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Neurobiology of Disease

CSD-Induced Arterial Dilatation and Plasma Protein
Extravasation Are Unaffected by Fremanezumab:
Implications for CGRP’s Role in Migraine with Aura
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Department of Anesthesia, Critical Care and Pain Medicine, Beth Isracl Deaconess Medical Center, Boston MA 02115, 2Harvard Medical School, Boston,
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Cortical spreading depression (CSD) is a wave of neuronal depolarization thought to underlie migraine aura. Calcitonin gene-related
peptide (CGRP) is a potent vasodilator involved in migraine pathophysiology. Evidence for functional connectivity between CSD and
CGRP has triggered scientific interest in the possibility that CGRP antagonism may disrupt vascular responses to CSD and the ensuing
plasma protein extravasation (PPE). Using imaging tools that allow us to generate continuous, live, high-resolution views of spatial and
temporal changes that affect arteries and veins in the dura and pia, we determined the extent to which CGRP contributes to the induction
of arterial dilatation or PPE by CSD in female rats, and how these events are affected by the anti-CGRP monoclonal antibody (anti-CGRP-
mAb) fremanezumab. We found that the CSD-induced brief dilatation and prolonged constriction of pial arteries, prolonged dilatation of
dural arteries and PPE are all unaffected by fremanezumab, whereas the brief constriction and prolonged dilatation of pial veins are
affected. In comparison, although CGRP infusion gave rise to the expected dilatation of dural arteries, which was effectively blocked by
fremanezumab, it did not induce dilatation in pial arteries, pial veins, or dural veins. It also failed to induce PPE. Regardless of whether
the nociceptors become active before or after the induction of arterial dilatation or PPE by CSD, the inability of fremanezumab to prevent
them suggests that these events are not mediated by CGRP, a conclusion with important implications for our understanding of the
mechanism of action of anti-CGRP-mAbs in migraine prevention.
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The current study identifies fundamental differences between two commonly used models of migraine, CSD induction and
systemic CGRP infusion. It raises the possibility that conclusions drawn from one model may not be true or relevant to the other.
It sharpens the need to accept the view that there is more than one truth to migraine pathophysiology and that it is unlikely that one
theory will explain all types of migraine headache or the mechanisms of action of drugs that prevent it. Regarding the latter, it is
concluded that not all vascular responses in the meninges are born alike and, consequently, that drugs that prevent vascular
dilatation through different molecular pathways may have different therapeutic outcomes in different types of migraine. j
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aura (Lauritzen, 1994; Nozari et al., 2010). Associated with this
wave of depolarization is a brief (1-2 min) vasodilatation that is
followed by a prolonged vasoconstriction of cerebral (pial/corti-
cal) arteries (Colonna et al., 1994; Wahl et al., 1994; Reuter et al.,
1998; Brennan et al., 2007). As evidence for the role of calcitonin
gene-related peptide (CGRP) in migraine continues to mount

Introduction
Cortical spreading depression (CSD) is a wave of neuronal depo-
larization thought to be the phenomenon that underlies migraine
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(Russo, 2015; Edvinsson et al., 2018), so do attempts to determine
whether CGRP is involved in the process by which CSD activates
the trigeminovascular pathway (Close et al., 2019) and how drugs
that intercept CGRP or interfere with its ability to bind to its
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receptors prevent the initiation of the headache (Dodick et al.,
2014, 2018; Tepper et al., 2017; Skljarevski et al., 2018; Stauffer et
al., 2018).

To date, there is no direct evidence implicating a role for
CGRP in CSD. In the absence of such evidence, presumed con-
nections between CSD and CGRP are based on studies that show
that both CSD induction and CGRP infusion dilate cortical sur-
face arterioles (Hong et al., 1994; Jansen-Olesen et al., 2003; Bren-
nan et al., 2007; Chang et al., 2010; Ayata and Lauritzen, 2015;
Hoffmann et al., 2019), and that CSD-induced dilatation of pial
arteries is mediated by CGRP (Wahl et al., 1994; Reuter et al,,
1998) and intact meningeal nociceptors (Reuter et al., 1998; Bo-
lay et al., 2002).

The mounting evidence for functional connectivity between
CSD, vascular response to CSD, and CGRP has triggered scien-
tific interest in the possibility that CGRP antagonism may disrupt
the neurovascular coupling in CSD to the extent that it may min-
imize or prevent either the neuronal or the vascular or both
events from occurring. To date, there are two peer-reviewed
studies that tested the role of CGRP receptors in vitro using CGRP
receptor antagonists (Tozzi et al., 2012; Wang et al., 2016), and
three in vivo (Colonna et al., 1994; Wahl et al., 1994; Reuter et al.,
1998)—all focusing on events that occur in the cortex rather than
the meninges. The in vitro studies showed that CGRP receptor
antagonists reduce the overall magnitude of cortical (and retinal)
spreading depression (Tozzi et al., 2012; Wang et al., 2016),
whereas the in vivo studies showed that direct administration of
CGRP receptor antagonists to the pia reduces CSD-induced dil-
atation of cerebral arterioles (Colonna et al., 1994; Wahl et al.,
1994; Reuter et al., 1998) or cerebral blood flow (Colonna et al.,
1994; Wahl et al., 1994; Reuter et al., 1998).

