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Abstract

Objective: Investigation of onabotulinumtoxinA in a murine model of acute and persistent post-traumatic headache.
Methods: Mild traumatic brain injury was induced with a weight drop method. Periorbital and hindpaw cutaneous
allodynia were measured for 14 days. Mice were then exposed to bright light stress and allodynia was reassessed.
OnabotulinumtoxinA (0.5 U) was injected subcutaneously over the cranial sutures at different post-injury time points.
Results: After milt traumatic brain injury, mice exhibited periorbital and hindpaw allodynia that lasted for approximately
14 days. Allodynia could be reinstated on days 14-67 by exposure to stress only in previously injured mice.
OnabotulinumtoxinA administration at 2h after mild traumatic brain injury fully blocked both transient acute and
stress-induced allodynia up to day 67. When administered 72 h post-mild traumatic brain injury, onabotulinumtoxinA
reversed acute allodynia, but only partially prevented stress-induced allodynia. OnabotulinumtoxinA administration at
day 12, when initial allodynia was largely resolved, produced incomplete and transient prevention of stress-induced
allodynia. The degree of acute allodynia correlated positively with subsequent stress-induced allodynia.

Conclusion: Mild traumatic brain injury induced transient headache-like pain followed by long lasting sensitization and
persistent vulnerability to a normally innocuous stress stimulus, respectively modeling acute and persistent post-trau-
matic headache. Administration of onabotulinumtoxinA following the resolution of acute post-traumatic headache
diminished persistent post-traumatic headache but the effects were transient, suggesting that underlying persistent
mild traumatic brain injury-induced maladaptations were not reversed. In contrast, early onabotulinumtoxinA admin-
istration fully blocked both acute post-traumatic headache as well as the transition to persistent post-traumatic head-
ache suggesting prevention of neural adaptations that promote vulnerability to headache-like pain. Additionally, the
degree of acute post-traumatic headache was predictive of risk of persistent post-traumatic headache.
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after a mild, rather than a moderate or severe,
TBI (2,3). The most common characterization of
PTH and PPTH among those evaluated in clinical set-
tings is a migraine-like headache (4,5). Despite appar-
ent phenotypic overlap between PTH and migraine,
current headache treatments typically provide little
relief for PPTH (6). Thus, effective mechanism-based
therapies for PTH and for prevention of transition to
PPTH are urgently needed.

TBI is thought to initiate a sequence of events that
promote activation of the trigeminovascular system (7).
Calcitonin gene-related peptide (CGRP) is causally
involved in migraine pathophysiology (8,9) and has
also been implicated in PTH (10,11). Two small open
label studies demonstrated that some patients with
PPTH achieve reduction in their monthly headache
days after receiving erenumab, a CGRP receptor
monoclonal antibody (mAb) (12,13). The possible con-
tributions of CGRP to PTH has also been supported
by preclinical studies. We recently characterized a
model of mild TBI (mTBI) that is elicited by a weight
dropped onto the head of a lightly anesthetized mouse
(14). This concussive injury effectively reproduces
many of the biomechanics associated with human
mTBI including unrestrained head impact with linear
and rotational acceleration (15-19). In this model, mice
develop both acute transient cutaneous allodynia (CA)
that models acute PTH (APTH), as well as later bright
light stress (BLS) induced reinstatement of CA (i.e., a
model of PPTH) (14). Fremanezumab, an anti-CGRP
mADb, administered early after mTBI blocked acute
APTH and BLS-induced PPTH (14). However, admin-
istration of fremanezumab after the resolution of the ini-
tial APTH no longer prevented PPTH (14). These
findings are consistent with preliminary clinical observa-
tions from open label studies and a recently completed
placebo-controlled trial with fremanezumab (20) and
suggest that after the establishment of long-lasting
mTBI-induced maladaptations, pain responses to nor-
mally subthreshold provocative stimuli may involve
CGRP-independent  mechanisms.  Targeting  both
CGRP-dependent and independent mechanisms may
therefore provide more effective treatment of PPTH.

OnabotulinumtoxinA (BOTOX, onabotA) (21) is
approved for prevention of chronic migraine (22). Its
effects include inhibition of mechanical nociceptive
activation of dural nociceptors by blocking SNARE-
dependent release of vesicle-bound neuropeptides such
as CGRP and inhibition of cell surface expression of
transient receptor potential (TRP) receptors (23,24).
We hypothesized that onabotA targets both CGRP-
dependent and CGRP-independent mechanisms that
may underlie PTH and the transition to, and mainte-
nance of, PPTH. We therefore assessed the anti-
allodynic efficacy and duration of a single onabotA

intervention at different times following mTBI in a pre-
clinical model of APTH and PPTH.

