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Introduction:

Migraine is an idiopathic, episodic, recurrent neurological disorder characterized as a
unilateral, throbbing headache that affects 27 million women and 10 million men in the US
[45]. A large body of evidence supports the idea that the headache phase of migraine results
from the activation of a nociceptive sensory pathway that innervates the intracranial
meninges [7; 46]. The events that cause the nociceptive meningeal nerve endings to become
activated during a migraine attack are largely unknown — likely due to the difficulty of
studying them in humans. For lack of reliable ways to detect and measure molecular and
cellular events that occur in the cortex, pia, arachnoid and dura of migraine patients between
the time an attack is triggered and a headache is initiated, attempts to determine how
meningeal nociceptors become activated are limited to pre-clinical studies in acceptable
animal models.

To date, one of the most commonly used and widely accepted animal models of migraine is
cortical spreading depression (CSD), a slowly propagating wave of altered neural activity,
consisting of a brief excitation followed by a prolonged inhibition, which can be evoked
experimentally by brief focal stimulation of the cerebral cortex [22; 24; 36]. Inside the brain,
CSD is commonly associated with activation of glia cells, astrocytes and other
neuroinflammatory events [17]. Outside the cortex, CSD triggers delayed activation of
meningeal nociceptors [31; 55; 56], and that this delayed activation is preceded by arterial
dilatation [3; 5; 38], plasma protein extravasation [39], activation of pial and dural
macrophages and dendritic cells [37], transient closure of the glymphatic space [38],
Caspase-1 activation and release of High-mobility group protein B1 (HMGB1) and
interleukin 1 beta (IL-1p) into the cerebrospinal fluid [11; 19] — all events that can associate
inflammatory responses with the process by which CSD or aura activates nociceptors in the
dura.
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The rationale for continuing to investigate the association between inflammation and the
headache phase of migraine is that prostaglandins are found in smooth muscles of cranial
arteries [2], that non-steroidal anti-inflammatory drugs (NSAID) are effective in treating
migraine of mild to moderate severity [35; 44; 48], that they are most commonly used as
migraine abortive drugs [27; 28], that they slow down the progression from episodic to
chronic migraine [4; 40], and that the American Academy of Family Physicians, American
College of Physicians, and American Society of Internal Medicine guideline recommend
using NSAIDs as a first-line treatment choice for all migraine attacks [41].

Accordingly, the main goal of the current study was to determine the extent to which
inhibition of prostaglandin synthesis by the selective cyclooxygenase-2 inhibitor celecoxib,
can reduce CSD-induced blood vessel responses, plasma protein extravasation, and immune
cell activation in the dura and pia.

All procedures involving animals were in compliance with the experimental protocol
approved by the Institutional Animal Care and Use Committee of Beth Israel Deaconess
Medical Center and Harvard Medical School and adhered to the guidelines of the Committee
for Research and Ethical Issues of the International Association for the Study of Pain.
Female Sprague Dawley Rats (Taconic) weighing 230-310 grams were used for vascular
and plasma protein extravasation experiments. Only female rats were used in order to best
compare to previous data for dural dilatation and plasma protein extravasation [39]. These
experiments required rats because mice did not have such a dural response in our hands (data
not shown). Male and female CX3CR1-GFP heterozygote mice (Jackson labs strain 5582)
on C57BL/6J background aged 5-11 months old were used for macrophage experiments.
Animals were kept in 12-hour light/dark cycles, and were housed 2 rats or 5 mice per cage.

Experimental Design:

Rats were anesthetized, intubated, and their femoral vein was cannulated. The skull was
thinned over the parietal cortex and a craniotomy was performed over the frontal cortex.
Celecoxib (20 mg/kg) or vehicle (total volume = 0.7 ml) was then injected via
intraperitoneal (IP) injection. One hour later, rats were placed into the microscope and an
image stack was taken at 800nm excitation for the identification of, and differentiation
between arteries and veins. We then injected 2MDalton FITC Dextran into the femoral
cannula in order to label the blood, and began imaging at 890nm excitation. After at least 5
minutes of baseline, we induced a single wave of CSD by pinprick in the frontal cortex, and
then continued to image for 45 minutes, with image stacks taken about every 10 seconds. We
could then determine the diameter of pial and dural blood vessels over the imaging time as
well as quantify dural plasma protein extravasation events.

