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Abstract

Background—The blood-brain barrier (BBB) has been hypothesized to play a role in migraine
since the late 1970s. Despite this, limited investigation of the BBB in migraine has been
conducted. We used the inflammatory soup rat model of trigeminal allodynia, which closely
mimics chronic migraine, to determine the impact of repeated dural inflammatory stimulation on
BBB permeability.

Methods—The sodium fluorescein BBB permeability assay was used in multiple brain regions
(trigeminal nucleus caudalis (TNC), periaqueductal grey, frontal cortex, sub-cortex, and cortex
directly below the area of dural activation) during the episodic and chronic stages of repeated
inflammatory dural stimulation. Glial activation was assessed in the TNC via GFAP and OX42
immunoreactivity. Minocycline was tested for its ability to prevent BBB disruption and trigeminal
sensitivity.

Results—No astrocyte or microglial activation was found during the episodic stage, but BBB
permeability and trigeminal sensitivity were increased. Astrocyte and microglial activation, BBB
permeability, and trigeminal sensitivity were increased during the chronic stage. These changes
were only found in the TNC. Minocycline treatment prevented BBB permeability modulation and
trigeminal sensitivity during the episodic and chronic stages.

Discussion—Modulation of BBB permeability occurs centrally within the TNC following

repeated dural inflammatory stimulation and may play a role in migraine.
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Background

Changes in cerebral blood flow that occur during the prodrome phase of migraine prompted
the hypothesis that migraine patients have a breakdown in the blood- brain barrier (BBB)
(1). This hypothesis, from the 1970s, was based on the idea that if the BBB is impaired
ictally or interictally in migraineurs, then the brain parenchyma would be exposed to
peripheral vasoactive and neurogenic compounds or immune and inflammatory cells (2).
Although the critical role of the BBB in traumatic brain injury, stroke, and
neurodegeneration has become greatly appreciated in scientific literature, little evidence has
been reported for its role in the development and induction of migraine pain (3,4). With a
growing list of therapeutic options targeting the BBB and the development of animal models
of trigeminal pain, investigation into how BBB disruption is involved in migraine stands to
have great potential value to the future of migraine research and treatment (5-7).

The BBB is a specialized neurovascular unit formed by a complex association of endothelial
cells, pericytes, astrocytes, neurons, an extracellular matrix, and a basal lamina, which
surround blood capillaries within the brain. This neurovascular unit contains numerous
transport mechanisms that modulate the passage of small molecules, ions, nutrients, cells,
and other compounds into and out of the brain parenchyma (8). Astrocytic endfeet, located
on the outer surface of the basal lamina, and microglia, regulate many aspects of the BBB
including the rigidity of tight junctions to modulate BBB permeability (9—11). The growing
evidence that glia play a significant role in migraine suggests that BBB permeability may
contribute to this disorder (12,13).

Some clinical evidence suggests a potential role of the BBB in migraine. Ictal and interictal
serum levels of S100B, a marker for astrocyte activation, and MMP- 9, a matrix
metalloproteinase that digests endothelial cell basal lamina and causes BBB breakdown, are
increased in migraine patients (14,15). Two functional MMP-2 gene polymorphisms are also
associated with migraine patients with aura (16). White matter brain lesions found in MRI
images of migraine patients are proposed to be focal disruptions of the BBB (17,18).
Gadolinium enhancement MRI analysis has also demonstrated BBB breakdown in some, but
not all, clinical studies, as described by Edvinsson and Tfelt-Hansen (2008), who argue that
there is a lack of evidence to support BBB changes in migraine (19-21). A recent study also
found that permeability to 11C-dihydroergotamine, a radioligand of dihydroergotamine, was
unchanged in migraineurs during GTN-induced headaches, suggesting no change in
permeability (22). However, peripheral nerve injury models of chronic pain do cause
disruptions in the BBB and blood-spinal cord barrier, suggesting that nociceptor activation
in the trigeminal system may induce BBB changes (23,24).

To explore this, we developed a rat model of trigeminal allodynia that closely mimics
clinical observations in chronic migraine patients (chronic trigeminal allodynia,
phonophobia, increased sensitivity to migraine triggers, mitochondrial dysfunction, and
similar efficacious responses to migraine treatments) (7,25-30). With this rat model, we
simulate the putative dural nociceptor activation that is thought to occur during a migraine
attack by infusing an inflammatory soup (IS) outside of the BBB onto the dura through an
affixed cannula three times per week for a total of 10 infusions (7,31). This repeated dural
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stimulation, representing the repeated episodic nature of migraine attacks, produces an acute
phase of trigeminal allodynia in the rats. After receiving five or more infusions, baseline
morning trigeminal sensitivity develops, representing a transition from an episodic to a
chronic state of trigeminal sensitivity, which is similar to patients who transition from
episodic to chronic migraine (32). After 10 infusions, they completely transition to a state of
chronic trigeminal sensitivity that is maintained, outlasting the final infusion by upwards of
three months; at this stage, they are considered transitioned rats. This model presents the
opportunity to investigate the role of BBB permeability during both the episodic stage
(following the second infusion, when dural stimulation only features an acute effect on
trigeminal sensitivity, but does not induce long-lasting sensitivity) and the chronic stage (one
week after the 101" infusion, when the animals have developed long-lasting trigeminal
sensitivity).