Materials and methods

Animals

Adult male ICR mice weighing 17-22 g were housed
five per cage on a 14/10-hour light/dark cycle (5 am—
7pm lights on) with food and water ad [libitum.
Experiments were conducted during the light cycle in
accordance with the ARRIVE reporting guidelines and
with approval of the Mayo Clinic Institutional Animal
Care and Use Committee. A total of 125 mice were
used. Group size requirements to obtain significance
at the o=0.05 and statistical power 0.9 were
determined from previous experiments using G-power
analysis. The investigator (JO) was blinded to the
group assignment.

Induction of mild traumatic brain injury

The mouse model of experimental mTBI was adapted
from Kane et al. (15) for use in mice as described (14).
Briefly, mice were lightly anaesthetized with 3% iso-
flurane and then laid in a prone position with the
head unrestrained on an elevated tissue paper stage
capable of supporting body weight. The paper stage
was placed over a plexiglass box with a soft, landing
sponge at the bottom. A metal guide tube was directed
to the top of the mouse skull between the ears to ensure
standardized placement of the weighted drop. The
weight (100 g) released from a height of 94 cm, results
in a concussive head impact, pushing the mouse down
through the tissue paper and flipping it over to land on
the sponge so that the mTBI elicits both linear and
rotational head forces. After impact the weight falls
away from the mouse avoiding a second hit.
Following the procedure, mice were returned to their
home cages to recover. Sham animals were anaesthe-
tized but did not undergo the weighted drop. All mice
awoke within five minutes of the procedure and were
observed to confirm that no visual signs of neurological
complications arose. Mice remained grouped housed
five to a cage in their same cohorts throughout the
duration of the experiment.

Bright light stress (BLS) challenge

Unrestrained mice previously undergoing mTBI or
sham injury, were exposed for 15 minutes to BLS
induced by LED strips (1000 lux output) placed on
both sides of their home Plexiglass cages. The same
parameters of BLS protocol as in our previous publi-
cation (14) were used to produce mild psychological
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stress that does not elicit significant cutaneous allody-
nia in naive or sham mice.

Drug administration

OnabotulinumtoxinA (onabotA) was provided by
Allergan, an AbbVie company, (North Chicago,
Illinois, USA). The dose and site of onabotA adminis-
tration was determined in pilot studies with graded
doses of 0.125, 0.25, 0.5, and 1 U administered subcu-
taneously over the cranium. We observed toxic effects
with the highest dose, but not following the lower doses.
For that reason, the 0.5U dose was used in the study.
A single onabotA (0.5U in 50 pl, s.c.) or saline (50 pl,
s.c.) dose was injected under light isoflurane anesthesia
into the cranial region over the sagittal/lambdoid
sutures. As off-site controls, injections were placed in
the thoracic region on the back, behind the shoulder
blades. The time of treatment in relation to the mTBI/
sham injury varied in different experiments as described.

Behavioral assessment of cutaneous allodynia

Cephalic (periorbital) and extracephalic (hindpaw) CA
was the primary outcome measure to assess APTH and
PPTH. Mice were placed individually in elevated
Plexiglass chambers with mesh flooring and allowed
to acclimate for 2 hours each day on 3 consecutive
days. CA was measured using von Frey filaments start-
ing on day 0 (pre-mTBI baseline) and periodically over
the entire experimental period after mTBI/sham injury.
For assessment of periorbital allodynia, a 0.4g (size
3.61) von Frey filament was applied to the midline
periorbital region 10 times with just enough pressure
to cause the filament to arch with a time of 20-30s
between each application. A positive response was con-
sidered swiping of the face, shaking of the head, and/or
turning away from the stimuli. Running away or rear-
ing up were not counted as positive responses as these
behaviors sometimes occurred in uninjured control ani-
mals. For assessment of hindpaw allodynia, a 0.6g
(size 3.84) von Frey filament was applied to the left
hindpaw 10 times. Sharp withdrawal of the paw, shak-
ing and/or licking the paw were considered a positive
response, while lifting of the paw with the filament or
running away were not. Frequency response was calcu-
lated as [(number of positive responses/10) * 100%]
and plotted as a function of time. Areas under the
curve (AUC) of frequency response were calculated
for individual mice and averaged for the treatment
group to estimate cumulative amount of allodynia.
AUC for mTBI/saline and mTBI/onabotA groups
were normalized by subtracting the average AUC for
the corresponding sham groups. Comparison between
AUC of saline and onabotA treated mTBI groups

allowed an assessment of onabotA efficacy. Normalized
AUC during the initial 14-day APTH are referred to as
“APTH AUC”, normalized AUC during the 5-h testing
after BLS are referred to as “PPTH AUC”.

Data analysis

Data are plotted as the mean and standard error of the
mean (SEM). All statistical analyses were performed in
GraphPad Prism 9 (GraphPad Software, CA). Two-
way repeated measures (RM) analysis of variance
(ANOVA) was performed with “time” as within sub-
ject factor and “treatment” as between subject factor.
Sidak’s post-hoc test for multiple comparisons was used
to assess differences between the groups within each
time point. One-way ANOVA was used for compari-
sons of APTH and PPTH across experiments. Linear
regression was performed to assess correlation between
APTH and PPTH. Statistical significance was estab-
lished a priori at 95% (p < 0.05). Results of the statisti-
cal analyses are summarized in Supplementary Table 1.