Mice were anesthetized, and then the skull was thinned and craniotomy placed. Mice were
then given celecoxib or vehicle via IP injection. One hour later, macrophages in the dura and
pia were imaged at baseline for at least 15 minutes before and 40 minutes after induction of
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CSD via pinprick through the frontal craniotomy, with image stacks taken every three
minutes.

Rats were briefly anesthetized using isoflurane and injected with urethane (1P, 1.5 g/kg) and
atropine (subcutaneous, 0.3 ml). Mice were anesthetized using urethane (IP, 1.5 g/kg) and
atropine (IP, 0.15 mg/kg). Rats were intubated with an endotracheal tube and provided
oxygen through a nose cone. Mice were provided oxygen through a nose cone. Core
temperature was maintained at 37°C and blood oxygen levels were monitored with a
PhysioSuite (Kent Scientific Corp., Torrington, CT) throughout the length of the experiment
for both mice and rats.

For rats, the femoral vein was cannulated for dye infusion. FITC-conjugated 2 mega-Dalton
dextran (Thermo Fisher Scientific) was used to label the blood (150 pl of 5 mg/ml in saline).
Injections into the femoral vein were followed by at least 1 ml of saline to flush the dead
volume within the cannula and attached tube. Celecoxib was obtained from Dr. Reddy’s
Laboratories Ltd.. (Princeton, NJ). For rats and mice, celecoxib was injected at 20 mg/kg via
intraperitoneal injection. This dose is consistent with previous reports in rodents and was
recommended by Dr. Reddy.

Skull thinning.

To create an imaging window, rats were placed on a modified stereotaxic frame with a
movable, rotatable ball joint in order to tilt the head. The scalp was shaved and sterilized,
and the skin above the superficial skull was removed. Mice scalps were shaved and
sterilized, a midline incision was made, and a metal plate was affixed to the skull with
cyanoacrylate. For both, the periosteum was removed over the right parietal and frontal skull
plates. For rats, a layer of cyanoacrylate was placed around the perimeter of the plates for its
hydrophobicity, and an area of 3 mm in diameter was thinned on the right parietal skull plate
above a branch of the middle meningeal artery to a thickness of 70-100 pm. For mice, an
area of about 1 mm diameter was thinned to a thickness of about 40-50 um. A high speed
drill was used to thin the skulls. For placement of CSD-inducing electrode, a similar area of
about 1 mm was thinned in the frontal plate, and a small craniotomy was performed using an
18 gauge needle (both animals). To allow the dura to recover from any stress of thinning,
imaging started at least one hour after all surgical procedures were completed (both
animals).

In vivo imaging.

Fully anesthetized animals were imaged in an Olympus FV1000MPE-E multiphoton
Imaging System using a Spectra-Physics Maitai Deepsee laser (~70 fs pulse width) and a
PLAN 25X 1.05 NA objective. Three color channels were collected simultaneously (420-
460 nm blue in a PMT; 495-540 nm green and 575-630 nm red in GaAsP detectors). A
wavelength of 890 nm was used to excite all fluorophores, and produce second harmonic
generation at 445 nm (blue). An excitation of 800 nm was used for the detection of intrinsic
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fluorescence (green) emitted by the outermost tissue layer of arteries, which allowed the
distinguishing of arteries from veins. Time-lapse three-dimensional image stacks were taken
covering a space from the skull through the meninges to the brain. Image resolution was 512
x 512 pixels for rat vasculature and 1024 x 1024 for mice macrophages, covering an area of
509 x 509 um. For rat vascular imaging, custom software was written to allow special
imaging parameters that ensured fast imaging while still correcting for any up-down motion
of the rat brain: Two sets of three image slices were taken 10 um apart, one set in the dura,
and one in the pia, for each time point. This allowed us to skip slices in the 50-100 um of
subarachnoid space that we were not interested in for the sake of time, yielding time points
about 10 s apart.

CSD initiation.

For CSD initiation, a metal electrode was inserted into the cortex through the dura to about 3
mm in rats, 1mm in mice, for 20 seconds. The CSD was initiated from a site in the frontal
cortex that was sufficiently distant from the imaging site to minimize the possibility that the
craniotomy or electrode insertion would affect the imaged area.

Image analysis.