Based on clinical evidence for the role of the dura in the initi-
ation of the headache phase of migraine with aura (Penfield and
McNaughton, 1940; Ray and Wolff, 1940), preclinical evidence
for the activation of meningeal nociceptors by CSD (Zhang et al.,
2010, 2011), and the consequential release of vasoactive neuro-
peptides (Huang et al., 1993; Moskowitz and Macfarlane, 1993;
Moskowitz et al., 1993), we sought to determine whether anti-
CGRP monoclonal antibodies (anti-CGRP-mAbs) can alter the
vascular response to CSD or the ensuing plasma protein extrav-
asation (PPE) in the dura, and additionally whether it could affect
the vascular response to CSD in the pia. Our working hypothesis
was that the selective blockade of activation of meningeal nocice-
ptors by CSD may be mediated in part by a direct effect of re-
duced CGRP (sequestered by the mAbs) on the nociceptors,
which we showed recently (Melo-Carrillo et al., 2017b) and in
part through prevention of the vascular (arterial dilatation) and
neurogenic (plasma protein extravasation) responses to CSD.
Using powerful imaging tools and techniques that allow us to
generate continuous, live, high-resolution views of spatial and
temporal changes in both arteries and veins in the dura and pia,
the current study reveals novel aspects of these responses to CSD
in female rats, the extent to which vascular responses to CSD
differ from vascular responses to systemic infusion of CGRP, and
the extent to which vascular responses to CSD and CGRP infu-
sion are altered by fremanezumab, a fully humanized IgG2Aa/k-
monoclonal antibody that selectively neutralizes CGRP.

Materials and Methods

Animals. 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
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Research and Ethical Issues of the International Association for the Study
of Pain. Only female Sprague Dawley Rats (Taconic) weighing 230-310 g
were used throughout the experiments. Female mice expressing COP4
and enhanced yellow fluorescent protein (EYFP) under the thyl pro-
moter (strain 007612, The Jackson Laboratory) were used for fluorescent
fremanezumab injections. Rats and mice were kept in 12 h light/dark
cycles and were housed two rats or four mice per cage.

Experimental design. Four hours before the beginning of the imaging
session, rats were anesthetized and intubated, their femoral vein was
cannulated, and saline or fremanezumab (total volume, 1 ml) was in-
jected. We have previously determined that 4 h was enough time for
intravenous fremanezumab to have an effect on the responses of sensory
neurons in the dura to CSD (Melo-Carrillo et al., 2017b). Two hours
later, the skull was thinned over the parietal cortex and a craniotomy was
performed over the frontal cortex. An hour later, rats were placed into the
microscope and an image stack was taken at 800 nm excitation for the
identification of and differentiation between arteries and veins. Four
hours after the injection of saline or fremanezumab, we injected 2 MDa
FITC dextran into the femoral cannula to label the blood and began
imaging at 890 nm excitation. After at least 2 min at baseline, we induced
a single wave of CSD by pinpricking the frontal cortex and then contin-
ued to image for 45 min. In some experiments, we waited until the dural
artery diameter had returned to baseline (for at least 10 min post-CSD),
then imaged for at least 2 min to define a new baseline before injecting 2
ug/kg CGRP into the femoral vein. We continued imaging for 10-15
min post-CGRP infusion. In two rats, CGRP was injected first, and then
CSD was induced with no changes to the results. Figure 1 illustrates the
experimental timetable. Additionally, in a separate experiment, we in-
jected fluorescently labeled fremanezumab into rats and mice to deter-
mine the extent that it penetrates into the dura.

Anesthesia. Rats were briefly anesthetized using isoflurane, and rats or
mice were injected with urethane (1.5 g/kg, i.p.) and atropine (0.3 ml,
s.c.). Rats were intubated with an endotracheal tube and provided oxygen
through a nose cone. Core temperature was maintained at 37°C, and
blood oxygen levels were monitored with a PhysioSuite (Kent Scientific)
throughout the length of the experiment.

