al.,2012). How-
ever, we failed to observe extravasation of neutrophils or
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activity change of PKA because of technical difficulty. Here,
in vivo observation of the intestines of the transgenic mice
enabled us to examine the role of ERK and PKA in the
neutrophil recruitment to the inflammatory sites by two-
photon excitation microscopy (2PM). In contradiction to a
previous study that showed activation of ERK by EP4 en-
gagement to PGE, (Fujino et al., 2003), we show that PGE,
stimulates PKA in an EP4-dependent manner and suppresses
neutrophil migration via down-regulation of ERK in the
inflamed intestine.

RESULTS

ERK activity during the neutrophil recruitment cascade

We attempted to visualize ERK activity during the neutro-
phil recruitment cascade in the small intestines of mice after
treating the intestinal tissue with LPS and fMLP to induce
acute inflammation. For this purpose, we used Eisuke mice
(C57BL/6-Tg(pT2A-3903NES)), which are transgenic mice
expressing a cytoplasmic FRET biosensor for ERK and re-
spond to LPS very similarly to C57BL/6 mice (not depicted).
In Eisuke mice, the ERK activity can be represented by
FRET/CFP ratio images (Fig. 1 A). Postcapillary venules in
the lamina propria of the inflamed small intestine were live-
imaged under an inverted two-photon excitation microscope.
Neutrophils in the inflamed tissue could be easily distin-
guished by the segmented nuclei from lymphocytes or mac-
rophages. Indeed, the cells with segmented nuclei could be
stained with a neutrophil marker, anti-Gr1 antibody (not de-
picted). During the course of 2-5 h of live imaging (Video 1),
neutrophils were observed to roll on, adhere to, crawl over,
and transmigrate through the endothelial cells and then to
migrate between the crypts (Fig. 1, A—E; and Video 1). Time-
lapse videos with a shorter interval captured the precise tim-
ing of ERK activation during the neutrophil recruitment
cascade (Fig. 1 C). At the beginning of the adhesion step
when neutrophils arrested on the endothelial cells, ERK ac-
tivity remained low and then increased rapidly when neutro-
phils spread over the endothelial cells. The high ERK activity
was maintained during and after crawling, transmigration, and
random migration between crypts. Fig. 1 E shows the activity
change of ERK in a representative neutrophil, which inciden-
tally migrated in the same XY plane, thereby allowing us to
simultaneously trace the movement along with the activity
change. To quantify these observations, neutrophils in each
step were randomly selected in the CFP images and then ana-
lyzed for their ERK activity in the FRET/CFP ratio image.
Clearly, the ERK activity was increased between the adhesion
and crawling steps (Fig. 1 F).

Requirement of ERK activity for neutrophils crawling over

the endothelial cells and migrating in the interstitial tissue

The ERK activation during the adhesion of neutrophils
prompted us to examine the effect of an MEK inhibitor,
PD0325901, on the neutrophil recruitment cascade. PD0325901
was injected intravenously into Eisuke mice that had been
subjected to LPS and fMLP injection. ERK activity in the
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Figure 1. Activation of ERK in neutrophils during adhesion to endothelial cells of the inflamed small intestine. (A) In vivo imaging of
the lamina propria of the intestinal mucosa from an Eisuke mouse, which was subjected to LPS and fMLP 2 h before imaging. The representative
FRET/CFP ratio image is shown in intensity-modulated display mode with 32-intensity in 8-ratio and a CFP image in grayscale from Video 1, with
a schematic view of this region. Cr, crypt; Ve, venule. Gamma, 1.7. The image is representative of a mouse in five independent experiments. (B) ERK
activities in three representative neutrophils from three independent experiments are plotted against time. The transition point from the adhesion
to crawling steps was set as time 0. The rolling, adhesion, crawling, and transmigration steps are indicated by different colors. (C) ERK activities
from three representative neutrophils were recorded with a shorter interval than in B, at one image every 1.5 s, to discriminate arrest and spread-
ing phases of the adhesion step. Neutrophils were defined as arrest when they stopped rolling for >30 s. The start of spreading was defined when
neutrophils changed from a round to an amoeboid shape. (D) Schematic of the four steps of extravasation. Arrowheads indicate the same neutro-
phil at different time points. (E) Time-lapse FRET/CFP and CFP images of neutrophil extravasation. The boxed region in A was magnified and shown
in a time series. The arrowheads indicate the same neutrophil traced in the video. Bars: (A) 100 pum; (E) 10 pum. (F) ERK activity of neutrophils dur-
ing neutrophil recruitment to the inflamed tissue. 30 neutrophils in each step were randomly selected in the CFP images and examined for their
ERK activity in the corresponding FRET/CFP ratio image. Results obtained from three mice are combined. Black dots and red bars indicate the ERK
activity in each neutrophil and the mean values, respectively. Difference from the rolling cells was evaluated by the Student's ¢t test: **, P < 0.01;

¥ P <0.001.

interstitial neutrophils dropped within 20 min after PD0325901
administration to the level of the averaged ERK activity of neu-
trophils in the venules (Fig. 2, A and B; and Video 2). PD0325901
treatment did not significantly change the total number of neu-
trophils associated with the venules but decreased the number
of neutrophils crawling over or transmigrating through the
endothelial cells (Fig. 2 C).The proportion of neutrophils rolling
over or adhering to the endothelial cells was increased accord-
ingly. The effects on rolling and adhesion of neutrophils were
further quantified as described previously (Fig. 2, D and E; Kubes
etal.,2003).We found that PD0325901 profoundly increased the
number of adherent neutrophils. These results agree with the find-
ing that ERK activity increased before the initiation of crawling.
The effect of PD0325901 on each step of the recruitment
cascade was analyzed in detail with time-lapse video (Video 2).