Images were analyzed using Fiji (http://www.fiji.sc), a version of ImageJ (http://imagej.net).
Blood vessel diameter was determined programmatically with a custom-written plugin that
took a line ROI across the blood vessel as an input, averaged the brightness over the adjacent
~50 lines, then, using a threshold at the mean brightness to count pixels, determined the
width of the blood vessel for each time point. Dural arteries were determined to start
dilatation when their diameter rose 5% above baseline, and the dilatation ended when it
returned to within 5% of baseline. Quantification of plasma protein extravasation events
were inspected manually and visually, where one event was counted at the first detection of
an increase of brightness next to a blood vessel. Frequency of these events were counted per
250 s bins. Macrophages shape was quantified as described previously. Briefly, a maximum
intensity projection over three or four slices of an image stack containing dural or pial
macrophages was taken, and the brightness was normalized over time. We then used a
custom written Fiji macro to threshold the images and select individual macrophages using
the wand tool, and measured the shape characteristics. Circularity is defined as ((4*pi*area)/
perimeter?), in which a perfect circle would have a value of 1.0, and shapes with many
projections would have lower values.

Determination of Arrival of CSD Wave:

Statistics.

The time of the arrival of the CSD wave under the imaging window was determined by
changes in the diameter of pial arteries; typically occurring 2—3 minutes after CSD initiation.
Time point 0 for “Time post CSD” was chosen as 30 seconds previous to the time point with
the largest pial artery dilatation.

Multiple two-tailed paired student’s t-tests with Holm-Bonferroni correction were used to
compare individual time points after CSD to baseline for blood vessel diameter. Two-way
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ANOVA was performed to compare blood vessel diameters and plasma protein extravasation
event frequencies, with time post CSD as one variable, and treatment group as the other.
Two-way ANOVA was performed to compare macrophage circularity, with time post CSD/
injection as one variable, and treatment group as the other. Values given are averages +
standard error unless otherwise noted, and error bars in figures all represent standard error.

Dural but not pial arterial responses to CSD are reduced by IP Celecoxib

Treatment with celecoxib had no effect on the responses of pial arteries to CSD (Fig. 1a).
Pial arteries dilated to a maximum of 36% =+ 3.9 in the vehicle group and 43% + 0.8 in the
celecoxib group (not significantly different, p = 0.10), and compared to their baseline
diameter, constricted about 4.2% + 0.52 in the vehicle group and 8.2% + 1.7 in the celecoxib
group (p = 0.08). There was no significant interaction between treatment group and time
post CSD (two-way ANOVA, F71.1y = 1.1, p = 0.25 comparing 72 time points, F; 1) = 3.3, p
= 0.11 comparing just 2 time points, baseline to dilatation, and F(; 1y = 1.4, p=0.28
comparing baseline to delayed constriction averaged over 320 s to 1310 s post CSD).

Celecoxib did reduce the dilatation of dural arteries post CSD compared to vehicle (Fig. 1b,
2-way ANOVA interaction between time and treatment, F(711)= 1.7, p = 5.6%1074,
comparing 72 time points). This reduction was manifested mostly as a shortened time of
dilatation. While there was a trend for the maximum amount of dilatation of the dural artery
to be reduced in rats treated with celecoxib, it did not reach significance (dilatation of 25% +
5.9 for vehicle, 13% = 3.2 for celecoxib, p = 0.097, t-test), however the time at which the
dura returned to baseline was significantly shortened (1890 + 150 s vehicle vs. 1330 + 73
celecoxib, p = 8.3*1073, t-test), as well as the total duration of the dilatation (1750 + 230 s
vehicle vs. 955 + 150 s celecoxib, p = 0.02, t-test). The time of the start of the dilatation was
later on average but was not significantly different (150 + 82 s vehicle vs 280 + 110 s
celecoxib, p = 0.39, t-test).

Pial and dural veins are unaffected by celecoxib

Previously, we have reported that pial veins have characteristic changes in diameter post
CSD which can be affected by drug treatment [cite]. However, we did not find that celecoxib
changed the pial vein response as compared to vehicle (Fig 1c, 2-way ANOVA interaction,
F(71,1) = 0.82, p = 0.85). We observed an initial dilatation (5.8% + 2.2 vehicle, 5.1% + 2.3
celecoxib, p = 0.83) and constriction (9.2% + 3.6 vehicle, 12% + 3.0 celecoxib, p = 0.53),
that seemed to closely match the behavior of the pial artery. This was followed by a recovery
to baseline that lasted an average 817 + 130 s for vehicle and 776 + 170 s for celecoxib (p =
0.86 between treatment groups), ending in a moderately constricted state (9.2% + 3.6
vehicle, 12.3% + 3.1 celecoxib, p = 0.53 between treatment groups).