Experimental timelines

Five different experiments involving 25 mice each were
conducted. In each experiment, mice were randomly
separated into 4 groups: Sham/Saline (n=135); Sham/
onabotA (n=135); mTBI/Saline (n=5); mTBI/onabotA
(n=10). After baseline periorbital and hindpaw tactile
measurements, mice underwent either the sham or
mTBI protocol. Mice received a subcutaneous injection
of either saline or onabotA according to their group
assignment at two hours post-procedure either to the
cranial region over the sagittal/lambdoid sutures
(Experiments 1 and 2), or to an offsite location into
the thoracic region (Experiment 3). Additional mice
were treated with saline or onabotA into the cranial
region three days (72 h) (Experiment 4), or 12 days
post-procedure (Experiment 5). Periorbital and hind-
paw CA was assessed periodically over a time course
of 14 days. In all experiments, mice were exposed to
BLS on day 14 after mTBI/sham injury and then again
on day 28 (Experiments 1 and 4), 67 (Experiment 2)
and 30 (Experiment 5); no additional BLS exposure
was done for mice in Experiment 3. CA was assessed
hourly for 5 h following BLS.

Results

OnabotA treatment 2 h dfter injury blocks
immediate mTBl-induced CA (APTH) and prevents
subsequent BLS-induced allodynia (PPTH)

In Experiments 1 and 2, mTBI and sham mice received
either saline or onabotA treatment 2h after the
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procedure and periorbital and hindpaw CA was mea-
sured one day later (approximately 22h) and again
periodically over 14 days (see the injection location
and timeline in Figs. 1A, 1B). Combined data from
both experiments were plotted. Compared to Sham/
Saline mice, mTBI/Saline mice demonstrated signifi-
cantly greater responsiveness to periorbital and hind-
paw stimuli at days 1-7 post-mTBI returning to

baseline by day 14 (*p < 0.05, Figure 1C, 1D) reflecting
a period of transient APTH-like response. Post-mTBI,
mice that were treated with onabotA at 2 h showed
significantly decreased tactile responses compared
to mTBI/Saline mice (Tp<0.05, Figure 1C, 1D).
There was no difference in periorbital and hindpaw
tactile sensitivity between mTBI/onabotA and Sham/
onabotA mice except on days 1 and 3 when

(b) Experimental timeline
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Figure |I. OnabotA treatment 2 h post mTBI blocks acute cutaneous allodynia (APTH) and prevents the development of a sensitized
state reflected by allodynia induced by bright light stress (PPTH). (a) lllustration of onabotA injection site over the saggital and
lambdoid suture intersection on the mouse skull. (b) Timeline of testing and group numbers in Experiments | and 2. After measuring
baseline periorbital and hindpaw responses, mice received mTBI or sham injury and were administered saline or onabotA 2 h after the
injury (green arrow/line). Periorbital (c) and hindpaw (d) Cutaneous allodynia (CA) was measured over a time course of 14 days after
mTBI. On day 14, all mice were exposed to BLS and periorbital (e) and hindpaw (f) CA was measured over a 5h time course. In
Experiment |, mice were exposed a second time to BLS on day 28 and periorbital (g) and hindpaw (h) CA was evaluted. In Experiment
2, the second BLS exposure was done on day 67 followed by assessment of periorbital (i) and hindpaw (j) CA. Two-way repeated
measures ANOVA with Sidak’s multiple comparison test shows significantly elevated frequency of tactile responses in the mTBI/Saline
group compared to Sham/Saline mice at times indicated by red asterisk (¥). Significantly different frequency of tactile responses in the
mTBl/onabotA group compared to Sham/onabotA mice is indicated by blue hashtag (#). Compared to saline treated mTBI mice,
frequency of response was reduced in mTBl/onabotA mice at times indicated by black + sign. Data are plotted as means and SEM;
both sham groups and mTBl/saline group: N = 10 mice/group in panels C-F N =5 mice/group in G—J; mTBl/onabotA group: N =20
(pooled d14 data from both experiments) mice in C—F and N = 10 mice in G.
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mTBI/onabotA mice displayed a slight but significant
increase of periorbital tactile sensitivity (#p <0.05,
Figure 1C, 1D). The data suggest that onabotA effec-
tively inhibits APTH.