Injections. The femoral vein was cannulated in rats for dye and drug
infusions. FITC- or Texas Red-conjugated 2 MDa dextran (Thermo
Fisher Scientific) was used to label the blood (150 ul of 5 mg/ml in
saline). Fremanezumab and Alexa Fluor 594-conjugated fremanezumab
were obtained from Teva Pharmaceuticals and were injected at 30 mg/kg.
Rat CGRP peptide was obtained from Sigma-Aldrich and was injected at
2 pg/kg diluted in saline. All injections into the femoral vein were fol-
lowed by at least 1 ml of saline to flush the dead volume within the
cannula and attached tube. Mice were given 30 mg/kg Alexa Fluor 594-
conjugated fremanezumab via tail vein injection. Fremanezumab was
fluorescently conjugated via reaction with a succinimidyl ester of Alexa
Fluor 594 (catalog #A20004, Thermo Fisher Scientific) in PBS, pH 9.0,
and mixed in a 1:2 antibody-to-dye molar ratio for 4 h at room tem-
perature. Unreacted dye was removed by size exclusion chromatog-
raphy through a Zeba desalting column (catalog #89891, Thermo
Fisher Scientific).

Skull thinning. To create an imaging window, rats were placed on a
modified stereotaxic frame with a movable, rotatable ball joint to tilt the
head. The scalp was shaved and sterilized, and the skin above the super-
ficial skull was removed. The periosteum was removed over the right
parietal and frontal skull plates, 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 um. A
high-speed drill was used to thin the skull. For placement of the CSD-
inducing electrode, a similar area of ~1 mm was thinned in the frontal
plate, and a small craniotomy was performed using an 18 gauge needle.
To allow the dura to recover from any stress of thinning, imaging started
at least 1 h after all surgical procedures were completed.

In vivo imaging. Fully anesthetized rats were imaged in an Olympus
FV1000MPE-E multiphoton Imaging System using a Spectra-Physics
Mai Tai DeepSee laser (pulse width, ~70 fs) and a PLAN 25X 1.05
numerical aperture objective. Three color channels were collected simul-
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Figure 1.  Experiment timeline. Diagram of the timing of injections and imaging for experimental rats.

taneously (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 a second harmonic generation at 445 nm
(blue). An excitation of 800 nm was used for the detection of intrinsic
fluorescence (green) emitted by the outermost tissue layer of arteries,
presumably representing the smooth muscle layer. 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 covering an area of 509 X 509 wm. 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 wm 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 ~10 s apart.

In vivo imaging of Alexa Fluor 594-conjugated fremanezumab. Imaging
of rats was performed with a laser wavelength of 850 nm and otherwise
was as described above. Mice were placed on a stereotaxic frame and the
scalp was cut, and they were injected with fluorescently conjugated frem-
anezumab via tail vein, and images were taken through intact (not
thinned) periosteum, skull, and dura.

CSD initiation. For CSD initiation, a metal electrode was inserted into
the cortex through the dura to ~3 mm, for 20 s. The CSD was initiated
from a site in the frontal cortex that was sufficiently distant (~1.5 cm)
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 deter-
mined programmatically with a custom-written plugin that took a line
ROTI 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. Quantification of plasma protein extravasation events was in-
spected manually and visually, where one event was counted at the first

detection of an increase of brightness next to a blood vessel (see Results).
The frequency of these events was counted per 250 s bins.

Determination of arrival of CSD wave. 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 min after CSD initiation.
Time point 0 for “time post-CSD” was chosen as three time points
(1 min) previous to the time point with the largest pial artery dilation.

Fixed tissue imaging. Rats were injected with fluorescently conjugated
fremanezumab or unconjugated fremanezumab via femoral vein cannu-
lation, then given oxygen for 4 h. They were then fixed via transcardial
perfusion with 4% paraformaldehyde and placed in PBS. The dura was
removed and mounted on a slide with PermaFluor Mounting Media
(Thermo Fisher Scientific). Slides were imaged using a Leica DM5500
Fluorescent Microscope with two channels (green, GFP; red, Texas Red
fluorescence blocks) and persistent acquisition settings. Images were fur-
ther normalized to the green channel, which represents background
fluorescence.

Statistics. Multiple two-tailed paired Student’s ¢ tests with Holm—Bon-
ferroni correction were used to compare individual time points after
CSD to baseline for blood vessel diameter. A two-tailed Student’s ¢ test
was performed to compare maximum dilations or constrictions between
treatment groups, as well as average normalized vein diameter through-
out 500—1500 s post-CSD between treatment groups. Two-way ANOVA
was also performed to compare blood vessel diameters, with time post-
CSD/CGRP infusion as one variable, and treatment group as the other.
Unless otherwise noted, all data is reported with * standard error, and all
error bars in figures represent = standard error.