Dural veins did not respond to CSD (Fig. 1d), in both vehicle and celecoxib treated rats
(two-way ANOVA interaction, F71 1) = 0.86, p = 0.78).

Pain. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schain et al.

Page 6

CSD-induced plasma protein extravasation events are unaffected by celecoxib

Plasma protein extravasation (PPE) is a leakage of proteins from blood vessels into the
surrounding tissue. Previously, we have shown plasma protein can leak into the dura as
discreet events at particular locations along a blood vessel, which we called plasma protein
extravasation events (PPEES). Each event was marked by a cloud of fluorescent expulsion
that spreads from a small point along the endothelium, covering a small area nearby, and
then partially diffusing away [citation]. We did not find any difference between vehicle and
celecoxib treated animals in the amount of PPEES post CSD (Fig 2, two-way ANOVA
interaction, Fg 1) = 0.35 p = 0.95). In the first 750 s post CSD (the time of highest PPEE
output), the average amount of PPEEs per 250 s bin was 4.2 + 1.3 for vehicle and 4.3 £ 0.96
for celecoxib (p = 0.98 between treatment groups).

In the absence of CSD, celecoxib reduces vehicle-induced dural macrophage activation.

We have previously reported that CX3CR1-driven GFP-expressing macrophages in the pia
and dura of transgenic mice become more round post CSD, and that this roundness is likely
an indicator of pro-inflammatory macrophage activation. We therefore sought to test whether
celecoxib was able to reduce the activation of macrophages post CSD. In order to do this, we
first needed to test whether the injection of celecoxib or its vehicle itself had an effect on
macrophage roundness. Therefore we imaged macrophages in the dura and pia of CX3CR1-
GFP mice before and after injection of celecoxib or vehicle, and compared it to our previous
data where we imaged for a similar total length of time with no injection. In the dura,
injection of vehicle did cause macrophages to become significantly more round according to
a 2-way ANOVA interaction compared to no injection (Fig. 3a, F(s 1) = 3.6, p = 0.017).
Rounding of macrophages following injection of celecoxib, however, was not significantly
different than mice that were not injected (Fig. 3a, F(5 1) = 1.5, p = 0.25 2-way ANOVA
interaction), or mice injected with the vehicle (F(s 1) = 0.76, p = 0.59). Compared to no
injection, in the pia, neither vehicle nor celecoxib induced significant rounding (Fig. 3b,
F,1) = 2.5, p = 0.062 for vehicle, Fs 1) = 1.8, p = 0.16 for celecoxib). Comparison of
celecoxib and vehicle showed no significant difference in rounding of macrophages in the
pia (Fig. 3b, F(5 1) = 0.65, p = 0.66).

Celecoxib reduces CSD-induced dural macrophage activation.

CX3CR1-GFP mice were injected with vehicle or celecoxib and then macrophages in the
dura and pia were imaged before and after CSD, and compared to previous data where mice
were imaged before and after CSD with no injection. While vehicle injection in mice did not
cause significantly more rounding on top of the rounding due to CSD in the dura (Fig. 4a,
Fas,1)=1.0, p = 0.45, 2-way ANOVA interaction), injection of celecoxib significantly
reduced rounding in the dura post CSD compared to no injection (Fig. 4b, F(151)=3.5,p =
3.69*107°, 2-way ANOVA interaction), as well as compared to vehicle (Fig. 4c, Fas) =
1.9, p=0.03).

Celecoxib reduces CSD/vehicle combined effect on pial macrophage activation

In the pia, vehicle did not cause any significant changes in rounding post CSD when
compared to no injection (Fig. 5a, F15 1) = 0.67, p = 0.81, 2-way ANOVA interaction).
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Injection of celecoxib was also not different compared to no injection (Fig. 5b, F(15 1y = 1.2,
p = 0.30). However, celecoxib was significantly different than vehicle (F(151) = 3.2, p =
1.2*1074).

Discussion:

Using in vivo multiphoton imaging, we show here that celecoxib is capable of reducing
CSD-induced dilatation of dural arteries, and activation of dural and pial macrophages but
not dilatation or constriction of pial arteries and veins, or the occurrence of PPE. Given the
role of macrophages in inflammation[49], the anti-inflammatory effects of celecoxib through
inhibition of COX-2, and celecoxib’s changes in protein expression in macrophages[21], the
findings that celecoxib is capable of attenuating macrophage activation is somewhat
expected. Less expected, however, is the finding that celecoxib shortened the dilatation of
dural arteries; a vascular event that is closely linked to migraine pathophysiology [1; 3; 5;
20]. While the debate over the role of the vasculature in migraine is far from being resolved
[13; 18], it is worthwhile noting that effective anti-migraine drugs such as triptans and
CGRP monoclonal antibodies, also reduce dilatation of dural arteries. Collectively, these
findings suggest that celecoxib, and potentially other non-steroidal anti-inflammatory drugs
ease the intensity of migraine headache and potentially terminate an attack by attenuating
dural macrophages activation and arterial dilatation outside the blood brain barrier (BBB),
and pial macrophages inside the BBB.