JEM Vol. 211, No. 6

After binding to the endothelial cells, about half of neutro-
phils were detached within 15 s (Fig. 2 F). Before the addition
of PD0325901, the detachment rate was slowed down after
30 s, which corresponded to the transition to the crawling
phase. In contrast, after the injection of PD0325901, the
neutrophils on the endothelial cells decreased exponentially.
The neutrophils in the presence of PD0325901 crawled over
and transmigrated through the endothelial cells more slowly
than did the neutrophils in the absence of PD0325901 (Fig. 2,
G and H). As is evident in Video 2, the neutrophils in the in-
terstitial tissue also slowed down after PD0325901 treatment
(Fig. 2 I). These data clearly showed that the high ERK activ-
ity of the neutrophils promotes crawling over and transmi-
grating through the endothelial cells and random migration
in the interstitial tissues.
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Figure 2. Requirement of ERK activity for the neutrophil recruitment. (A) FRET images of the lamina propria of the intestinal mucosa in Eisuke
mice 2 h after LPS and fMLP treatment. At time 0, 5 mg/kg of the PD0325901 MEK inhibitor was injected intravenously. A CFP image and two FRET/CFP
images are cropped from Video 2, with a schematic view of this region. Cr, crypt; Ly, lymphatic vessel; Ve, venule. FRET/CFP images are prepared with the
scale range shown at the bottom. Gamma, 1.7. The image is representative of a mouse in five independent experiments. Bar, 100 um. (B) Time courses of
the ERK activity of intravascular or interstitial neutrophils. In each of three mice, 10 neutrophils in and out of the venules were randomly selected in the
CFP images and examined for their ERK activity in the corresponding FRET/CFP ratio image. The mean and one SD of the average of each mouse are
shown. (C) Neutrophils on the endothelial cells were classified into the four steps before and after PD0325901 treatment. We scored 152 and 147, 148
and 153, and 137 and 129 neutrophils before and after PD0325901 treatment in three mice. Error bars indicate the SD.*, P < 0.05; **, P < 0.01 (Student's
t test). (D and E) Eisuke mice pretreated with LPS and fMLP were inoculated with the MEK inhibitor PD0325901 and imaged every 1.5 s. Rolling leukocyte
flux (D) or number of adherent neutrophils (E) was quantified as described previously (Kubes et al., 2003). Three mice were analyzed independently, and
the mean values are indicated in red. *, P < 0.05; **, P < 0.01 (paired Student's t test). (F) The duration of neutrophil attachment to the endothelial cells
was examined before and after PD0325901 treatment (n > 150 for each condition). Data were collected from four mice. Error bars indicate the SD. Aster-
isks indicate the result of the paired Student's t test between each time point and time 0: *, P < 0.05. (G and H) Velocity of crawling over the endothelial
cells (G) and the duration of transmigration (H) were measured for neutrophils that could be tracked during 30-min time-lapse imaging either before or
after PD0325901 treatment. Data obtained from three mice were combined and plotted. Dots and bars indicate the crawling velocity (G) and duration of
transmigration (H) of each neutrophil and the mean values, respectively. **, P < 0.01; **, P < 0.001 (Mann-Whitney U test). (I) Migration velocity of inter-
stitial neutrophils was measured before and after PD0325901 treatment. 50 neutrophils from three mice were randomly selected in the CFP images and
examined for migration velocity during 5-min time-lapse imaging. Dots and bars indicate the migration velocity of each neutrophil and the mean values,
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Figure 3. Activation of PKA during the neutrophil recruitment cascade. (A) In vivo imaging of the lamina propria of the intestinal mucosa of PKA-
chu mice. A representative FRET/CFP ratio image from Video 3 and a scheme are shown. Cr, crypt; Ve, venule. Gamma, 1.14. The image is representative of
a mouse in five independent experiments. (B) In vivo imaging of the lamina propria of the intestinal mucosa of a C57BL/6 mouse that was transplanted
with bone marrow of PKAchu mice 7 wk before the experiment. Representative FRET/CFP ratio images and CFP/Qtracker 655 images from Video 4 and
schemes during neutrophil extravasation are shown. Tracking of a neutrophil is shown by arrowheads. The same cells were also marked by yellow lines.
Gamma, 1.44. The image is representative of a mouse in three independent experiments. Bars: (A) 30 um; (B) 10 um. (C) The PKA activity change was
monitored in three representative neutrophils from three independently analyzed mice. The time of transition from the adhesion to crawling steps was
set as zero. The rolling, adhesion, crawling, and transmigration steps are indicated by different colors. (D) PKA activity of neutrophils in the four steps of
extravasation is plotted. 30 neutrophils in each step were randomly chosen in the CFP images and examined for their PKA activity in the corresponding
FRET/CFP ratio image. To accumulate the incidence, three independent experiments were performed. Dots and bars indicate the PKA activity in each neu-
trophil and the mean values, respectively. ***, P < 0.001 (Student's ¢ test). (E) 90 neutrophils migrating in the interstitial tissue were randomly chosen in
the CFP images and examined for their PKA activity and migration velocity during 5 min of time-lapse imaging. Results obtained from three mice were
combined. The red line is an approximate curve showing the inverse correlation between PKA activity and migration velocity.