On day 14, all groups were exposed to bright light
stress for 15 min, after which CA was measured every
hour for five hours (Figure 1E, 1F). Compared to
Sham/Saline mice, mTBI/Saline mice demonstrated
significantly greater responsiveness to periorbital and
hindpaw stimuli during the S5-hour time course
(*p <0.05, Figure 1E, 1F) reflecting PPTH. Tactile
responses of onabotA-treated mTBI mice were consis-
tently and significantly reduced compared to the
mTBI/Saline group at all timepoints throughout the
5-hour testing (+p < 0.05, Figure 1E, 1F). Small but
significant increases over Sham/onabotA mice were
observed at some timepoints (#p <0.05, Figure 1E,
1F). PPTH AUC in saline and onabotA treated
mTBI groups were calculated to estimate the cumula-
tive PPTH allodynia and analgesic efficacy of onabotA
treatment (see Methods). OnabotA reduced periorbital
and hindpaw PPTH AUC by 97.7 £ 18.1% and 82.8 +
14.0%, respectively. Treatment intervention with
onabotA at 2h post-mTBI is therefore effective in
both APTH and PPTH.

To determine the duration of effect of a single
onabotA administration, in Experiment 1, all groups
of mice were exposed to BLS again on day 28.
Following the second BLS, mTBI/Saline mice demon-
strated significant CA compared to Sham/Saline
mice that persisted longer than 5h (*p<0.05,
Figure 1G-1H). mTBI/onabotA mice showed signifi-
cantly reduced tactile responses compared to mTBI/
Saline mice (+p < 0.05, Figure 1G—-1H) that were not
different from responses of Sham/onabotA animals.
OnabotA reduced PPTH AUC for periorbital and
hindpaw measurements on day 28 by 107.7 +11.7%
and 89.74+23.3%, respectively. In Experiment 2, we
did not expose the animals to a second stress until
day 67 after mTBI. Animals were regularly handled
in between days 14 and 67, and tactile responses were
tested weekly to ensure the absence of unprovoked
allodynia during this time. After BLS exposure on
day 67, mTBI/Saline mice again developed significant
periorbital and hindpaw CA lasting more than 3h,
while Sham/Saline mice did not show CA (¥*p <0.05,
Figure 11, 1J). Importantly, mTBI/onabotA mice did
not develop CA after BLS exposure on day 67 and
their tactile responses were significantly lower than
those of mTBI/Saline mice (+p < 0.05, Figure 11, 1J)
and indistinguishable from sham animals. Therefore,
onabotA administered soon after mTBI prevents
PPTH.

Offsite administration of onabotA has no effect on
development of APTH and PPTH

To exclude the possibility that onabotA could act sys-
temically to block tactile responses, in another cohort
of mice (Experiment 3), 2 h post mTBI/sham injury we
administered the same dose of onabotA or saline in
the thoracic region at (i.e., offsite administration;
Figure 2A). Regardless of the treatment, both mTBI
groups developed periorbital and hindpaw CA that
was significantly larger than in the corresponding
sham groups (*p<0.05, mTBI/Saline vs. Sham/
Saline; #p < 0.05, mTBI/onabotA vs. Sham/onabotA;
Figure 2B, 2C). Exposure of mTBI mice to BLS on day
14 reinstated CA in both saline and onabotA treated
groups as demonstrated by significantly increased
tactile responses compared to the corresponding
sham groups (*p<0.05, mTBI/Saline vs. Sham/
Saline; #p < 0.05, mTBI/onabotA vs. Sham/onabotA;
Supplementary Figure 2D, 2E). There was no differ-
ence between onabotA treated and saline treated
mTBI groups at any time tested, confirming no system-
ic effects of onabotA on PTH.

OnabotA treatment at 72 hours post mTBI

reverses established APTH but has only a partial
effect on PPTH

In Experiment 4, after mTBI or sham injury, mice were
tested for CA on days 1 and 3 before any onabotA or
saline treatments. Mice with mTBI demonstrated sig-
nificantly increased periorbital and hindpaw responses
compared to sham controls (*p < 0.05, Figure 3A, 3B).
Mice were then treated with saline or onabotA on day
3. Saline treated mTBI mice continued displaying both
periorbital and hindpaw CA until day 7, demonstrated
by significantly increased responses in comparison to
Sham/Saline controls (*p <0.05, Figure 3A, 3B). In
contrast, mTBI/onabotA mice showed complete rever-
sal of periorbital allodynia on day 4 and of hindpaw
allodynia on day 5 (+p < 0.05, Figure 3A, 3B) demon-
strating efficacy of onabotA against established APTH.