In principle, dilatation and constriction of dural arteries is mediated by smooth muscle cells
whose contraction and relaxation tones are regulated by sensory, sympathetic and
parasympathetic nerves that upon their stimulation release CGRP, substance P, neurokinins,
PACAP, neuropeptide Y, norepinephrine, VIP, nitric oxide and other chemicals that control
vascular tone in the meninges [6; 15; 16]. Theoretically, the attenuation of the duration of
dural arterial dilatation by celecoxib following the occurrence of CSD could be mediated by
a reduction in the release of one or more of these vasodilators from trigeminal sensory
afferents (e.g., CGRP, SP, PACAP, neurokinin A) or parasympathetic efferents (e.g., VIP,
Acetylcholine, NOS). Expression of constitutive COX-2 in dural axons containing CGRP
[57] raise the possibility that COX-2 inhibition can directly reduce axonal firing and
consequently synaptic release of vesicles containing these chemicals. Presence of CGRP in
trigeminal [30; 34; 47] and parasympathetic [26; 43] axons calls attention to the possibility
that COX-2 inhibition can potentially reduce synaptic release in both. Growing evidence for
modulation of voltage-dependent calcium channels in the brain by prostaglandins [54], and
suppression of voltage-dependent potassium and sodium currents in retinal ganglion cells by
celecoxib [14] give some support to the view that COX-1/COX-2 inhibitors may achieve
their analgesic effects not only by reducing inflammation but also by reducing neuronal
firing and the consequential release of vasodilators and/or pro-inflammatory neuropeptides
from their nerve endings. Another possibility is that celecoxib decreases the synthesis of
vasodilating prostaglandins (such as PGE2, PGI2 and PGD2) whose receptors are found in
smooth muscles of dural arteries and their infusion trigger headache[2].

At least 2 scenarios may account for celecoxib lack of effects on the responses of pial blood
vessels to CSD. The first is that their responses to CSD are influenced mainly by their
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proximity to the cortex (i.e., by their anatomical and physiological coupling with events that
alter the functions of cortical neurons and astrocytes) and to a lesser degree by sensory and
autonomic innervation[8], and the second is that celecoxib does not reach the pia at a
sufficient concentration. Given celecoxib effects on pial macrophages, however (see below),
this explanation appears less likely.

Plasma protein extravasation has long been linked to migraine pathophysiology and the
process by which abnormal brain functioning can give rise to the headache phase of a
migraine attack[29; 32; 33]. Although attractive and supported by data, this hypothesis had
been a subject of long and bitter debate which was fueled by opposing sets of data
demonstrating prevention of PPE by drugs that terminate migraine[9; 25] as well as
prevention of PPE by drugs that do not terminate migraine[12]. In agreement with the latter,
the current study shows that celecoxib, a drug with proven efficacy in acute migraine
treatment, does not prevent a CSD-induced PPE. While it is tempting to suggest that our
findings support the view that PPE may not be critically relevant to the activation of the
nociceptors by CSD or the initiation of headache by aura, we cannot rule out the possibility
that celecoxib site of action is downstream from the occurrence of PPE. Further
complicating this discussion are studies showing that both COX-1/COX-2 inhibitors[10] as
well as COX-2 only inhibitors[42] reduce occurrence of PPE in animals in which PPEEs
were induced by stimulation of trigeminal afferent rather than CSD. As discussed in our
recent study[39], the occurrence of PPE may be correlated with the dilatation of dural
arteries if such dilatation was triggered by CSD, but, as shown in that study, the PPE can be
dissociated from the arterial dilatation, for example if such dilatation was triggered by
CGRP infusion alone. Regardless of the complexity of factors that determine occurrence of
CSD, our findings suggest that while CSD-induced dilatation of dural arteries is partially
dependent on COX-2 synthesis of prostaglandins, the resultant PPE appears independent of
trigeminal afferents activation (since PPE induction by trigeminal nerve stimulation was
blocked by COX-2 inhibitor) or alternatively, is mediated by yet unknown events.