The purpose of this study was to investigate whether BBB permeability changes occur in a
rat model of trigeminal allodynia that closely mimics chronic migraine. We examined the
trigeminal nucleus caudalis (TNC), which is a critical brainstem nucleus that is the primary
input of dura-innervating afferents of the trigeminal ganglion; the periaqueductal grey
(PAG), due to its role in descending pain modulation; the sub-cortex, which is a gross
anatomical region of the brain containing numerous nuclei such as the thalamus and
amygdala that are involved in migraine; and the frontal cortex as a control, since it is
minimally responsible for trigeminal sensory information processing. We also analyzed the
cortex directly below the dural stimulation site (infusion cortex). Although this cortex is not
stimulated with the IS, we examined this area to identify any changes in BBB permeability
induced by repeated inflammatory stimulation of the dura. We then investigated the potential
for minocycline, a tetracycline-derived antibiotic with anti-inflammatory properties that
prevents glial activation, to prevent BBB breakdown (33,34). Minocycline has been shown
to reduce allodynia in rodent neuropathic pain models and burn injury models, and has been
investigated for its potential use in migraine, providing evidence for an interesting anti-
nociceptive therapeutic (35-37).

Male Sprague Dawley adult rats (250-300 g, Charles River N = 82) were individually
housed in a temperature-controlled environment, under a 12-hour light/dark cycle, and
allowed access to food and water ad libitum. All procedures performed on the animals were
approved by the Thomas Jefferson University Institutional Animal Care and Use Committee.
ARRIVE guidelines were considered and followed throughout all experimental planning.
All efforts were made to minimize animal numbers and suffering.

Implantation of the cannula

Surgical procedures were previously described (7). Briefly, after two weeks of habituation,
rats were anesthetized with isoflurane (3% induction, 1.5% maintenance) mixed with
compressed air. A 3 mm wide craniotomy above the superior sagittal and transverse sinus
junction was performed to expose the dura, and a plastic cap with a stainless steel cannula
was secured to the skull with small screws and dental cement (26 gauge, Plastics One Inc.,

Cephalalgia. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fried et al.

Page 4

Roanoke, VA, USA). The cannula was sealed with a replaceable custom-cut obdurator that
extended just beyond the internal end of the cannula above the dura. This prevented scar
tissue formation over and into the cannula. Rats recovered for one week, during which
trigeminal pressure thresholds were monitored to ensure return to pre-surgery baseline. Any
rats that did not return to pre-surgery sensory thresholds were not included in the study. All
animals that returned to pre-surgery sensory thresholds were randomly assigned to the
treatment groups.

Infusion of inflammatory soup or saline

Rats were infused onto the dura through the cannula with an inflammatory soup (I1S) (1 mM
histamine, serotonin, bradykinin, and 0.1 mM prostaglandin E2 in 0.9% sterile saline, pH
7.0 (Sigma Aldrich, St Louis, MO) or saline in a square Plexiglas chamber (17.5 x 18 x 12
in) that allowed for free movement during the infusion. Thus, the IS or saline was infused
over the dura and outside the blood-brain barrier. Polyethylene tubing (PE50) was connected
to a microinfusion pump (WPI Inc, Sarasota, FL, USA) and the cannula, allowing for a
steady infusion of 25 pl of IS or saline over 5 min at a rate of 5 pl/min.

Tactile sensory testing

Rats, tested during the day, were trained and acclimated to an atraumatic plastic tube
restraint (inner diameter 8 cm, length 25 cm) before and after cannula implantation, and
entered uncoaxed to prevent them from walking away during testing.

Periorbital pressure thresholds were determined by applying von Frey monofilaments
(Stoelting Co, Wood Dale, IL, USA) to both the left and right sides of the face over the
medial portion of the eye. These von Frey hairs are calibrated nylon monofilaments that
generate a reproducible buckling stress. Each monofilament is identified by manufacturer-
assigned force values (10, 8, 6, 4, 2, 1.4, 1, 0.6, 0.4, 0.07 grams). The higher the force value
on the monofilament, the stiffer and more difficult it is to bend. For each time point, the left
and right threshold data were recorded separately. The von Frey stimuli were presented in
sequential descending order to determine the threshold of response. After a positive
response, a weaker stimulus was presented. Several behaviors presented by the rat were
considered a positive response. The rat would vigorously stroke its face with the ipsilateral
forepaw, quickly recoil its head away from the stimulus, or vocalize. The threshold is
defined as a positive response to two of three trials of the von Frey monofilament. Results
are presented as the threshold in grams +SEM. Rats that did not respond to the 10 g stimulus
were assigned 10 g as their threshold for analysis.

Blood brain barrier permeability

Sodium fluorescein (Na-fluorescein) administration is an established method to measure
BBB permeability (38). Na-fluorescein (376 g/mol) was chosen for this study because it is
one-third the size of albumin binding compounds such as Evans Blue (961 g/mol) that has
been previously used to measure BBB permeability. Therefore, the use of Na-fluorescein
allows for visualization of smaller, more focal BBB disruptions. Na-fluorescein (15% in
saline, Sigma) was injected intraperitoneally (2 ml) one hour before sacrifice and perfusion.
Rats were transcardially perfused with heparinized phosphate-buffered saline, pH 7.4. Brain
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tissue and cardiac blood were collected, stored at —20°C, and assayed for fluorescence
within one week of collection. Na-fluorescein uptake into the brain was measured using a
modification of a previous method (39). Brains were regionally dissected into frontal cortex,
sub-cortex, infusion cortex (cortex below the area of the dura that is being stimulated by the
inflammatory soup), periaqueductal grey, and trigeminal nucleus caudalis (Figure 1). Since
differences in fluorescence between groups were found only in the trigeminal nucleus
caudalis (TNC), we quantified that region for drug studies. To control for the effects of
surgery, saline infused rats were used for quantification of the cortex directly below the
infusion site.