After exposure to BLS on day 14, mTBI/Saline mice
revealed significantly greater CA compared to Sham/
Saline mice during the 5-hour time course (*p < 0.05,
Figure 3C, 3D). OnabotA treated mTBI mice also
showed significant CA compared to Sham/onabotA
mice (#p < 0.05, Figure 3C, 3D), albeit both periorbital
and hindpaw CA was significantly reduced compared
to the mTBI/Saline group (+p < 0.05, Figure 3C, 3D).
PPTH AUC was reduced in onabotA treated mice by
71.8+£16.3% and 67.8+8.0%, for periorbital and
hindpaw measurements respectively, indicating a par-
tial effect on PPTH with delayed treatment.
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Figure 2. No effect of onabotA on CA of mTBI groups was observed when onabotA was administered in the thorax (offsite) region.
Mice were given mTBI or sham injury and 2 h after the injury were administered saline or onabotA subcutaneously into the thoracic
region (green line). Periorbital (a) and hindpaw (b) Cutaneous allodynia (CA) was measured over a time course of 14 days after mTBI.
On day 14, all mice were exposed to BLS and periorbital (c) and hindpaw (d) CA was measured over a 5 h time course. No effect was
observed between saline-treated and onabotA treated mTBI groups. Two-way repeated measures ANOVA with Sidak’s multiple

comparison test shows significantly elevated frequency of tactile responses in the mTBI/Saline group compared to Sham/Saline mice
[times indicated by red asterisk (*)] and in the mTBl/onabotA group compared to Sham/onabotA mice [indicated by blue hashtag (#)].
Significant, yet not meaningful, difference was observed between saline treated and onabotA treated mTBI mice at times indicated by
black + sign. Data are plotted as means and SEM; both sham groups and mTBI/Saline group: N =5 mice/group; mTBl/onabotA group

N = 10 mice.

In the same mice, we investigated if a subsequent
BLS exposure on day 28 post mTBI would still
show an analgesic effect of onabotA treatment against
BLS-induced CA. OnabotA treated mTBI mice devel-
oped periorbital CA post-BLS that was significantly
greater than that of Sham/onabotA mice (#p < 0.05,
Figure 3E, 3F), but significantly less than CA of
mTBI/Saline mice (+p < 0.05 Figure 3E, 3F). In con-
trast, hindpaw allodynia was comparable and not
significantly different between mTBI/Saline and
mTBI/onabotA groups (p>0.05, Figure 3E, 3F).
OnabotA reduced PPTH AUC for periorbital and
hindpaw measurements on day 28 by 70.0 4+ 34.0%
and 30.0 £9.9%, respectively. Thus, administration
of onabotA during established APTH does not fully
protect the mice against development of vulnerability
to a subthreshold stress stimulus and expression
of PPTH.

OnabotA treatment dfter resolution of APTH on day
I 2 only partially blocks BLS-induced allodynia on day
14 and has no effect on the maintenance of PPTH

In Experiment 5, onabotA or saline was not adminis-
tered until day 12 after mTBI/sham injury, a timepoint
when tactile thresholds were at baseline levels in this
experiment. Before administration, both mTBI groups
developed significant CA compared to sham groups
that was indistinguishable between the two mTBI
groups and lasted approximately 9 days (*p <0.05,
Figure 4A, 4B). On day 14, all mice were exposed to
BLS. As in previous experiments, mTBI/Saline mice
demonstrated significant BLS-induced periorbital and
hindpaw CA compared to the Sham/Saline group, last-
ing for more than 5 h (*p <0.05, Figure 4C, 4D). In
comparison to Sham/onabotA mice, mTBI/onabotA
mice also showed significantly larger tactile responses
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Figure 3. OnabotA treatment 72 h post mTBI reverses APTH but has only a partial effect on the development of a sensitized state.
After baseline measurements, mice were given either mTBI or sham injury and periorbital (a) and hindpaw (b) Cutaneous allodynia
(CA) was assessed on days | and 3. OnabotA or saline was administered on day 3 after the CA assessment (green line). CA

measurements continued until day 14. On day 14, all mice were exposed to BLS and periorbital (c) and hindpaw (d) CA was measured
over a 5h time course. The same mice were exposed a second time to BLS on day 28 and periorbital (e) and hindpaw (f) CA was
evaluted. Two-way repeated measures ANOVA with Sidak’s multiple comparison test shows significantly elevated frequency of tactile
responses in the mTBl/saline group compared to Sham/Saline mice at times indicated by red asterisk (*). Significantly different

frequency of tactile responses in the mTBl/onabotA group compared to Sham/onabotA mice is indicated by blue hashtag (#).

Compared to saline treated mTBI mice, frequency of response was reduced in mTBl/onabotA mice at times indicated by black + sign.
Data are plotted as means and SEM; both sham groups and mTBI/Saline group: N =5 mice/group; mTBIl/onabotA group N = |0 mice.

(#p < 0.05, Figure 4C, 4D), however, these responses
were significantly lower than in mTBI/Saline mice
(+p <0.05, Figure 4C, 4D). Periorbital and hindpaw
PPTH AUC was reduced in onabotA treated mice by
79.7+£12.9% and 36.2+15.7%, respectively. Thus,
onabotA treatment at day 12 reduced established
PPTH, but the magnitude of the effect was smaller
than with earlier treatments. Next, we investigated
how long the effect of onabotA on established PPTH
would last. We exposed the same mice to BLS again on
day 30 after mTBI (18 days after onabotA administra-
tion). mTBI mice showed significant CA regardless of
onabotA or saline treatment (*p < 0.05, mTBI/Saline
vs. Sham/Saline; #p < 0.05, mTBI/onabotA vs. Sham/
onabotA; Figure 4E, 4F) with no significant reduction
in PPTH AUC (reduction by 6.1 +19.8% and 0.0+
8.7% for periorbital and hindpaw measures, respective-
ly). This finding suggests that the effect of onabotA on
established PPTH was lost after 18 days.