Recently, it was reported that neutrophil migration in vitro
is regulated negatively by ERK and positively by p38 MAPK
(Liu et al., 2012). It has also been shown that the end target
chemoattractants such as fMLP and C5a require p38 MAPK
for their action (Heit et al., 2002). We found that a p38 MAPK
inhibitor, SB203580, inhibited ERK activity and migration of
neutrophils without affecting PKA activity (Fig. 2, J-L), sug-
gesting that p38 MAPK may control neutrophil migration in
an ERK-dependent and PKA-independent manner.

PKA activity in the neutrophils during

the neutrophil recruitment cascade and migration
Neutrophils at the inflammatory sites perceive signals from
chemokines and prostaglandins, which transduce signals pri-
marily via G;- and Gy-coupled receptors, respectively. To ex-
amine which of the G;- or G-mediated signaling cascades is
dominant in the neutrophils during the neutrophil recruit-
ment cascade, we examined PKA activity in the small intes-
tines of PKAchu mice, which expressed a cytoplasmic FRET

respectively. ** P < 0.001 (Mann-Whitney U test). (J-L) Inhibition of ERK activity by a p38 inhibitor, SB203580. Eisuke mice or PKAchu mice pretreated
with LPS and fMLP were inoculated with 15 mg/kg SB203580. 60 neutrophils from three mice were randomly selected in the CFP images and examined
for ERK activity (J), migration velocity during 5-min time-lapse imaging (K), and PKA activity (L). Dots and bars indicate the ERK activity (J), migration
velocity (K), and PKA activity (L) of each neutrophil and the mean values, respectively. Data were acquired 10 min before and 20 min after SB203580
injection. ®*, P < 0.001; n.s., not significant (J and L, Student's t test; K, Mann-Whitney U test).
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Figure 4. PKA inhibition of ERK activity, recruitment to endothelial cells, and migration of neutrophils. (A) FRET images of the lamina propria
of the intestinal mucosa in PKAchu mice pretreated with LPS and fMLP. A cAMP analogue, docAMP, was injected intravenously at 0.3 g/kg at time 0. The
bottom left panel shows the schematic view of this region. Cr, crypt; Ly, lymphatic vessel; Ve, venule. Gamma, 1.7. The image is representative of a mouse
in three independent experiments. (B) Time courses of the PKA activity of intravascular and interstitial neutrophils and endothelial cells. In each of three
mice, 10 neutrophils in and out of the venules and 10 endothelial cells were randomly selected in the CFP images and examined for PKA activity. Mean
data of three mice are shown with one SD. (C) FRET images of the lamina propria of the intestinal mucosa in Eisuke mice pretreated with LPS and fMLP.
A cAMP analogue, docAMP, was injected intravenously (0.3 g/kg) at time 0. Images are cropped from Video 5. Gamma, 1.2. The image is representative of
a mouse in three independent experiments. (A and C) Bars, 30 um. (D) Inhibition of the neutrophil attachment to the endothelial cells by dbcAMP treat-
ment. The number of neutrophils on the endothelial cells was counted in three mice, and the mean value and one SD of the average of each mouse are
plotted against time. Asterisks indicate the result of the paired Student's t test between each time point and time 0:* P < 0.05;** P < 0.01. (E and F) Cor-
relation of ERK activity and migration velocity of interstitial neutrophils before and after dbcAMP treatment. 60 neutrophils that were imaged in three

mice were randomly selected in the CFP images before and after docAMP treatment and examined for their ERK activity (E) and migration velocity
(F) during 5 min of time-lapse imaging. Red bars indicate the mean values. ***, P < 0.001 (E, Student's t test; F, Mann-Whitney U test).

biosensor for PKA, AKAR3EV (Fig. 3 A and Video 3). Unlike
the neutrophils of Eisuke mice, the expression of the FRET
biosensor for PKA was relatively low in PKAchu mice. There-
fore, in some experiments, C57BL/6 mice were transplanted
with bone marrow of PKAchu mice 7 wk before analysis. In
this way, we could eliminate the fluorescence from endothe-
lial cells and mesenchymal cells and confirm the observations
obtained with PKAchu mice (Fig. 3 B andVideo 4).The PKA
activity of neutrophils rolling on the endothelial cells was
lower than that of the neutrophils that were adhering to,
crawling over, or transmigrating through the endothelial cells
(Fig. 3, C and D). In contrast to ERK activity, which showed
a rapid increase before entering into the crawling step, PKA
activity increased gradually during the neutrophil recruitment
cascade (Fig. 3 C). After emigration to the interstitial tissue,
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the PKA activity in neutrophils varied cell by cell. Notably, the
PKA activity was inversely correlated with the migration ve-
locity of each neutrophil in the interstitial tissue (Fig. 3 E).
These data suggested that PKA activity negatively regulated
migration in the interstitial tissue.