Results

Anatomical visualization and functional characterization of
dural and pial blood vessels in rats

In vivo two-photon imaging through a thinned skull enabled us
to visualize the effect of CSD on arteries and veins in both the pia
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and dura nearly simultaneously. We took image stacks ranging
from the bottom of the skull, through the dura, and covering the
pia (Fig. 2A). In an orthogonal reconstruction (Fig. 2B), the dis-
tinct blood vessel network on the outer surface of the rat dura
could be easily differentiated from the vasculature within the pia.
We noticed that rat vasculature had a strong intrinsic fluores-

cence, and furthermore, vessels that behaved as arteries (from
previous reports) had an outer layer of tissue with strong intrinsic
green emission, likely originating from smooth muscle. This emis-
sion was particularly noticeable using an 800 nm excitation laser
wavelength (Fig. 2C, top, arrows). Therefore, before every experi-
ment, we took one image stack at 800 nm to aid in the selection of an
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area that contained both dural and pial arteries and veins. Because
the parenchyma also emitted autofluorescence at 800 nm excitation,
the paravascular space surrounding pial arteries, which we have pre-
viously shown to be larger than the space around pial veins (Schain et
al., 2017), also aided in the distinction between arteries and veins
(Fig. 2C, right top, arrowheads). Once we identified arteries and
veins in the dura and pia, we labeled the vessel lumen with 2 MDa
FITC-dextran. We then quantified the diameter of each blood vessel
type as it changed in response to CSD.

The effects of CSD on dural and pial arteries and veins

To test the effects of CSD on the vasculature, we induced a single
wave of CSD with a pinprick through a small craniotomy in the
frontal cortex while imaging through a thinned skull window
above the parieto-occipital cortex (~4 mm caudally). Figure 2, D
and E, shows an example of the vascular changes induced by CSD.
Cortical spreading depression caused a brief but robust dilatation
and prolonged constriction in the pial artery; a delayed, pro-
longed, and fairly robust dilatation in the dural artery; and, sur-
prisingly, in addition to diameter changes in arteries, we also
observed an immediate but brief dilatation and constriction that
was followed by prolonged dilatation and constriction in the pial
vein. Dural veins, however, showed no changes. We found these
responses to be very characteristic of CSD in the rat.

Arterial responses to CSD are unaffected by fremanezumab

Pretreatment with fremanezumab had no effect on responses of
pial or dural arteries to CSD (Fig. 3A,B). Pial arteries dilated
within 40 s to a maximum of 38 = 3.8% in the saline group and
43 = 5.6% in the fremanezumab group (not significantly differ-
ent, p = 0.49), and were compared with their original diameter,
constricted ~7.9 = 0.95% in the saline group and 6.1 = 1.2% in
the fremanezumab group (p = 0.25), and remained constricted
for nearly an hour of imaging. There was no significant interac-
tion between treatment group and time post-CSD (two-way
ANOVA: F,,) = 0.9, p = 0.72). Dural arteries dilated later
compared with pial arteries (saline group, 188 = 47 s; freman-
ezumab group, 150 * 49 s; not significantly different between

treatment groups, p = 0.58), and more slowly than pial arteries,
reaching a maximum of 28 = 2.6% in the saline group, and 29 =
2.4% in the fremanezumab group (p = 0.79 between treatment
groups). Both treatment groups stayed dilated for similar
amounts of time, with the dilatation lasting approximately
2160 = 230 s in saline, and 1690 * 370 s in fremanezumab (p =
0.28). According to a two-way ANOVA, there was no significant
interaction between treatment group and response to CSD for
dural arteries (Fo, ;) = 0.7, p = 0.97). Since the groups were not
different from each other, we further analyzed the combined data
for greater statistical power and compared each time point post-
CSD to baseline. The pia arteries were significantly dilated from
20 to 50 s, and significantly constricted from 110 through 2000 s,
and the dura arteries were significantly dilated from 200 to 2240 s
(p < 4.63 X 10 % multiple t tests with Bonferroni correction,
with each time point compared with baseline).

Fremanezumab prevents dilatation of pial veins

Surprisingly, fremanezumab inhibited a previously undescribed
CSD-induced dilatation of pial veins (Fig. 3C). In saline-treated
rats, CSD induced an immediate and brief dilatation (maximum
0f 9.1 £ 1.3%, lasting 215 * 45 s) and constriction (maximum of
11.2 = 1.7%), and a secondary prolonged dilation (maximum of
11.1 * 2.6%) that lasted an average 1080 * 230 s, ending in a
moderately constricted state (6.0 = 2.0%). In contrast, in the
fremanezumab-treated rats, CSD induced the immediate and
brief dilatation (maximum dilatation = 12 * 4.6%, p = 0.30;
lasting 201 = 34 s, p = 0.11), but not the secondary prolonged
dilatation seen in the saline group. Instead, the brief dilatation
was followed by a prolonged constriction (maximum constric-
tion, 9.1 = 0.9%) lasting the duration of the imaging session
(3000 s). The average normalized diameter of pial veins between
500 and 1500 s post-CSD between the two treatment groups was
significantly different (p = 0.01), with a 4.6 = 1.9% dilatation in
the saline group and a 5.5 = 1.6% constriction in the freman-
ezumab group. A two-way ANOVA showed a significant interac-
tion between treatment groups and post-CSD pial diameter
(Fgs1) = 2.3,p=55X10"°%).
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Dural veins did not respond to CSD (Fig. 3D) in both saline-
and fremanezumab-treated rats (two-way ANOVA: Fy, ;) = 1.1,
p=0.17).