Cumulative APTH predicts the level of pain provoked
by BLS in the PPTH state

By comparing behavioral outcomes with different times
of onabotA intervention, our results suggested that the
earlier the intervention (i.e., less overall acute “pain”),
the more effective prevention of PPTH. We therefore
investigated if cumulative allodynia during the 14-day
APTH period may predict the level of pain provoked
by BLS in the PPTH state. Normalized APTH AUC
were calculated for all individual mTBI mice in
Experiments 1 and 2 (2h), 4 (72h) and 5 (12D). AUC
data from saline treated mTBI mice from all these
experiments were combined into one mTBI/Saline
group. Compared to the mTBI/Saline group, APTH
AUC was decreased in mice treated with onabotA at
2 h post mTBI nearly completely (i.e., by 89.7 £ 12.8%
for periorbital and 88.2 +£19.7% for hindpaw measure-
ments) but the decrease was smaller for mice treated at
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Figure 4. OnabotA treatment on day |12 post mTBI partially blocks BLS-induced allodynia (PPTH) on day 14 but has no effect on the
maintenance of the sensitized state. Mice were given either mTBI or sham injury and periorbital (a) and hindpaw (b) Cutaneous
allodynia (CA) was assessed over |2 days. OnabotA or saline was administered on day |2 after the assessment of tactile responses
(green line) and CA measures taken on day 13 and 14. On day 14, all mice were exposed to BLS and periorbital (c) and hindpaw (d)
CA was measured over a 5h time course. Mice were again exposed to BLS on day 30 and periorbital (e) and hindpaw (f) CA was
assessed. Two-way repeated measures ANOVA with Sidak’s multiple comparison test shows significantly elevated frequency of tactile
responses in the mTBI/Saline group compared to Sham/Saline mice at times indicated by red asterisk (*). Significantly elevated
frequency of tactile responses in the mTBl/onabotA group compared to Sham/onabotA mice is indicated by blue hashtag (#).
Compared to saline treated mTBI mice, frequency of response was reduced in mTBl/onabotA mice at times indicated by black + sign.
Data are plotted as means and SEM; both sham groups and mTBI/Saline group: N =5 mice/group; mTBl/onabotA group N = |0 mice.

72h (by 69.2+14.3% for periorbital and 55.3 +9.4%
for hindpaw measurements). APTH AUC significantly
depended on the time when onabotA was administered
(p<0.05 for all group comparisons except for
the mTBI/saline and mTBI/12D onabotA groups)
for both periorbital and hindpaw measurements
(Figure 5A, 5B). We also calculated PPTH AUC for
periorbital (Figure 5C) and hindpaw (Figure 5D) allo-
dynia on day 28 (day 30 for Experiment 5), as an esti-
mate of pain during a PPTH episode. We selected day
28 rather than day 14 for evaluation of the effects of
onabotA on central sensitization during PPTH in order
to eliminate confounds arising from sustained periph-
eral effects. PPTH AUC was decreased in mTBI/
onabotA groups compared to the mTBI/Saline group
and again, this decrease depended on the time of
onabotA administration (p <0.05 for all group com-
parisons except for the mTBI/saline and mTBI/12D
onabotA groups). Correlation analysis between the
individual mouse APTH AUC and subsequent PPTH

AUC found strong linear relationship for both perior-
bital (Figure 5E; R?>=0.7317) and hindpaw (Figure 5F;
R?=0.8105) measurements. These findings suggest the
speculative possibility that both the intensity and dura-
tion of the initial “pain” (i.e., APTH AUC) may con-
tribute to the development of maladaptive changes and
subsequent vulnerability to headache triggers in this
rodent model.