PKA inhibition of ERK activity, recruitment

to endothelial cells, and migration of neutrophils

The role of PKA in the neutrophil recruitment cascade was
further examined by intravenous injection of a cAMP analogue,
dibutyryl cAMP (dbcAMP). PKA was rapidly activated in al-
most all cell types in the lamina propria of the small intestine,
including neutrophils, endothelial cells, and epithelial cells
(Fig. 4, A and B). In clear contrast, ERK activity was decreased
in neutrophils with a slightly slower time course (Fig. 4 C and

In vivo imaging of PKA and ERK in neutrophils | Mizuno et al.
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Figure 5. Accelerated migration and activation of ERK in neutrophils treated with NSAID. (A) PKA activity of intravascular and interstitial
neutrophils before and after 7.5 mg/kg flurbiprofen axetil injection. 40 neutrophils in and out of venules were randomly selected in the CFP images of
three mice and examined for the PKA activity in the corresponding FRET/CFP ratio images. Red bars indicate mean values. ***, P < 0.001 (Student's t
test). (B) FRET images of the lamina propria of the intestinal mucosa in Eisuke mice pretreated with LPS and fMLP and injected with 7.5 mg/kg flurbi-
profen axetil at time 0. Images are cropped from Video 6. A CFP image and a scheme are also shown. Cr, crypt; Ve, venule. Gamma, 1.3. The image is a
representative view field of a mouse in three independent experiments. Bars, 30 pm. (C) Increase in the crawling step and decrease in the rolling step
in the neutrophil recruitment cascade by flurbiprofen axetil treatment. The neutrophils on the endothelial cells were categorized into the four steps of
the neutrophil recruitment cascade. The fraction of each step was calculated after summing up three time points each for before and after flurbipro-
fen axetil treatment. The experiment was repeated three times, and 537 and 503 neutrophils in total were scored before and after flurbiprofen axetil
injection, respectively. Error bars indicate the SD. *, P < 0.05 (Student's t test). (D-G) Acceleration of neutrophil crawling and transmigration by flurbi-
profen axetil injection. Eisuke mice pretreated with LPS and fMLP were time-lapse imaged before and after intravenous administration of flurbiprofen
axetil. The images were acquired every 1.5 s for the detailed analysis. The flux of rolling neutrophils (D) and the number of adherent (E), crawling

(F), or transmigrating neutrophils (G) were quantified with time-lapse essentially as described previously (Kubes et al., 2003). A neutrophil was defined as
adherent to endothelial cells if it remained stationary for >30 s. The numbers of adherent, crawling, or transmigrating neutrophils were averaged per
10-min observation period. Four mice were analyzed independently, and mean values are indicated in red. *, P < 0.05; **, P < 0.01 (paired Student's

t test). (H and 1) The effect of flurbiprofen axetil on the ERK activity and migration velocity of interstitial neutrophils. 60 neutrophils were randomly
selected in the CFP images at —20 and 20 min, and the migration velocity of each neutrophil was measured. Three independent experiments were
performed to collect the data. Dots indicate the ERK activity (H) and migration velocity (I) in each neutrophil, and red bars indicate the mean values.
** P < 0.001 (Student's t test and Mann-Whitney U test are used for the ERK activity [H] and migration velocity [I], respectively).
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Video 5). Concomitant with the decrease in ERK activity,
the number of neutrophils attached to the endothelial cells
was also significantly decreased (Fig. 4 D). In the interstitial
tissues, dbcAMP treatment also decreased the ERK activity
and migration velocity of neutrophils (Fig. 4, E and F), strongly
suggesting that PKA regulates neutrophils via negative regula-
tion of ERK.

Increase in ERK activity and migration velocity

of interstitial neutrophils by nonsteroidal

antiinflammatory drug (NSAID) administration

We next examined the effect of an NSAID, flurbiprofen
axetil, on the activities of ERK and PKA in the inflamed
intestine. NSAIDs generally inhibit production of PGE, and
thereby suppress G,-coupled receptors such as EP2 and EP4.
In agreement with a previous study showing the expression
of EP2 and EP4 in neutrophils (Yamane et al., 2000), PKA
activity was decreased in both intravascular and interstitial
neutrophils within 10 min after intravenous flurbiprofen
axetil injection (Fig. 5 A). In contrast, flurbiprofen axetil in-
jection caused a gradual increase in the ERK activity of neu-
trophils (Fig. 5 B and Video 6). In the venules, the major
fraction of neutrophils was shifted from the rolling step to the
crawling step by flurbiprofen axetil (Fig. 5 C). Detailed analy-
sis of neutrophils on the endothelial cells revealed that flur-
biprofen axetil enhanced progression from the adhesion step
to the crawling step (Fig. 5, D—G). Meanwhile, in the inter-
stitial tissue, both the ERK activity and migration velocity
of interstitial neutrophils were significantly increased within
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20 min after flurbiprofen axetil injection (Fig. 5, H and I). We
obtained a similar result with another NSAID, indomethacin,
suggesting that the observed effects arose mostly through the
inhibition of COXs (not depicted).

Inhibition of neutrophil migration by EP4 activation

The accelerated migration and increased ERK activation of
neutrophils in the NSAID-treated intestine led us to examine
the role of PGE, on neutrophil migration. We first intravenously
administered an EP4 agonist, ONO-AE1-329, to examine the
role of EP4 on neutrophils. The EP4 agonist ONO-AE1-329
strongly and rapidly increased PKA activity and decreased
ERK activity in intravascular and interstitial neutrophils and
in endothelial cells (Fig. 6, A and B; and Video 7). Intrave-
nous injection of ONO-AE1-329 gradually reduced the num-
ber of neutrophils on the endothelial cells, in agreement with
the role of ERK and PKA in the recruitment of neutrophils
(Fig. 6 C). Both the ERK activity and migration velocity of
interstitial neutrophils were gradually restored within 60 min
after ONO-AE1-329 treatment, when PKA activity also re-
turned to almost the basal level (Fig. 6,A, D, and E).The effect
of EP4 activation was more clearly demonstrated when flur-
biprofen axetil was injected before ONO-AE1-329 adminis-
tration (Fig. 6 F). ONO-AE1-329 markedly inhibited ERK
activity and migration of interstitial neutrophils (Fig. 6, F—H;
andVideo 8).The effect was lost within 80 min, probably as a
result of inactivation in the lung. We next confirmed the role
played by EP4 with an EP4 antagonist, ONO-AE3-208. As
expected, intravenous injection of ONO-AE3-208 suppressed