Tissue was homogenized in 200 pl of cold 1:1 solution (7.5% trichloroacetic acid: 5N
NaOH) using a dounce tissue grinder. Homogenates were plated in duplicate on a 96 well
plate. Serum and sample levels of Na-fluorescein were assessed with a Cytofluor 11
fluorometer plate reader (excitation —485 nm, emission =530 nm; Perseptive Biosystems,
Farmingham, MA). Standards (125 to 4000 mg/ml) were used to calculate the Na-
fluorescein content of the samples in mg. Na-fluorescein uptake into tissue is expressed as
the ratio [pg fluorescence per tissue/ug tissue]/[lg fluorescence sera/ul blood] to normalize
values for blood levels of the dye at the time of tissue collection. These measurements were
performed with the researcher blinded to the treatment group.

Immunohistochemistry

Rats underwent cardiac perfusion with heparinized saline followed by 4%
paraformaldehyde. The brain and spinal cord were removed and fixed in paraformaldehyde.
After cryoprotection treatment, all rat brains were rapidly frozen in —=70°C isopentane
precooled with dry ice. Serial cryostat sections (30 pm) were cut coronally through the brain
stem containing the trigeminal nucleus caudalis (TNC), approximately from bregma —15.00
mm to bregma —17.50 mm by FD NeuroTechnologies (FD NeuroTechnologies Consulting &
Services Inc, Ellicott City, MD) with avidin-biotin/immunoperoxidase using monoclonal
anti-rat OX42 1gG (1:20,000; Accurate, Westbury, NY) and anti-rat GFAP (1:20,000;
Accurate, Westbury, NY). After inactivating the endogenous peroxidase activity with
hydrogen peroxidase, sections were incubated separately with avidin and biotin solutions
(\Vector Lab, Burlingame, CA) for blocking nonspecific binding of endogenous biotin,
biotin-binding protein and lectins. Sections were then incubated free-floating for three days
at 4°C in 0.01 M PBS containing 1% normal blocking serum and 0.3% Triton X-100
(Sigma, St Louis, MO) and the specific antibody. The immunoreaction product was
visualized according to the avidin-biotin complex method with the Vectastin elite ABC
Peroxidase kit (\Vector Lab, Burlingame, CA). After thorough rinses in distilled water, all
sections were mounted on slides, dehydrated in ethanol, cleared in xylene, and coverslipped
in Permount (Fisher Scientific, Fair Lawn, NJ). To check the specificity of the primary
antibody, controls were made in separate sections as follows: I) replacement of the specific
antibody with the isotype control 1gG or serum; 2) omission of the secondary antibody; 3)
Preabsorption of the specific antibody with the antigen.

Density of staining from the immunohistological images was quantified using a custom
routine written in the R statistical programming language. Images were broken into three
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channels: Red, green, and blue. The green channel best represented the density of staining,
so this color channel was used for quantification. A threshold value from 0 to 255 was
selected visually to differentiate staining from unstained portions of the section. Each pixel
with a color density value above this threshold was considered stained, and any pixel with a
value below this was considered not stained. The relative staining values used to represent
the density of staining across the whole image were calculated by adding up all of these
stained pixels and dividing them by the number of unstained pixels. This analysis was
performed with the researcher blinded to the treatment group. Each section and area
analyzed was then normalized to saline controls as a relative level for analysis.

Drug treatment

Minocycline (Sigma, St Louis, MO) was dissolved in 5% sucrose in water and administered
via oral gavage one hour before each infusion. A previous dose response using 50 and 150
mg/kg demonstrated that 150 mg/kg significantly reduced permeability. In episodic studies,
minocycline (150 mg/kg) was administered one hour prior to the first and second IS
infusions. Therefore, the episodic drug treatment groups were rats that received two saline
infusions, two IS infusions, or two IS infusions with minocycline pretreatment. We referred
to this group as “episodic” because permeability was measured one hour after the second
infusion, during a time when dural stimulation results in only acute changes in trigeminal
sensitivity and not long-lasting changes. In the chronic studies, minocycline (150 mg/kg)
was administered one hour prior to all 10 IS infusions by a different researcher than the one
who would perform the sensory testing, to ensure blinding. The chronic drug treatment
groups were 10 saline infusions, 10 IS infusions, or 10 IS infusions with minocycline
pretreatment. Periorbital sensory thresholds were recorded in the morning prior to drug
treatment and infusion. This is the “chronic” condition, because permeability was measured
one week after the last infusion when animals have developed chronic trigeminal sensitivity
and have been confirmed to have sustained trigeminal sensitivity prior to analysis.

Statistical analyses

All statistical analyses were performed using SPSS version 12 (IBM, Armonk, New York).
Sufficient power was confirmed with a power analysis for these studies using PASS software
(NCSS, Kaysville, UT) and SPSS to limit the number of animals needed. Naive and IS-
infused rats (one week after the 10™ infusion) were compared at frontal cortex, sub-cortex,
periaqueductal grey, and TNC using a one-way ANOVA. Saline and IS-infused rats (one
week after the 10t infusion) were compared at cortex directly below the infusion site using
a one-way ANOVA. The TNC of saling, IS- infused, and minocycline treated animals one
hour after the second infusion were compared using a one- way ANOVA. The TNC of
saline, IS infused, and minocycline treated animals one week after the 10" infusion were
compared using a one-way ANOVA. Periorbital pressure thresholds were measured prior to
each infusion in all groups. A one-way ANOVA was used to compare thresholds one week
following the 10t infusion in all groups and one hour following the second infusion in all
groups. A one-way ANOVA was used to compare immunohistological images between
groups at each section level. Bonferroni post hoc tests were done where applicable.

Cephalalgia. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fried et al.