Discussion

Animal model of APTH and PPTH

Assessment of “headache” in rodents is commonly
based on surrogate measures such as cutaneous allody-
nia (14). Pain from a normally non-painful tactile
stimulus is also often observed during human migraine
(25-27) and has been reported in approximately 50%
of PTH patients (5,28,29). Both cephalic and extrace-
phalic allodynia has been measured in migraine
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Figure 5. Amount of pain over the |4-day period of APTH determines sensitivity to BLS during PPTH. Total amount of pain in the
APTH phase was estimated by calculating the Areas Under the Curves (AUC) of periorbital and hindpaw allodynia for individual mice
from Experiments 1-3. AUC during the 14 day period of APTH for mTBI mice treated with saline or onabotA was normalized to the
average AUC of the sham groups and plotted for periorbital (a) and hindpaw (b) measurements. Bar graphs represent individual AUC,
group average and standard deviation. AUC for mTBI mice during the 5-h BLS-induced PPTH at day 28 (day 30 for Experiment 3)
normalized to the average AUC of sham groups was calculated as a measure of PPTH pain and periorbital (c) and hinpaw (d) data are
plotted. Graphs E and F show linear correlation between the amount of pain in the APTH phase (X-axes) and amount of PPTH pain
(Y-axes) for periorbital (e) and hindpaw (f) regions. Bar graphs represent the means and SEM; data for individual mice are shown by
symbols; linear regression with 95% confidence intervals are plotted in E and F The number of animals in the saline, 2 h, 72h and 12D
groups combined from experiments 1-5 are shown on the bottom.

patients (30). We previously described a mouse model
of mTBI-induced PTH characterized by transient acute
CA followed by a persistent state of vulnerability to
BLS (14). This mTBI model reproduces many mecha-
nistic aspects of human concussion injuries including
blunt force, closed-skull direct impact with acceleration
and shearing forces from unrestrained head movement.
Consistent with human classification of mTBI, there is
no structural brain damage detectable by imaging, or
by gross and histological examination (15-18). The
presence of CA in patients with PTH suggests that
transient CA following mTBI in our mouse model is
relevant to human APTH. Similarly, the development
of a sensitized state where CA can be triggered by an

external stress stimulus from exposure to BLS appears
relevant to PPTH as both stress and bright lights are
known to exacerbate PTH in humans (5). Here, we
demonstrated mTBI-induced CA lasting for approxi-
mately 10 days (i.e., APTH) and re-instatement of
CA following BLS (i.e., PPTH) for at least 67 days in
a different mouse strain.

Summary of findings on onabotA efficacy

The efficacy of cranial onabotA was studied at 2h, 72 h
and 12 days after mTBI. Administration at 2h after
mTBI significantly reduced the periorbital and hind-
paw CA to levels comparable to those of sham mice
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both during APTH and in PPTH even when measured
as carly as one day post-dosing consistent with previ-
ous preclinical and clinical observations (31-34). In
chronic migraine patients, the effect of onabotA in
reducing headache days per week was significant com-
pared to placebo as early as one week after treatment,
the earliest timepoint assessed in the PREEMPT trials
(35). Additionally, a single onabotA administration at
2 h after injury completely prevented BLS-induced CA
even 67 days later, well after the expected duration of
onabotA effects on neurotransmission presumed to be
15-25 days (36,37) in rodents. In contrast, administra-
tion of saline in the scalp, or of onabotA in the thoracic
(offsite) region had no effect on CA in mTBI or
sham mice.

When onabotA was given 72h after mTBI, after
APTH had been verified, CA was reversed for the
rest of the APTH time course. However, in these
mice, BLS-induced CA was only partially inhibited
on day 14 (11 days after onabotA) and even less so
on day 28 (25 days after onabotA). These findings sug-
gest ongoing blockade of trigeminal signaling by
onabotA at 11 days after administration but diminish-
ing effects at 25 days. When onabotA was administered
on mTBI day 12, after APTH was resolved, BLS-
induced allodynia on day 14 (2 days after onabotA)
was partially inhibited, however, no analgesic effect
was observed when these mice were re-exposed to
BLS on day 30 (18 days after onabotA).

Interpretation of findings on onabotA efficacy

Collectively, these results suggest that: 1) OnabotA acts
locally, rather than systemically, to inhibit the trigem-
inal nociceptive pathway; 2) Early onabotA adminis-
tration is sufficient to completely inhibit APTH
throughout its duration; 3) Complete inhibition of
APTH is sufficient to prevent the establishment of a
sensitized state and transition to PPTH; 4) The estimat-
ed duration of inhibitory effects of onabotA on the
trigeminal system in mice in our studies ranged from
approximately 11-18 days, consistent with a reported
faster degradation of onabotA and faster recovery of
SNAP2S5 protein in rodents than in humans (36,37).
Therefore, the long-term effect of the toxin observed
up to 67 days is likely due to the consequences of block-
ade of APTH; 5) After establishment of a sensitized
state, onabotA still effectively inhibits BLS-induced
CA, albeit partially, apparently without reversing the
maladaptive changes that underlie the sensitized state.
It should be noted, however, that neural mechanisms of
latent sensitisation are not well understood.
Correlational analysis of APTH AUC with AUC of
BLS-induced PPTH for individual animals across four
experiments revealed that the magnitude and duration

of mTBI-induced allodynia (APTH) is a predictor of
BLS-induced allodynia in the PPTH state. These find-
ings suggest the speculative conclusion that pain in the
acute phase contributes cumulatively to the develop-
ment of maladaptive changes that establish vulnerabil-
ity to subsequent headache triggers. Therefore,
effective treatment of the acute condition may provide
the best opportunity for PPTH prevention.