(C) Inhibition of the entry of neutrophils into the neutrophil recruitment cascade by ONO-AE1-329 treatment. The numbers of neutrophils on the endo-
thelial cells in three mice were counted, and the mean values with one SD are plotted against time. Bars indicate the SD. Asterisks indicate the result
of the paired Student's t test between each time point and time 0:*, P < 0.05; **, P < 0.01. (D and E) ERK activity and migration velocity of neutrophils
migrating in the connective tissue at the indicated time points. 20 neutrophils in each of two mice were analyzed. Black dots and red bars indicate the
ERK activity (D) and migration velocity (E) in each neutrophil and the mean values, respectively. ** P < 0.001 (D, Student's t test; E, Mann-Whitney

U test). (F) Cancellation of the effect of flurbiprofen axetil by ONO-AE1-329. FRET images of the lamina propria of the intestinal mucosa in Eisuke mice
pretreated with LPS and fMLP. 7.5 mg/kg flurbiprofen axetil and 0.25 mg/kg ONO-AE1-329 were administered as indicated. Gamma, 1.14. Images are
cropped from Video 8. The image is a representative view field of a mouse in three independent experiments. (G and H) ERK activities and migration
velocities of neutrophils in the interstitial tissue at the indicated time points. 60 neutrophils from three mice were analyzed. Black dots and red bars
indicate the ERK activity (G) and migration velocity (H) in each neutrophil and the mean values, respectively. ***, P < 0.001 (Student's ¢ test). (I) PKA
activity of intravascular and interstitial neutrophils 10 min before and 30 min after 5 mg/kg EP4 antagonist, ONO-AE3-208, injection. 60 neutrophils in
and out of venules were randomly selected in the CFP images of three mice and examined for the PKA activity in the corresponding FRET/CFP ratio
images. Red bars indicate mean values. Note that FRET values were normalized to the intravascular neutrophils in the absence of ONO-AE3-208.

¥ P <0.001 (Student's t test). (J-L) Increase in ERK activity and migration velocity of neutrophils by ONO-AE3-208. (J) FRET images of the lamina propria
of the intestinal mucosa in Eisuke mice pretreated with LPS and fMLP and injected with 5 mg/kg ONO-AE3-208 at time 0. A CFP image and a scheme
are also shown. Image is a representative view field of a mouse in three independent experiments. (B, F, and K) Bars, 50 um. (K and L) The effect of
ONO-AE3-208 on the ERK activity and migration velocity of interstitial neutrophils. 60 neutrophils were randomly selected in the CFP images at —10
and 30 min, and ERK activity (K) and the migration velocity (L) of each neutrophil were measured. Three mice were used to collect the data. Dots indi-
cate the ERK activity (K) and migration velocity (L) in each neutrophil, and red bars indicate the mean values. ***, P < 0.001 (Mann-Whitney U test).
(M) C57BL/6 mice treated as indicated were sacrificed 24 h later to count the number of intestinal ulcers. Five mice were analyzed in each group. Error
bars indicate the SD.**, P < 0.01; ** P < 0.001 (Mann-Whitney U test). (N and 0) Effect of an EP2 agonist, ONO-AE1-259-01, on PKA activity of intra-
vascular and interstitial neutrophils and migration velocity of interstitial neutrophils. (N) Time courses of PKA activity of intravascular and interstitial
neutrophils are plotted against time. An EP2 agonist, 0.5 mg/kg ONO-AE1-259-01, was injected intravenously at time 0. 30 neutrophils were randomly
selected in the CFP images and examined for PKA activity in the corresponding FRET/CFP ratio image. Three independent experiments were performed,
and the mean values with one SD are shown. (0) The effect of ONO-AE1-259-01 on the migration velocity of interstitial neutrophils. 30 neutrophils
from three mice were randomly selected in the CFP images at —20 and 20 min, and the migration velocity of each neutrophil was measured. Dots and
bars indicate migration velocities in each neutrophil and mean values, respectively. n.s., not significant (Student's t test).
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PKA, activated ERK, and promoted migration of neutrophils
(Fig. 6, 1-L). These results strongly suggest that PGE,-engaged
EP4 inhibits ERK and thereby serves as an antiinflamma-
tory signal. Because NSAIDs such as flurbiprofen axetil are
known to cause ulcers in intestines, we examined the effect
of ONO-AE1-329 and ONO-AE3-208 on the NSAID en-
teritis (Fig. 6 M). ONO-AE1-329 markedly decreased the
number of flurbiprofen axetil-induced ulcers, whereas ONO-
AE3-208 increased the number of ulcers, although ONO-
AE3-208 alone could not cause ulcers. Thus, NSAID-mediated
suppression of the EP4 signaling in the neutrophils seems to
contribute at least partially to the development of NSAID
enteritis. Of note, the EP2 agonist ONO-AE1-259-01 acti-
vated PKA only slightly and did not affect the migration ve-
locity of the interstitial neutrophils (Fig. 6, N and O).