Results

Page 7

We measured BBB permeability of the trigeminal nucleus caudalis (TNC), periaqueductal
grey (PAG), sub-cortex, cortex directly below the area of the dura that was being stimulated
by the inflammatory soup (infusion cortex), and frontal-cortex in 82 adult male Sprague
Dawley rats while monitoring the development of trigeminal pain during 3-4 weeks of
inflammatory dural stimulation (Figure 1). The effect of minocycline was assessed via its
ability to block pain and prevent BBB disruption.

Region-specific changes in blood-brain barrier permeability occur following the transition
to chronic trigeminal sensitivity

Sodium fluorescein, a small molecule that only crosses into the brain parenchyma when the
BBB is disrupted, was administered systemically one week after receiving the 10th IS
infusion to measure changes in BBB permeability during the chronic stage of inflammatory
dural stimulation, in which the rats have transitioned to a sustained chronic state of
trigeminal sensitivity. Sodium fluorescein (376 g/mol) was used as opposed to Evans blue
(961 g/mol) because it has a smaller molecular weight, and thus can serve as a much more
sensitive marker for changes in BBB permeability.

Fluorescence-based analysis with a plate reader revealed a significant 7.9 fold increase in
BBB permeability in the TNC of rats that received 10 IS infusions (7.9+£0.6) compared to
naive rats (1.0+0.4) and rats that received 10 saline infusions (1.3+£0.4) (p< 0.001, ANOVA)
(Figure 2(a)). No significant difference in BBB permeability was seen in the sub-cortex
between rats who received 10 IS infusions (2.1+0.6) and naive rats (2.4+0.8) (Figure 2(b)).
No significant difference in BBB permeability was seen in the frontal-cortex between rats
that received 10 IS infusions (4.3£1.7) and naive rats (5.8+3.3) (Figure 2(b)). No significant
difference in BBB permeability was seen in the PAG between rats that received 10 IS
infusions (5.3+0.5) and naive rats (7.2+1.3) (Figure 2(c)). Importantly, no significant
difference in BBB permeability was seen in the infusion cortex (the cortex below the area of
the dura that is being stimulated) between rats that received 10 IS infusions (7.0+1.7) and
rats that received 10 saline infusions (8.3+3.6) (Figure 2(d)). These data show that repeated
inflammatory stimulation of the dura induces chronic increases in BBB permeability only in
the TNC, and not within the PAG, sub-cortex, frontal-cortex, or cortex below the area of the
dura that is being stimulated by the inflammatory soup.

Blood-brain barrier permeability is increased in the trigeminal nucleus caudalis during the
episodic stage of inflammatory dural stimulation

To measure changes in BBB permeability during the episodic stage (following the second
infusion, when the IS only elicits an acute period of trigeminal sensitivity that is not
sustained the following day), sodium fluorescein fluorescence was measured in the TNC one
hour after the second infusion. Analysis revealed a significant 4.5-fold increase in BBB
permeability in the TNC one hour after receiving the second IS infusion (6.5+1.8) compared
to rats that received two saline infusions (1.4£0.5) (p < 0.05, ANOVA) (Figure 3(a) -2 IS
(one hour)). Rats receiving two IS infusions also experienced increased trigeminal sensitivity
one hour after the infusion, with periorbital pressure thresholds significantly falling from
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9.0+0.4 g t0 3.3+0.4 g (p< 0.001, ANOVA) (Figure 3(b)). To determine if these episodic
changes are long lasting, like those observed when analyzing the chronic stage, sodium
fluorescein fluorescence was measured in the TNC one week following the second infusion
(i.e. animals only received two IS infusions). At this time point, BBB permeability was not
sustained (1.4+0.2), returning to that of the saline control (Figure 3(a) — 2 IS (one week)).
Periorbital thresholds also returned to baseline levels one week following the second IS
infusion (9.50.5 g) (Figure 3(b)).

Astrocyte and microglial activation in the trigeminal nucleus caudalis only occurs
following the transition to chronic trigeminal sensitivity

To further characterize changes that may contribute to BBB modulation during the episodic
and chronic stages, we investigated activation of astrocytes and microglia, two glial cell
types that play a critical role in BBB maintenance, throughout the TNC every 300 um
between —13.5 to 16.2 mm posterior to bregma for at least 10 sections from each brain.
Using antibody markers suggestive of astrocyte (GFAP) and microglia (OX42) activation,
we investigated three areas of each section of the TNC (dorsal, medial, and ventral) along
this rostral-caudal axis to determine if region-specific changes could be observed. The dorsal
and ventral areas included analysis of lamina 1 and 2, while the medial area included
analysis of lamina 3 and 4. Regions of these areas in the TNC are innervated by the
mandibular (V3), maxillary (V2), and ophthalmic (V1) divisions of the trigeminal nerve
(Figure 4) (40,41). Transitioned rats experience mechanical hypersensitivity in the
periorbital region of the face, which transmits signals to the TNC via both the V1 and V2
branches of the trigeminal nerve. This region also receives input from the dura at the site of
the 1S infusion (7,31).