CSD-induced plasma protein extravasation events are
unaffected by fremanezumab

PPE is a leakage of proteins from blood vessels into the surround-
ing tissue. Previously, PPE has been demonstrated to occur in the
dura in tissue fixed immediately after the occurrence of CSD
(Bolay et al., 2002). Using in vivo two-photon imaging, we visu-
alized leakage of 2 MDa FITC-dextran from dural arteries and
veins. Such leakages did not occur equally along all of the endo-
thelium, but rather occurred as discreet events at particular loca-
tions along a blood vessel. Each event was marked by a cloud of
fluorescent expulsion that spreads from a small point along the
endothelium, covering a small area nearby (half circle with ~25
wm radius), and partially diffusing away (Fig. 4A) over 30-60 s.
The distribution of PPE events (PPEEs) appeared to occur pri-
marily along smaller blood vessels, rather than the larger artery
(Fig. 4B). The frequency of PPEEs followed to some extent the
dilatation of the dural arteries (Fig. 4C). PPEEs were significantly
increased for the first 1250 s (five 250 s bins) post-CSD compared

with baseline (p < 0.05 multiple ¢ tests with Holm—Bonferroni
correction; F;s 140) = 3.62, p = 2.1 X 10 75 one-way ANOVA),
and reached their maximum frequency in the 500-750 s bin (av-
eraging the time of maximum bin for each rat, 806 = 139 s), close
to the time of the dural artery maximum diameter, which oc-
curred at 765 = 95 s post-CSD across animals (Fig. 4C). Also, the
average first PPEE occurred ~210 £ 52 s post-CSD, which is
close to the average start time of dura arterial dilation (when the
artery first starts to dilate), which occurred at 162 * 33 s.

As with dural artery dilation, treatment with fremanezumab did
not significantly change the onset, frequency, or duration of PPEEs
induced by CSD (Fig. 4D). Before CSD (baseline), the number of
PPEEs per 250 s bin was 1.3 = 1.0 in the saline group and 1.5 = 1.5
in the fremanezumab group (p = 0.90). In the first 1250 s after CSD,
the number of PPEEs was 6.0 = 2.3 in the saline group and 6.4 * 2.6
in the fremanezumab group (p = 0.92). A two-way ANOVA did not
show any interaction between treatment groups and time post-CSD
(Fs,1y = 0.7, p = 0.74, n = 5/group).

Effects of CGRP infusion on dural and pial arteries and veins
CGRP infusion caused dilation in dural arteries, but not pial
arteries, pial veins, or dural veins (Fig. 5). Intravenous infusion of
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Effects of fremanezumab on CGRP infusion-induced vasculature changes. CGRP was infused into the blood after recovery from CSD in most rats. In two vehicle-treated rats, CGRP was

infused before CSD was induced. A-D, Plots of the average fold change in pial arteries (A) pial veins (B), dural arteries (C), and dural veins (D) during CGRP infusion in rats treated with (n = 5) and
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and red (20-3005).

A
PPE events during CGRP infusion
—e— Control —e—Fremanezumab
@8 12
<&
35
O 8
[SNe) 6
T
58 4
T >
al 2 =
é 0 % & 3
-200 0 200 400 600 800

Seconds post CSD

Figure 6.

25um

Effects of fremanezumab on CGRP infusion-induced PPEEs. A, Quantification of the average frequency of PPEEs in 250 s bins during CGRP infusion in fremanezumab- and saline-injected

rats. B, Representative image showing locations of PPEEs (red circle) during CGRP infusion in one rat (the same rat as in Fig. 2).

2 mg/kg caused an immediate dilatation in dural arteries, reach-
ing a peak dilatation of ~25.9 * 3.3%, with time points of 20 s
through 260 s significantly dilated (Fig. 5B; p < 0.002, multiple ¢
tests with Bonferroni correction; n = 8).

Fremanezumab prevents the dilation of dural arteries
post-CGRP infusion

Although in the saline-treated group, the infusion of CGRP gave
rise to a distinct dilatation of the dural artery, in the
fremanezumab-treated group, such dilation was not seen (max-
imum of 6.1 = 1.2% dilation in the fremanezumab-treated
group). In the fremanezumab-treated group, no time points be-
tween 0 and 800 s were statistically significantly different from
baseline (p > 0.002 multiple ¢ test with Bonferroni correction,
Fo40) = 1.72, p = 0.12, one-way ANOVA; n = 5). The average
diameter over the first 300 s was significantly different between
groups (p = 4.9 X 10 ™% n = 7, saline; n = 5, fremanezumab).
Two-way ANOVA showed a significant interaction with treat-

ment and postinfusion dilation (F o, = 6.3,p = 8.2 X 10 '%
n = 5/group).