Inhibition of ERK and adhesion of neutrophils

by an LTB, receptor antagonist

Finally, we examined the role played by LTB,, one of the
major chemoattractants in acute inflammation, on ERK ac-
tivity and the neutrophil recruitment cascade. Neutrophils
express the high-affinity receptor for LTB,, BLT1, which is
coupled with the heterotrimeric G; or G protein (Yokomizo
et al., 1997). We could not observe any effect of either LTB,
or an LTB, receptor antagonist, LY293111, on the PKA activ-
ity in neutrophils (not depicted), suggesting that the effect
of BLT1-mediated PKA inhibition is weak in neutrophils.
In contrast, upon intravenous injection of LTB,, we ob-
served a surge in ERK activity followed by rapid suppression
(Fig. 7,A and B). The ERK activity correlated positively with
the migration velocity of the interstitial neutrophils (Fig. 7 C).
Next, LTB, signaling was abrogated by an LTB, receptor an-
tagonist, LY293111. Upon intravenous injection of LY293111,
ERK activity was gradually decreased in the interstitial neu-
trophils (Fig. 7, D and E). LY293111 significantly decreased
the fraction of neutrophils in the crawling step and thereafter
(Fig. 7 F) and inhibited the migration velocity of the intersti-
tial neutrophils (Fig. 7 G). These results suggest that LTB,
drives neutrophil emigration from the venules and migra-
tion in the interstitial tissues and that LTB, was the canonical
ERK activator of the neutrophils in the LPS-induced enteritis
model. In conclusion, in vivo FRET imaging has revealed that
Gi-coupled LTB, activates ERK and transduces a “go” signal
to neutrophils, whereas G-coupled EP4 activates PKA and
thereby puts the brakes on neutrophil migration by suppress-
ing ERK activity (Fig. 7 H).

DISCUSSION

ERK plays a critical role in cytokine-mediated neutrophil ad-
hesion and aggregation in vitro (Pillinger et al., 1996; Capodici
etal., 1998). However, the precise roles of ERK in the neu-
trophil recruitment to the inflammatory sites have not been
shown in vivo as a result of technical difficulties. Here, we
overcame this limitation by using Eisuke mice, which ex-
pressed a cytoplasmic FRET biosensor for ERK. The results
showed that ERK in the vascular neutrophils was increased
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rapidly during adhesion to the endothelial cells (Video 1).This
observation agreed with the previous in vitro finding that
chemokines activate ERK and induce homotypic adhesions of
neutrophils (Pillinger et al., 1996). Importantly, however, ERK
activity also promoted the subsequent steps of chemotaxis to
the inflammatory sites. We observed that an MEK inhibitor,
PD0325901, suppressed not only crawling over and transmi-
gration through the endothelial cells, but also migration in the
interstitial tissues (Fig. 2). Thus, ERK plays a critical role in
transducing “go’ signals to the neutrophils, not only during the
emigration from venules, but also during the migration in the
interstitial tissues.

Recently Liu et al. (2012) showed that neutrophil mi-
gration in vitro is regulated negatively by ERK and positively
by p38 MAPK and proposed that the dynamic balance be-
tween ERK and p38 controlled the neutrophil “stop” and “go”
activity. This proposal contradicts our present findings and
previous studies in which ERK activity was required for
neutrophil migration in vitro (Pillinger et al., 1996; Capodici
etal., 1998).In fact, the p38 inhibitor SB203580 that was used
in the previous study inhibited ERK in neutrophils (Fig. 2,
J-L). Thus, p38 may promote neutrophil migration in an
ERK-dependent manner in vivo. The high concentrations of
fMLP used by Liu et al. (2012) might have caused the discrep-
ancy in the in vitro observations. Alternatively, several cyto-
kines and/or growth factors that act on single neutrophils
in vivo could bring about different outcomes. In any event,
our observation with FRET mice highlighted the importance
of in vivo imaging.

NSAID:s can injure the gastrointestinal tract, including the
small intestine or colon (Bjarnason et al., 1993; Felder et al.,
2000; Wallace, 2012). Neutrophils accumulate in the NSAID-
injured small intestine as soon as 6 h after NSAID administra-
tion (Stadnyk et al., 2002). Such mucosal injury induced
by NSAIDs has been reported to be neutrophil dependent
(Wallace et al., 1990). However, how neutrophils are activated
by NSAID administration remains elusive. In the present
study, we demonstrated that NSAID treatment activated the
crawling step of the neutrophil recruitment process and mi-
gration of interstitial neutrophils along with the increase of
ERK activity (Fig. 5). This observation strongly suggests that
the NSAID-induced suppression of PGE,-mediated PKA ac-
tivation results in ER K activation, which causes dissemination
of active neutrophils from the inflammatory sites. Notably, an
in vitro study showed that salicylates, but not indomethacin,
inhibited ERK and homotypic aggregation of neutrophils
without inhibiting COX (Pillinger et al., 1998). Therefore,
monitoring of PKA activity is essential for assessment of the
effects of NSAIDs in vivo. For this purpose, the PKAchu
mice, which express a biosensor for PKA, will serve as an ideal
model animal.