Although BBB and trigeminal sensitivity changes were seen in the episodic stage, no areas
of the TNC had significantly higher levels of either GFAP or OX42 staining in comparison
to saline controls during this stage (Figure 5). Since there were greater changes in BBB
permeability and trigeminal sensitivity during the chronic stage, we measured GFAP and
0OX42 staining throughout the TNC one week following the last infusion. Significant
increases in GFAP staining were seen in ventral, medial, and dorsal regions throughout the
rostral end of the TNC (Figure 6(a), (c), (e)). GFAP staining was significantly higher in the
ventral region of the TNC from —-13.5 to —15.0 mm posterior to bregma (p < 0.05, ANOVA)
(Figure 6(a)). GFAP staining was significantly higher in the medial region of the TNC from
-13.5 to —15.6 mm posterior to bregma (p < 0.05, ANOVA) (Figure 6(c)). GFAP staining
was significantly higher in the dorsal region of the TNC from —13.5 to —15.0 mm posterior
to bregma (p < 0.05, ANOVA) (Figure 6(e)). OX42 staining was significantly higher in the
ventral, medial, and dorsal regions throughout the caudal end of the TNC (p < 0.05,
ANOVA) (Figure 6(b), (d), (f)). OX42 staining was significantly higher in the ventral region
of the TNC from -14.1 to —16.2 mm posterior to bregma (p < 0.05, ANOVA) (Figure 6(b)).
0OX42 staining was significantly higher in the medial region of the TNC from —-14.4 to -15.9
mm posterior to bregma (o < 0.05, ANOVA) (Figure 6(d)). OX42 staining was significantly
higher in the rostral region of the TNC from -15.3 to —16.2 mm posterior to bregma (p <
0.05, ANOVA) (Figure 6 (f)).
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To attain a better understanding of the temporal changes in astrocyte and microglial
activation in the TNC following inflammatory dural stimulation, we measured GFAP and
0X42 staining one hour following the 10th IS infusion. This allowed us to examine the
immediate effects of the inflammatory soup on astrocyte and microglial activation during the
chronic stage when the trigeminal system may be sensitized to these effects. Increased
GFAP and OX42 staining was seen at this time point, but it was not as widespread
throughout the TNC. We found that GFAP staining was significantly increased in rostral
portions of the TNC (Figure 7(a), (c), (e)). GFAP staining was increased at —13.8 to -14.1
mm posterior to bregma in the ventral and dorsal regions of the TNC, but only at —13.8 mm
posterior to bregma in the medial region (v < 0.05, ANOVA) (Figure 7(a), (c), (€)). OX42
staining was increased in central portions of the TNC: —15.0 and —15.6 mm posterior to
bregma in ventral, -14.7 to —15.0 mm posterior to bregma in medial, and -14.0 to -14.7
mm posterior to bregma in dorsal (p < 0.05, ANOVA) (Figure 7(b), (d), ().

Minocycline treatment prevents changes in blood-brain barrier permeability and periorbital
sensitivity during the episodic and chronic stages of repeated inflammatory dural

stimulation

Since minocycline can prevent activation of astrocytes and microglia to prevent breakdown
of the BBB, rats were treated with 150 mg/kg p.o. minocycline one hour before each IS
infusion (33,34). BBB permeability and trigeminal sensitivity were measured during the
episodic and chronic stages of transitioning to chronic trigeminal sensitivity. Rats receiving
minocycline treatment prior to each infusion (2 Mino + 2 IS (1 hr)) did not experience an
increase in BBB permeability during the episodic stage, with fluorescence levels in the TNC
remaining low at 1.9+0.7 (Figure 8(a)). Rats receiving this treatment also did not experience
an increase in trigeminal sensitivity one hour after the second IS infusion, with periorbital
thresholds (9.0+0.6 g) remaining similar to pre-infusion thresholds (9.0£0.4 g) (Figure 8(b)).

The 7.9-fold increase in BBB permeability in the TNC of rats following 10 IS infusions was
prevented with minocycline treatment. Rats receiving minocycline treatment (10 Mino + 10
IS) had no significant increase in BBB permeability in the TNC (1.3£0.6) (Figure 8(c)).
Furthermore, minocycline treatment prevented the development of chronic trigeminal pain.
Rats receiving IS infusions began to develop trigeminal sensitivity after the third infusion,
whereas minocycline treated rats did not (Figure 8(d)). After 10 IS infusions, rats maintained
periorbital thresholds (1.620.2 g) that were significantly lower than those of saline-infused
controls (8.8+0.3 g) (p< 0.001) (Figure 8(d)). Minocycline treatment prevented this increase
in trigeminal sensitivity, with periorbital thresholds remaining similar to those of saline-
infused controls (8.7+0.4 g) (Figure 8(d)). These data illustrate that minocycline treatment is
effective in preventing the breakdown of the BBB in the TNC during the episodic and
chronic stages of transitioning to chronic trigeminal sensitivity. In doing so, this treatment
also prevents the development of periorbital sensitivity in our rat model of trigeminal
allodynia.
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Discussion

This study reveals a potential role of the blood-brain barrier in the development of chronic
trigeminal pain following repeated inflammatory dural stimulation. Infusion of an
inflammatory soup onto the dura increases BBB permeability in the TNC, and can be seen
during the episodic stage (one hour after the second IS infusion) and chronic stage (one
week after 10th IS infusion) of transitioning to chronic trigeminal sensitivity. Sub-cortical
regions and the periaqueductal grey, which also play a role in nociception signaling and
processing, do not, however, feature changes in BBB permeability. Furthermore, no BBB
changes were seen in the cortex directly below the area of the dura that is being stimulated
by the inflammatory soup. These data suggest that the regionally-specific increase in
permeability may be due to recurrent activation of meningeal afferent fibers and not cortical
activation beneath the infusion site. The ventral, medial, and dorsal areas along the entire
length of the TNC had limited astrocyte and microglial activation (as measured by OX42
and GFAP staining, respectively) during the episodic stage, but widespread activation
throughout the TNC during the chronic stage, presenting astrocyte and microglial activation
as a potential conduit to the observed changes in BBB permeability. Microglial activation
was isolated to the most caudal area of the TNC, while astrocyte activation was isolated to
the more rostral portion of the TNC. Changes in BBB permeability were prevented with
minocycline treatment, a tetracycline antibiotic known to block BBB breakdown via
inhibition of microglial and astrocytic activation (35-37). Minocycline treatment also
blocked the induction of trigeminal sensitivity during the episodic and chronic stages. These
findings identify that increased BBB permeability in the TNC occurs during the onset and
chronification of trigeminal pain following inflammatory dural stimulation in this rat model.