Macrophages are white blood cells that phagocyte cellular debris, microbes or anything else
that may appear during disease [23]. Beside phagocytosis, they play important role in both
innate and adaptive immunity by facilitating the recruitment of other immune cells to sites of
inflammation [53]. Secondary to their pivotal role in immunity and the inflammation,
macrophages are capable of releasing molecules (e.g., cytokines) that activate and sensitize
nociceptors through multiple signaling cascades that eventually lead to increased neuronal
firing and pain [52]. Relevance to the current study, we showed recently that CSD causes
pial and dural macrophages, which are present mainly around blood vessels, to retract their
podia (cytoplasmic processes), and interpreted this behavior as an indication of activation
[37; 50; 51]. Time-wise, we noted that while pial macrophages became activated minutes
after occurrence of CSD, dural macrophages became activated 20 min later; suggesting that
different mechanisms may be responsible for the activation of these immune cells in the pia
and dura. The delayed activation of dural macrophages provides a logical explanation for our
current observation regarding the delayed effect of celecoxib on the activation of dural
macrophages by CSD (i.e., it seems to prevent their activation only when they eventually
become active). What is surprising, however, is that in pia, where macrophages activation
begins immediately after occurrence of CSD, celecoxib ability to prevent their activation is
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also delayed by about 20 minutes. A reasonable way to interpret these findings is to suggest
that celecoxib can prevent the activation of dural macrophages and inhibit (deactivate) the
already-activated pial macrophages. Mechanistically, the prevention of macrophages
activation by celecoxib suggest that COX-2 may play a role in their activation and that
inhibition of prostaglandins synthesis in dural and pial immune cells or neurons can mediate
the celecoxib effects. Presence of COX-2 in meningeal macrophages and sensory or
parasympathetic nerve terminals lends further support to this notion.

Technical note:

Because celecoxib cannot be diluted in saline alone, it was diluted in a vehicle containing
PEG-400. As shown in the results, PEG-400 may have caused some activation of meningeal
macrophages that was independent of CSD. While this effect of the vehicle was undesirable,
it serves to strengthen the proof that celecoxib inhibits the activation of meningeal
macrophages as it had to counter their activation by CSD as well as by the vehicle.
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Rat vascular responses to CSD in the presence of celecoxib or vehicle. Vascular diameters as
measured from in vivo multiphoton imaging are plotted as fold change from average
baseline diameter pre- and post-CSD for (2) pial arteries, (b) dural arteries, (c) pial veins, (d)
dural veins. For (b), duration of dilatation is plotted based on average time of dilatation start
and stop for each group. (* indicates p<0.05 student’s t-test, between dilatation durations).
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Figure 2.
Plasma protein extravasation events post-CSD in the presence of celecoxib or vehicle. Plot

of plasma protein extravasation events counted per 250 s bin and averaged per group.
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Figure 3.

Effect of celecoxib or vehicle on activation of dural and pial macrophages. (a-b) Plot of
macrophage circularity normalized to a 40 m baseline (only 20 m of baseline is shown)
before and after injection of celecoxib or vehicle in the (a) dura or (b) pia. Also shown is
previously published data of control macrophages imaged for a similar amount of time with
no injection. For (a), a 2-way ANOVA interaction was significant for vehicle vs no injection,
but not celecoxib vs no injection. For all plots, red is celecoxib, blue is vehicle, and orange is
no injection.
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Figure 4.
Effect of celecoxib on CSD-induced activation of dural macrophages. All plots show

normalized macrophage circularity before and after induction of CSD. Shown are
comparisons between vehicle and previously published control data of macrophage
circularity post-CSD with no injection (a), between celecoxib and no injection (b), and
celecoxib and vehicle (c). At the top of the plots, significance of a 2-way ANOVA
interaction is indicated. For all plots, red is celecoxib, blue is vehicle, and orange is no
injection.
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Figureb.

Effect of celecoxib on CSD-induced activation of pial macrophages. All plots show
normalized macrophage circularity before and after induction of CSD. Shown are
comparisons between vehicle and previously published control data of macrophage
circularity post-CSD with no injection (a), between celecoxib and no injection (b), and
celecoxib and vehicle (c). At the top of the plots, significance of a 2-way ANOVA
interaction is indicated. For all plots, red is celecoxib, blue is vehicle, and orange is no

injection.
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