Another in vivo finding that contradicts the previous in
vitro studies concerns the role of EP4. Although EP4 is asso-
ciated with G, and may stimulate PKA, engagement of EP4
has been shown to activate ERK in many cell types. For ex-
ample, EP4 but not EP2 signaling leads to phosphorylation of
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ERK through a PI3K-dependent pathway in HEK 293 cells
ectopically expressing EP2 and EP4 (Fujino et al., 2003). In an-
other study, EP4 has been shown to activate ERK in rat calvaria
cell cultures treated with a specific agonist (Minamizaki et al.,
2009). Unexpectedly, we found that an EP4 agonist activates
PKA and suppresses ERK activity in neutrophils. The reason
for this discrepancy between the previous in vitro studies and
the present in vivo study remains unknown. Additional signals
that could be engaged only in vivo may facilitate signaling
from EP4 to G,. Considering the observation with EP4 knock-
out mice that EP4 down-regulates inflammation (Kabashima
et al., 2002), we suggest that EP4 activates PKA, inhibits ERK,
and thereby suppresses neutrophil activities. Last but not least,
in the in vivo experimental setup, we should keep in mind that
the effect of perturbation might be indirect. For example,
PGE,-mediated suppression of neutrophil activities might be
mediated by cytokines secreted by PGE,-stimulated cells other
than neutrophils.

It has been reported that PKA activation of neutrophils by
cAMP-clevating agents blocks selectin-dependent rolling over
and subsequent firm adhesion to endothelial cells (Berends
et al., 1997). Another study has indicated that elevation of
cAMP levels reduces neutrophil adhesion to the endothelial
cells by blocking the surface expression of aM2 integrin
(Derian et al., 1995). Based on these observations, it has been sug-
gested that intracellular levels of cAMP may decrease upon
neutrophil adhesion (Lorenowicz et al., 2007). We confirmed
that intravenous injection of dbcAMP activated PKA in the
neutrophils and decreased the number of neutrophils on the
endothelial cells (Fig. 4). However, in contrast to our expec-
tation, we found that PKA activity in the neutrophils was
increased gradually during adhesion to the endothelial cells
(Fig. 3). Thus, it appears that the slight increase in PKA activ-
ity does not interfere with the neutrophil recruitment to the
endothelial cells. Another cAMP target, Epac, may play a crit-
ical role in the initial step of neutrophil adhesion (Lorenowicz
et al., 2007). Because PKA also regulates inflammation by
promoting endothelial barrier integrity (Lorenowicz et al.,
2007), it would be interesting to examine the activity change
of PKA in the endothelial cells. For this purpose, we need to
improve the spatial resolution of FRET images in the future.

In conclusion, against current models showing that PGE,
binding to EP4 activates ERK, we found that EP4 engage-
ment activates PKA, suppresses ERK, and thereby inhibits the
neutrophil recruitment cascade, suggesting that NSAID en-
teritis may be caused at least partially by the enhanced neu-
trophil recruitment. Considering the large number of cytokines
and growth factors that could regulate neutrophils or other
inflammatory cells in vivo, live imaging of the ERK and PKA
activities will help in deciphering the role of each cytokine in
the physiological context.

MATERIALS AND METHODS

Transgenic mice expressing FRET biosensors. The generation of
transgenic mice expressing the ERK FRET biosensor EKAREVnes (Eisuke
mice), the PKA FRET biosensor AKAR3EVnes (PKAchu mice), and the
negative control FRET biosensor AKAR3EV-NC was reported previously
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(Kamioka et al., 2012). Founder animals were backcrossed more than five
generations to C57BL/6N Jcl. Mice were housed in a specific pathogen—
free facility and received a routine chow diet and water ad libitum. To
date, no disease or anomaly has been associated with the expression of the
FRET biosensors used in this study. 6-16-wk-old mice were used for the
in vivo imaging. The animal protocols were reviewed and approved by the
Animal Care and Use Committee of Kyoto University Graduate School of
Medicine (No. 10584).

Microscopy and image processing. 2PM was performed with an
FV1000MVE inverted microscope (Olympus) equipped with a 30X/1.05 NA
silicon oil-immersion objective lens (UPLSAPO 30xS; Olympus) and a Mai
Tai DeepSee HP Ti:sapphire Laser (Spectra Physics) or with an FV1000MVE
inverted microscope equipped with a 30%/1.05 NA silicon oil-immersion
objective lens and an InSight DeepSee Laser (Spectra Physics). The laser power
used for observation was between 4 and 8%. Scan speed was set between 12.5
and 20 ps/pixel. Images were recorded every 10-30 s for long-term imaging or
every 1.5 s for short-term imaging. The excitation wavelength for CFP was
840 nm.We used an IR -cut filter, BA685RIF-3, two dichroic mirrors, DM505
and DM570, and three emission filters, BA460-500 (Olympus) for CFP,
BA520-560 (Olympus) for YFP, and 645/60 (Chroma Technology Corp.) for
Qtracker 655.

Acquired images were analyzed with MetaMorph software (Universal
Imaging) as described previously (Aoki and Matsuda, 2009; Kamioka et al.,
2012). In brief; the level of FRET was represented by the FRET/CFP ratio
image in intensity modulated display mode; eight colors from red to blue are
used to represent the FRET/CEFP ratio, and the 32 grades of color intensity are
used to represent the signal intensity of the CFP image. The warm and cold
colors indicate high and low FRET levels, respectively. Neutrophils were dis-
tinguished from the other cell types by their characteristic segmented nuclei.

Neutrophil recruitment and extravasation were divided arbitrarily into
the following five steps: rolling, adhesion, crawling, transmigration, and che-
motaxis in the interstitial tissue. The term “rolling” was used in the case of
round-shape neutrophils that rolled over the endothelial cells by the frame by
frame comparison. Under the current scanning conditions, cells flowing in
the venules could not be imaged clearly and were excluded from the designa-
tion of rolling neutrophils.“Adhesion” was the term used for neutrophils that
had ceased rolling and remained in the same position for at least 30 s.“Crawl-
ing” was used in the case of neutrophils that adopted an amoeboid shape and
crawled over the endothelial cells. “Transmigration” was defined as neutro-
phils invading into or between endothelial cells to emigrate. Finally, the term
“chemotaxis” was applied when neutrophils migrated in the interstitial tissue.
Under our experimental conditions, we could not separate stochastic migra-
tion and chemotactic migration, so we referred to both as “chemotaxis.”