Beggs et al. (2010) also demonstrated that sciatic nerve constriction increased permeability
in the BBB and blood-spinal cord barrier (23). This study found a global increase in BBB
permeability one and two days after injury, with permeability returning to baseline levels
after seven days. They did not, however, see initial BBB changes at six hours. These data
demonstrate that peripheral nerve injury can cause transient increases in BBB permeability
that are not seen initially and diminish seven days post-injury. Similarly, we found that BBB
permeability returned to baseline levels seven days after the second IS infusion. Unlike
Beggs and colleagues, however, we found initial (1 hr post second infusion) increases in
BBB permeability. These initial changes in BBB permeability may be due to our use of
sodium fluorescein (376 g/mol) instead of Evans Blue (961 g/mol), as Beggs and colleagues
used. This lower molecular weight increases the sensitivity of the marker for fluctuations in
permeability.

Although a similar study demonstrated that a single dural IS infusion did not modify BBB
permeability at 2 or 24 hours in the TNC, the IS concentration in this study was 10-100 fold
lower than that used here (42). This suggests that there may be a dose-dependent effect of
the IS on BBB permeability. Furthermore, we observed chronic increases (one week post
10th infusion) in permeability. Taken together, these data suggest that prolonged changes in
BBB permeability are possible, but may only occur after multiple peripheral inflammatory
soup stimulations.
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Our analysis of other brain regions involved in trigeminal pain processing revealed that
disruption of the BBB is localized to the TNC. Subcortical regions and the PAG, which play
a vital role in descending inhibition, had no changes in permeability. This is similar to the
clinical findings of Schankin et al. (2016), who also did not see changes in the BBB within
the brain or the raphe nucleus (22). Changes in BBB permeability may only occur in regions
innervated by primary afferents, such as C-fibers, which release both substance-P and
calcitonin gene-related peptide (CGRP) at the site of insult and substance-P within the dorsal
horn (43,44). Release of substance-P, which induces microglial activation that leads to
astrocyte activation in the TNC following stimulation of dural nociceptors, may lead to these
transient changes in BBB permeability through modulation of tight junctions (11,45).
Repeated dural stimulation could cause this transient mechanism to sensitize over time,
leading to chronic BBB permeability changes. This sequence of activation could also
sequester astrocytes from their vital role in neuronal modulation, changing neuronal
excitability via microglial ATP release (45). Furthermore, mitochondrial dysfunction
identified in migraineurs and this rat model could exacerbate changes in BBB permeability
via the release of adenosine and reactive oxygen species (16,25,46,47).

The acute increase in BBB permeability of the TNC following repeated IS infusion also has
interesting implications in that this change may transiently allow sumatriptan, a migraine
therapeutic that is not permeable to the BBB in normal conditions, to gain access to central
sites of action during a migraine attack (48). Although this may allow sumatriptan (295 g/
mol) access, since it is smaller than sodium fluorescein (376 g/mol), it may not allow access
of larger migraine therapeutics, such as CGRP antibodies or even dihydroergotamine.
Although Schankin et al. (2016) found that 11C-dihydroergotamine (583.7 g/mol) did not
gain access to the brain or brainstem during GTN-induced headache in migraineurs, their
measurements focused on the raphe nucleus, which is more rostral than the TNC where we
measured (22). Future rodent studies could examine the penetration of specific treatments to
determine if larger therapies could gain central access via the TNC, while human studies
could examine BBB disruption more caudally in this region of the brainstem.

Astrocyte and microglial activation was analyzed via assessment of GFAP and OX42,
respectively, activation marker immunoreactivity in three areas of the TNC caudal plane
(ventral, medial, and dorsal) throughout the entire rostral-caudal axis of the TNC, to better
understand the potential mechanism behind BBB permeability modulation (Figures 5-7). No
astrocytic or microglial activation was seen one hour after the second infusion, but BBB
permeability and trigeminal sensitivity were both increased at this time point (Figure 5).
Although paradoxical, this may be indicative of sub-threshold physiological changes in
astrocyte and microglial activation states that are undetectable by our methodology at this
early stage, but able to produce these profound changes in BBB permeability. Astrocyte and
microglial activation, however, was seen throughout all regions of the TNC one week
following the 10th infusion (Figure 6). Interestingly, a regionally specific characteristic of
activation was found during this time point, in that astrocytic activation appeared to occur
primarily in the rostral half of the TNC while microglial activation occurred in the caudal
half. This spatial characteristic is reminiscent of the ellipsoidal, loculated cystic cavity that
forms in models of spinal cord injury, in which the cavity is filled by activated microglia and
surrounded by activated astrocytes, suggesting that similar mechanisms may be occurring
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from repeated and chronic activation of the trigeminal system (49). The development of this
spatial characteristic may begin one hour after the last infusion during this chronic stage,
radially spreading in the rostral and caudal directions and subsequently leading to astrocytic
activation on the peripheral edges of this region (Figure 7). This immediate effect of
activation may occur after the 10th infusion and not the second because the system could be
primed and sensitized to dural stimulation following multiple IS infusions. The pattern of
astrocyte and microglial activation one hour following the 10th infusion suggests that the
major innervations of afferents that are sensitized to dural inflammatory stimulation may be
between —14.7 and —15.0 mm posterior to bregma within the TNC. Interestingly, the diffuse
nature of astrocyte and microglial activation throughout all three regions (ventral, medial,
dorsal) of the TNC at each distance from bregma is reminiscent of activation patterns in the
spinal cord of visceral organs, as seen with c-fos labeling following mechanical stimulation
of the dura (40). Since cutaneous stimulation results in more focal c-fos labeling, our
widespread astrocyte and microglial activation supports the hypothesis that this glial
activation is due to dural stimulation.