Although our study did not directly investigate the
neural mechanisms of action of onabotA, inhibitory
effects on the peripheral trigeminal signaling are con-
sistent with previous studies (24). OnabotA has been
shown to preferentially inhibit nonmyelinated periph-
eral nerve fibers (i.e., C-fibers) by blockade of neuro-
transmitter release or by interfering with the insertion
of pronociceptive ion channels into the neuronal
plasma membrane (38). Consistent with the inhibition
of TRPVI positive C-fibers, pretreatment of human
volunteers with onabotA reduced flare, hyperalgesia
and pain induced by intradermal injection of capsai-
cin, a TRPVI agonist (39). In preclinical studies,
administration of onabotA into extracranial sutures
selectively inhibited meningeal C-fibers following
dural activation with TRPV1 and TRPAI1 agonists
or following induction of cortical spreading depres-
sion (24,40,41). Consistent with the inhibition of
C-fibers, our results demonstrate full blockade of
cephalic allodynia during the APTH phase. Ongoing
trigeminal nociceptor activation results in sensitization
of the trigeminocervical complex (42) and possibly
neurons in higher brain areas including the thalamus,
parabrachial area, periaqueductal grey, hypothalamus,
and cortical regions. Central sensitization is reflected
in the spread of CA to extracephalic regions (e.g.,
hindpaw) that we have observed in saline treated
mTBI animals and that was also fully blocked
during APTH by onabotA.

By contrast, administration of onabotA in the
PPTH phase was only partially effective in inhibiting
BLS-induced allodynia, indicating that untreated
mTBI promotes long-term changes in the CNS (i.e.,
priming). Under these conditions, animals may be sen-
sitized to sensory stimuli that may also trigger migraine
attacks, including BLS, and outcomes are not fully
responsive to onabotA. We observed that allodynia
as a consequence of mTBI priming could be elicited
by BLS for up to 67 days following mTBI (i.e., the
maximum time-point tested). The pathophysiology
underlying priming and the mechanisms of how BLS
can trigger generalized allodynia are not well under-
stood, but likely involve engagement of the central
stress systems resulting in altered perception of trigem-
inal somatosensory stimulation. Once priming is estab-
lished, onabotA can still partially inhibit BLS-induced
CA, however, ongoing blockade of peripheral afferent
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activity is necessary, since BLS-induced CA is fully
reinstated once the antinociceptive effects of onabotA
are diminished.

Consistency of preclinical findings with clinical
observations

Our preclinical studies suggest that immediate or early
treatment of APTH with onabotA may be most effec-
tive in prevention of PPTH in rodents. This is similar to
our previously reported effects of early administration
of anti-CGRP mAb in a mouse mTBI model which
blocked acute transient allodynia (i.e., APTH) and pre-
vented PPTH development (14). However, we also
demonstrated partial inhibition of BLS-induced allody-
nia (i.e., PPTH) with onabotA administration after the
resolution of APTH in rodents. This contrasts to the
lack of effect of anti-CGRP mAb on BLS-induced allo-
dynia in mice when given at this timepoint (14).

In patients, onabotA treatment resulted in favorable
outcomes when administered at later timepoints after
mTBI and in established PPTH. A study involving

64 active-duty military patients with headaches related
to concussions reported significant improvement
after onabotA which was administered an average of
10.8 months after injury (43). OnabotA has also been
shown to diminish allodynia over time in patients with
chronic migraine (44) and there is evidence of cumu-
lative benefit over multiple injection cycles with
onabotA in these patients (45), many of whom have
ictal and interictal allodynia (25). Thus, it is possible
that repeated injections in patients with PPTH may
have a cumulative benefit even when administered
after the onset of PPTH. The recent positive and neg-
ative placebo-controlled trials in patients with PPTH
with onabotA (43,46) and fremanezumab (20), respec-
tively, is also consistent with outcomes with these
agents in our preclinical studies. These findings,
together with the wide range of presumed anti-
nociceptive and anti-allodynic mechanisms of
onabotA, suggest that onabotA may provide benefit
not only in APTH but may also represent a treatment
option in already established PPTH.

Article highlights

tent post-traumatic headache (PTH).

acute and stress-induced PTH in mice.

e Mild traumatic brain injury (mTBI) in a mouse model induces transient cephalic allodynia followed by
long lasting sensitization to a normally innocuous stress stimulus, respectively modeling acute and persis-

e Administration of onabotulinumtoxinA (onabotA) early (2 h) after mTBI fully blocked both transient
e Administration of onabotA following the resolution of acute PTH (day 12) diminished persistent PTH but

the effects were transient, suggesting the presence of persistent maladaptations in mice subjected to mTBI.
e The degree of acute allodynia was predictive of the level of persistent PTH in this mouse model.
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