CGRP infusion does not induce PPE events

Using the same method described above for the quantification of
PPE events, we found no evidence for increased occurrence of
PPE events after the infusion of CGRP (Fig. 6) at levels sufficient
to induce arterial dilatation (F 440 = 0.60, p = 0.66, one-way
ANOVA; n = 13). In contrast to CSD, no rats had more than five
PPEE:s take place per bin post-CGRP infusion at any time. This
was true in both saline- and fremanezumab-treated animals
(Fa1y = 1.3, p = 0.30, two-way ANOVA; n = 5/group).

Fremanezumab is present in the dura postinfusion

Intravenous infusion of fluorescently conjugated fremanezumab
produced intense labeling in the dura but not pia or brain (Fig. 7).
These observations were seen in thinned skulls (Fig. 7A) and
intact skulls (Fig. 7B, C) of rats (Fig. 7 A, B) and mice (Fig. 7C) in
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vivo (Fig. 7A,C) as well as in fixed tissue
(Fig. 7B). To test for presence of freman-
ezumab at the time experiments were per-
formed above, in vivo scans of the dura,
pia, and brain were taken 3—4 h after the
infusion of labeled fremanezumab in rats
in which frontal craniotomy was per-
formed (without induction of CSD). As
shown in the Figure 7, 4 h after infusion
fremanezumab is clearly seen in the dura
but not in pia or brain of rats (Fig. 7A).
Four hours after infusion, it is also seen in
fixed dura of a rat that received no crani-
otomy or skull thinning (Fig. 7B). Because
repeated in vivo imaging of dura and pia of
intact (not thinned) skull could not be
performed in rats (as their skull is too
thick), we performed these experiments in
2-month-old mice. As shown in Figure
7C, infusion of fremanezumab produced
immediate (within seconds) labeling in
pial and dura blood vessels (Fig. 7C, left
and middle panels), and in extravascular
labeling in the dura but not pia 3 h later
(Fig. 7C, right column).

Discussion

This is the first study where two-photon
imaging has been used to document with
high temporal and spatial resolution the
simultaneous responses to CSD of arteries
and veins in the pia and dura. Our main
findings are that the CSD-induced brief
dilatation and prolonged constriction of
pial arteries and prolonged dilatation of
dural arteries are unaffected by the anti-
CGRP monoclonal antibody freman-
ezumab, whereas the brief constriction
and prolonged dilatation of pial veins in Pia
response to CSD—a novel finding on its
own—is prevented by the anti-CGRP
monoclonal antibody. To the best of our
knowledge, this is also the first documen-
tation of CSD-induced dural PPE in real
time. Temporally, we found that PPE
events become more frequent within 2
min of the occurrence of CSD, that they
reach maximal frequency at ~12—13 min,
that they subside 30 min later, and that
this timeline correlates broadly with the
onset and duration of the dura arterial dilation. As with the
vascular response, fremanezumab did not alter the CSD-
induced PPE. The reason for the lack of effects of freman-
ezumab in the dura is not any failure of the antibody to reach
there, as we show here that it permeates the dura 3—4 h after
injection. In fact, our study is the first to provide direct ana-
tomical evidence that these antibodies enter the dura but not
the pia or the cerebral cortex.

We also investigated the effect of CGRP infusion on pial and
dural arteries and veins. Whereas CGRP infusion gave rise to the
expected dilatation of dural arteries, which was effectively
blocked by fremanezumab, it did not induce any dilatation in pial
arteries, pial veins, or dural veins. Unlike the CSD scenario,

Figure7.
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Presence of fremanezumab in the dura. 4, In vivoimages of the dura (left) and pia (right) of a rat 4 h after infusion with
Alexa Fluor 594-conjugated fremanezumab (Fr594; representative of n = 2 rats). Labeled fremanezumab is indicated as red fluores-
cent areas (arrows) in the dura outside of blood vessels (bv). Note the lack of labeling outside of blood vessels in the pia (arrowhead). B,
Fluorescent images of fixed dura removed from rats that did not undergo skull thinning and were injected with control nonfluorescent
fremanezumab (left) or Fr594 (right; representative of n = 2 rats). €, In vivo images of a mouse expressing EYFP in the brain (thy1-EYFP),
afterinjection with Fr594. The mouse scalp was cut, but the skull was not thinned. Images are shown at 5 m post injection (leftand middle),
with the EYFP channel displayed only in the left images, and at 180 m post injection (right) (representative of n = 2 mice). Note the
presence of fremanezumab in the dura after 180 m (arrow) but not the pia or cortex. Scale bars: A-C, 50 m.

whereby dilatation of dural arteries was tightly correlated with
occurrence of PPE, the CGRP-induced robust dilatation of dural
arteries was not followed by PPE.