Andreou et al. (2010) speculated that the application of inflammatory mediators onto the
dura could locally alter BBB function, causing cortical activation at the infusion site rather
than synaptic activation of second order neurons, modeling meningitis, not migraine (50).
This idea stems from the cortical spreading depression (CSD) model of headache, where
direct meningeal mechanical stimulation or meningeal potassium chloride administration
cause neuronal activation and a spreading wave of cortical depolarization, followed by
inhibition. In the CSD model, stimulating the meninges results in activation of cortex below
the meninges and BBB disruptions (51). Furthermore, Zhao et al. (2016) demonstrated that
PGE2 and 5-HT in the IS may permeate through the dura to gain access to the brain,
suggesting that some aspects of this model are centrally- and not peripherally-mediated (52).
We found, however, that there were no changes in BBB permeability in the cortex directly
underneath the site of dural stimulation with the IS or in other brain regions, demonstrating
that BBB permeability changes in the TNC are not centrally-mediated. Thus, this model is
likely not inducing physiological changes that may be considered a model of meningitis.

Minocycline has shown promise as a neuroprotectant in clinical studies (37). With /n vitro
and animal studies, minocycline inhibits microglia activation, decreases iNOS activity,
prevents glutamate toxicity, and prevents caspase 1 induced apoptosis (35,53-55). While
these properties may all contribute to reduced BBB permeability, inhibition of microglia
activation is noteworthy since we see increased microglial activation within the TNC.
Supporting this, daily administration of minocycline reduced mechanical allodynia and
microglia activation following spinal nerve ligation (33) and in a rodent model of sciatic
nerve inflammation (36). This suggests that microglia may play a role in increasing BBB
permeability following inflammatory meningeal afferent activation, since trigeminal
hypersensitivity and BBB breakdown can be blocked with minocycline.

Our findings suggest that there is region-specific increases in BBB permeability isolated to
the TNC in rats that have had repeated inflammatory dural stimulation. This, along with
periorbital sensitivity, can be blocked with minocycline. These data complement the clinical
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evidence that suggests a role of the BBB in migraine, supporting the use of this model in
future studies of the BBB in trigeminal pain.
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Highlights
Region-specific BBB disruption in the TNC is induced by dural stimulation.
Region-specific glial activation in the TNC is induced by dural stimulation.
Minocycline blocks the observed BBB disruption.

Minocycline blocks the trigeminal allodynia developed from this dural
stimulation.
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Figure 1.
Schematic representation of dissected brain regions. (a) Sagittal view of rat brain dissected

regions of frontal cortex (FC), sub-cortex and the cortex below the area of the dura that is
being stimulated by the inflammatory soup (infusion site). (b) and (c) Coronal sections
showing dissected regions for PAG (black circle) and TNC (black line). (d) Nissl stain of
coronal section of brainstem showing TNC dissected region (black line, scale bar 300 um).
((a), (b), and (c) are adapted from (56)).
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Figure 2.
BBB permeability in multiple brain regions during the chronic stage of inflammatory dural

stimulation. (a) BBB permeability (as measured by the ratio of fluorescence from sodium
fluorescein uptake in the brain region in comparison to serum levels) in naive (N = 8),
saline—infused (N = 7), and IS infused (N = 8) rats in the TNC. (b) BBB permeability in
naive (N = 8 for each group), saline infused (N = 8 for each group), and IS infused (N = 8
for each group) rats in the frontal cortex and sub-cortex. (c) BBB permeability in naive (N =
7), saline infused (N = 7), and IS infused (N = 7) rats in the PAG. (d) BBB permeability at
the site of the infusion (infusion- cortex) in saline (N = 8) and inflammatory soup infused (N
=7) rats.

TNC: trigeminal nucleus caudalis; PAG: periaqueductal grey; IS: inflammatory soup; BBB:
blood-brain barrier. *p < 0.05. BBB permeability is expressed as brain:serum ratio.
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Figure 3.
BBB permeability of the TNC and trigeminal sensitivity during the episodic stage of

inflammatory dural stimulation. (a) BBB permeability (as measured by the ratio of
fluorescence from sodium fluorescein uptake in the brain region in comparison to serum
levels) in the TNC of saline-infused rats (saline, N = 8), one hour following the second IS
infusion (2 IS (one hour), N = 8), and one week following the second IS infusion (2 IS (one
week), N = 8). (b) Periorbital von Frey thresholds (g) of rats prior to their second infusion
(21S (pre)), one hour post their second infusion (2 IS (one hour)), and one week post their
second infusion (2IS (one week)) (N = 8) *p < 0.05. BBB permeability is expressed as
brain:serum ratio.
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(a) (b)

Periorbital

Figure 4.
Schematic representation of regions analyzed for astrocyte and microglial activation. (a)

Side-view of rat trigeminal region that is innervated by the V1, V2, and V3 branches of the
trigeminal ganglion. The periorbital region where VVFH testing is performed is seen in red.
(b) Side-view of the rat brain featuring the region of the brainstem analyzed. Ten caudal
regions, 300 um apart each, were analyzed along the brainstem representing —13.5 to —16.2
mm posterior to bregma. (c) Nissl stain of coronal representing the second region analyzed
section —13.8 mm posterior to bregma. (d) Nissl stain of coronal section representing the
sixth region analyzed —15.0 mm posterior to bregma. (€) Nissl stain of coronal section
representing the 10th region analyzed —16.2 mm posterior to bregma. (f) Coronal view of
-13.8 mm posterior to bregma showing the TNC. (g) Coronal view of —15.0 mm posterior to
bregma showing the TNC. (h) Coronal view of —16.2 mm posterior to bregma showing the
TNC. Black boxes in (c), (d), and (e) represent the regions of analysis for dorsal (D), medial
(M), and ventral (V) of the TNC. (Black line, scale bar 500 pm) *p < 0.05. (b), (f), (9), and
(h) are adapted from (56).
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Figure 5.