The flux of rolling neutrophils and the number of adherent neutrophils
were quantified as described previously (Kubes et al., 2003) with time-lapse
images acquired every 1.5 s. The number of rolling neutrophils (flux) was
counted using frame by frame analysis for 10 min. A neutrophil was defined
as adherent to endothelial cells if it remained stationary for >30 s. The num-
bers of adherent, crawling, or transmigrating neutrophils were averaged per
400-700 pm endothelial cells during a 10-min observation period.

In vivo observation of the small intestine. Mice were anesthetized with
1.5-2% isoflurane (Abbott) inhalation and placed in the supine position on
an electric heat pad maintained at 37°C. Before surgery, the abdominal area
of the mouse was disinfected using 70% ethanol. A small vertical incision was
made in the right side of the abdominal wall. The small intestine was pulled
out of the abdominal cavity, and both proximal and distal sides of the small
intestine of interest were ligated using 5-0 silk surgical sutures (Nesco
Suture). With a 29-gauge needle, 1 pg/ml LPS (Sigma-Aldrich) and 100 nM
fMLP (Sigma-Aldrich) were administered into the intestinal cavity. The small
intestine was returned to the abdominal cavity before closing the wound
with 6-0 silk sutures (Ethicon). After 2 h, the abdominal cavity was reopened
to pull out the small intestine on a cover-glass placed in a heat-stage main-
tained at 37°C.The small intestine was fixed with surgical sutures to minimize
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peristalsis and observed by 2PM. Time-lapse imaging was performed with a
two-photon microscope running FluoView software (Olympus). To ob-
serve extravasation of neutrophils, we observed postcapillary venules with
a diameter of ~30-50 um. In some experiments, 5 mg/kg PD0325901
MEK inhibitor (EMD Millipore) in PBS, 0.3 g/kg dbcAMP (EMD Milli-
pore), 7.5 mg/kg flurbiprofen axetil (KAKEN Pharmaceutical), 15 mg/kg
SB203580 p38 inhibitor (Cayman Chemical), 7.5 pg/kg LTB, (Cayman
Chemical), 4 mg/kg LY293111 LTB, inhibitor (Cayman Chemical), 0.5 mg/kg
ONO-AE-1-259-01, 0.25 mg/kg ONO-AE1-329, or 5 mg/kg ONO-
AE3-208 (Ono Pharmaceutical Co.) was administered via the jugular vein
during the course of in vivo imaging. The plasma half-life of ONO-AE3-208
measured in an experiment of intravenous injection was 0.2 h (Kabashima
et al., 2002). The plasma half-lives of ONO-AE-1-259-01 and 0.25 mg/kg
ONO-AE1-329 are not available, but a compound with similar structure is
inactivated in the lung within 20 min.The reagents were administered for
30 s except for LTB,, which was administered for 3—-5 min. To visualize the
blood vessels, 3 pl Qtracker 655 (Invitrogen) was coinjected with the drugs.
Mice were euthanized after the experiments.

Bone marrow transplantation. Bone marrow was harvested from the
femur and tibia of 14-wk-old female PKAchu mice. Whole bone marrow
nucleated cells were transplanted into 10-wk-old C57BL/6 female mice
(107 cells/mouse), which had been subjected to 9.6 Gy irradiation. Mice
were observed 7 wk after transplantation.

NSAID enteritis. 10-wk-old C57BL/6 mice were administered subcuta-
neously with 7.5 mg/kg flurbiprofen axetil with or without 0.25 mg/kg
ONO-AE1-329 or 5 mg/kg ONO-AE3-208 as described previously
(Kabashima et al., 2002). For the mice administered with ONO-AE3-208,
mice were provided with drinking water containing 37.5 pg/ml ONO-
AE3-208. 24 h later, mice were sacrificed to count intestinal ulcers under a
stereoscopic microscope.

Statistical analysis. P-values for normal distributed data were calculated
with the Student’s f test or paired Student’s ¢ test for the evaluation of statisti-
cally significant differences. Otherwise, the Mann—Whitney U test was used.
Data analysis was performed using Prism software (GraphPad Software).
* P <0.05; ¥*, P < 0.01; ¥** P <0.001.

Online supplemental material. Video 1 shows the activation of ERK
in neutrophils during adhesion to endothelial cells of the inflamed small
intestine. Video 2 shows the requirement of ERK activity during the neu-
trophil recruitment cascade. Video 3 shows the activation of PKA during
the neutrophil recruitment cascade. Video 4 shows the PKA activity in
neutrophils derived from a PKAchu mouse and transplanted into a wild-
type mouse. Video 5 shows the PKA inhibition of ERK activity, recruit-
ment to endothelial cells, and migration of neutrophils. Video 6 shows the
accelerated migration and activation of ERK of neutrophils after NSAID
injection. Video 7 shows the inhibition of the rolling step and the migra-
tion of neutrophils by an EP4 agonist. Video 8 shows the promoting effect
of NSAID on neutrophil recruitment was lost in the presence of an EP4
agonist. Online supplemental material is available at http://www jem.org/
cgi/content/full/jem.20132112/DC1.
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