Relevant to our understanding of migraine pathophysiology,
the findings suggest that CGRP is not involved in the induction of
dilatation of pial or dural arteries or the occurrence of PPE after
CSD; that dilatation of dural arteries is not sufficient for the
induction of PPE (as it is not followed by PPE if induced by CGRP
rather than CSD); and that not all arterial dilatation in the dura
are born alike. Regarding fremanezumab, it is reasonable to sug-
gest that the mechanism of action of this class of drugs in mi-
graine prevention is more likely to be mediated by an ability to
reduce or block activation of peripheral nociceptors rather than
the prevention of arterial dilatation.
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Scenario 1: Simultaneous onset of aura and headache explained by
immediate onset of trigeminovascular neurons activation after CSD
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Scenario 2: Delayed onset of aura
and headache explained by delayed
onset of trigeminovascular neurons
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Figure8. Summary diagram. Diagram of the CGRP-dependent and CGRP-independent mechanisms in two scenarios involving CSD-induced headache.

While the occurrence of arterial dilatation in response to aura
in patients or CSD in animals is well documented (Bolay et al.,
2002; Asghar et al., 2011), the mechanism that drives this re-
sponse is unclear. One of the longest-held hypotheses asserts that
CSD activates meningeal nociceptors, which in turn release
CGRP from their peripheral nerve endings, which then acts on
dural arteries to induce arterial dilatation and PPE (Moskowitz et
al., 1989; Olesen et al., 1990; Moskowitz, 1993). Because this
scenario predicts that meningeal nociceptors become active be-
fore the dilatation and PPE (i.e., almost immediately after occur-
rence of CSD), it may be true for those whose headache and aura
begins simultaneously (Hansen et al., 2012), and cases in which
meningeal nociceptor activation and CSD occur nearly simulta-
neously (Zhang et al., 2010, 2011; Melo-Carrillo et al., 2017a).
Our findings argue against the role played by CGRP in this sce-
nario because the neutralization of CGRP by fremanezumab did
not prevent the arterial dilatation or PPE (Fig. 8). Another sce-
nario, which until now received far less attention, is that CSD
directly induces arterial dilatation and PPE that leads to mast cell
degranulation, and the release of inflammatory or algogenic mol-
ecules capable of activating the nociceptors (Dimitriadou et al.,
1992). Because this scenario predicts that meningeal nociceptors
become active last rather than first (i.e., after the occurrence of
dilatation and PPE, events thatlast 30—40 min), it may be true for
those whose headaches begin 30—60 min after the aura (Hansen
et al., 2012), and cases in which activation of meningeal nocice-
ptors begin >30 min after the occurrence of CSD (Zhang et al.,
2010, 2011; Melo-Carrillo et al., 2017a). The sequence of events
predicted by this scenario is consistent with our finding that
CGRP is not involved in the induction of dilatation and PPE by
CSD in animals as these events were not blocked by freman-
ezumab. If CGRP is not involved, it is reasonable to suggest that
the release of other molecules from autonomic fibers mediate the
arterial dilatation and the PPE by CSD. These may include aden-

osine (Honey et al., 2002), histamine (Lassen et al., 2003; Yuan
and Silberstein, 2018), pituitary adenylate cyclase-activating
polypeptide (Seki et al., 1995; Schytz et al., 2009; Amin et al.,
2012; Syed et al., 2012), nitric oxide (Moncada et al., 1988;
Iversen et al., 1989; Buchanan and Phillis, 1993) and a respective
localized activation/inhibition of parasympathetic/sympathetic
fibers innervating the dura (Brennan et al., 2007; Busija et al.,
2008).

The cerebral venous system consists of large dural sinuses and
cerebral veins (Schaller, 2004; Kili¢ and Akakin, 2008). Cerebral
veins, which lack valves (Kili¢ and Akakin, 2008), consist of su-
perficial cortical and deep penetrating veins. The superficial cor-
tical veins are located in the pia matter and drain the cerebral
cortex. So far, no attention has been given to the functional role
played by pial veins in the pathophysiology of migraine aura or
CSD. Therefore, the finding that CSD induces distinct delayed
and prolonged dilatation of pial veins that was prevented by
fremanezumab, is novel and puzzling. It is novel because pial vein
dilatation by CSD, although small, was not reported before. It is
puzzling because pial veins are located inside the blood—brain
barrier and as such, are not expected to be affected by an anti-
CGRP-mADb. This last statement is based not only on our obser-
vations of the lack of fluorescence seen within the brain in
fluorescently conjugated fremanezumab-injected animals, but
also on previously reported measurements that show that only
0.1-0.5% of anti-CGRP-mADbs cross the intact blood—brain bar-
rier, and that even if sporadic disruption of the blood—brain bar-
rier exists, the amount of antibody penetrating the barrier during
migraine attacks would be substantially lower than what would
be required for meaningful CGRP inhibition within the brain
(Bigal et al., 2015).

There are several potential explanations as to why pial veins
exhibit the second prolonged dilation phase after CSD. Dilatation
may be secondary to the activation of parasympathetic pathways.
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By definition, this possibility depends on how much smooth
muscle is surrounding the veins that we studied. If sufficient
muscle is present, then a scenario by which CSD induces this
dilatation by the activation of parasympathetic pathways is pos-
sible. Abolishment of certain aspects of vascular dilatation by
CSD in animals in which the sphenopalatine ganglion (SPG) was
lesioned (Bolay et al., 2002) may support this scenario. If, how-
ever, the veins or venules do not have enough smooth muscle
surrounding them, the parasympathetic hypothesis becomes ir-
relevant. Another explanation may be that the dilatation is pas-
sively driven by changes in pressure in the brain that are
secondary to the transient cortical swelling that occurs in the
wake of CSD (i.e., a CGRP-independent event).

Further complicating the discussion over this finding is the
fact that fremanezumab prevented the dilatation of pial veins. In
the absence of data that can explain this finding, we propose three
different scenarios for future consideration. (1) Fremanezumab
reduces pial vein dilatation by modulating the activation of post-
ganglionic parasympathetic neurons in the sphenopalatine gan-
glion by CSD (Bolay et al., 2002). The presence of CGRP-positive
fibers in the SPG (Ivanusic et al., 2011) may support this possi-
bility. (2) Fremanezumab may affect the wall of the pial vein
intraluminally, a scenario that may explain the effect of freman-
ezumab on pial blood vessels but not on cortical neurons. (3) If
CGRP was released within the cortex during CSD, and then
cleared via the glymphatic system, which removes solutes from
the interstitial space by an outflow through the paravascular
space surrounding pial veins, it is reasonable to speculate that
such an explanation of flow will result in a preferential concen-
tration of CGRP around pial veins but not around pial arteries.
Perhaps in this case, the small amount of fremanezumab that can
cross the BBB is then able to reduce this dilatation. However, we
must make several unproven assumptions in this case, including
that CSD releases CGRP in the brain, that this brain CGRP is able
to dilate pial veins abluminally, that the small amount of anti-
body that crosses into the brain occurs near veins, and that it is of
sufficient amount to counter the CGRP released in the brain.

Evidence that trigeminal nerve stimulation results in PPE
(Markowitz et al., 1987) and that the anti-migraine drug su-
matriptan blocks it (Moskowitz and Buzzi, 1991), lend support to
the notion that CSD-induced PPE in the meninges of rodents
(Bolay et al., 2002; Karatas et al., 2013) may be critical for the
activation of the meningeal nociceptors and the initiation of
headache after aura. Our finding that the induction of PPE by
CSD is not blocked by fremanezumab, an anti-CGRP-mAb that
successfully inhibits the activation of A8 meningeal nociceptors
(Melo-Carrillo etal., 2017b) and high-threshold trigeminovascu-
lar neurons (Melo-Carrillo et al., 2017a) by CSD in rats and ef-
fectively prevents migraine (Silberstein et al., 2017) in humans,
questions this notion. Further supporting the conclusion that
CGRP has little or no role in dural PPE is the finding that CGRP
infusion, although giving rise to an immediate and very distinct
dilatation of dural arteries, triggers no PPE in the dura. A similar
conclusion was drawn by Markowitz et al. (1987).

While CGRP appears to be uninvolved in the dilatation of
dural and pial arteries or the neurogenic (PPE) responses to CSD,
it can, on its own, trigger a massive arterial dilatation in the dura
but not the pia. Because CGRP infusion triggers delayed migraine
in susceptible migraineurs (Lassen et al., 2002), it is reasonable to
propose that the dilatation of dural arteries by CGRP may be
necessary for the activation of meningeal nociceptors and initia-
tion of headache. However, if we take into consideration the
enigmatic observation that while the arterial dilatation is imme-
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diate (i.e., it begins seconds after CGRP infusion) and brief (i.e., it
lasts ~10 min), the headache begins nearly 4 h later (Lassen et al.,
2002), we must also consider the possibility that the induction of
migraine-like headache by systemic CGRP infusion is mediated
mainly by the modulatory effects of CGRP on meningeal nocice-
ptors, potentially involving yet unidentified environmental
changes triggered at least partially by the dilatation of the dural
arteries.

In summary, this study identifies fundamental differences be-
tween two commonly used animal models of migraine: CSD in-
duction and CGRP infusion. It thus raises the possibility that
conclusions drawn from one model may not be true or relevant to
the other. It sharpens the need to accept the view that there is
more than one truth to migraine pathophysiology, that it is un-
likely that one theory will explain all types of migraine, or the
mechanisms of action of anti-migraine drugs. In regard to the
latter, it is concluded that similar vascular responses (in the me-
ninges) may be mediated by different mechanisms and, conse-
quently, that it is possible that a combination of drugs that
prevent dilatation will have to be used or that different such
therapeutic agents will be used in different types of migraine
headache.
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