Astrocyte and microglial labeled cells in the TNC during the episodic stage of inflammatory
dural stimulation. (a), (c), and (e) Glial fibrillary acid protein (GFAP) labeled astrocyte
immunoreactivity relative to saline controls, within the dorsal, medial, and ventral area of
the TNC at 10 regions along the rostral-caudal axis (representing —13.5 to —=16.2 mm
posterior to bregma) one hour following the second IS infusion (21S) or the second saline
infusion. (b), (d), and (f) Microglial activation as measured by OX42 immunoreactivity
relative to saline controls within the dorsal, medial, and ventral area of the TNC at 10
regions along the rostral-caudal axis (representing —13.5 to —16.2 mm posterior to bregma)
one hour following the second IS infusion (21IS) or the second saline infusion. (g) 40x
representative GFAP immunoreactivity of TNC medial region —13.8 mm posterior to bregma
one hour following second IS infusion. (h) 40x representative GFAP immunoreactivity of
TNC medial region —13.8 mm posterior to bregma one hour following second saline
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infusion. (i) 40x representative OX42 immunoreactivity of TNC medial region —=15.9 mm
posterior to bregma one hour following second IS infusion. (j) 40x representative OX42
immunoreactivity of TNC medial region —15.9 mm posterior to bregma one hour following
second saline infusion.

(Black line, scale bar 75 um) N = 4 for all groups. GFAP: astrocyte activation marker;
0OX42: microglia activation marker; *p < 0.05.
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Figure 6.
Astrocyte and microglial cells in the TNC one week following the 10th inflammatory dural

stimulation. (a), (c) and (e) Glial fibrillary acid protein (GFAP) labeled astrocyte
immunoreactivity relative to saline controls within the dorsal, medial, and ventral area of the
TNC at 10 regions along the rostral-caudal axis (representing —13.5 to —16.2 posterior to
bregma) one week following the 10th IS infusion (101S) or the 10th saline infusion. (b), (d)
and (f) Microglial staining as measured by OX42 immunoreactivity relative to saline
controls within the dorsal, medial, and ventral area of the TNC at 10 regions along the
rostral-caudal axis (representing —13.5 to —16.2 mm posterior to bregma) one week
following the 10th IS infusion (101S) or the 10th saline infusion. (g) 40x representative
GFAP immunoreactivity of TNC dorsal region —=13.5 mm posterior to bregma one week
following 10th IS infusion. (h) 40x representative GFAP immunoreactivity of TNC dorsal
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region —13.5 mm posterior to bregma one week following 10th saline infusion. (i) 40x
representative OX42 immunoreactivity of TNC ventral region —15.9 mm posterior to bregma
one week following 10th IS infusion. (j) 40x representative OX42 immunoreactivity of TNC
ventral region —=15.9 mm posterior to bregma one week following 10th saline infusion.
(Black line, scale bar 75 pm) N = 4-5 for all groups. GFAP: astrocyte activation marker;
0OX42: microglia activation marker; *p < 0.05.
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Figure 7.

Astrocyte and microglial cells in the TNC one hour following the 10th inflammatory dural
stimulation. (a), (c) and (e) Glial fibrillary acid protein (GFAP) labeled astrocyte
immunoreactivity relative to saline controls within the dorsal, medial, and ventral area of the
TNC at 10 regions along the rostral-caudal axis (representing —13.5 to —16.2 mm posterior
to bregma) one hour following the 10th IS infusion (101S) or the 10th saline infusion. (b),
(d) and (f) Microglial staining as measured by OX42 immunoreactivity relative to saline
controls within the dorsal, medial, and ventral area of the TNC at 10 regions along the
rostral-caudal axis (representing —13.5 to —16.2 mm posterior to bregma) one hour following
the 10th IS infusion (101S) or the 10th saline infusion. (g) 40x representative GFAP
immunoreactivity of TNC dorsal region —13.8 mm posterior to bregma one hour following
10th IS infusion. (h) 40x representative GFAP immunoreactivity of TNC dorsal region -13.8
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mm posterior to bregma one hour following 10th saline infusion. (i) 40x representative
0OX42 immunoreactivity of TNC medial region —15.0 mm posterior to bregma one hour
following 10th IS infusion. (j) 40x representative OX42 immunoreactivity of TNC medial
region 15.0 mm posterior to bregma one hour following 10th saline infusion. (Black line,
scale bar 75 um) N = 4-5 for all groups.

GFAP: astrocyte activation marker; OX42: microglia activation marker; *p < 0.05.
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Figure 8.
Minocycline treatment blocks changes in blood-brain barrier permeability and trigeminal

sensitivity during episodic and chronic stages of inflammatory dural stimulation. (a) BBB
permeability (as measured by the ratio of fluorescence from sodium fluorescein uptake in
the brain region in comparison to serum levels) in the TNC one hour following the second
saline infusion (N = 7), one hour following the second IS infusion (N = 7), and one hour
following the second IS infusion/minocycline treatment (N = 8). (b) Periorbital von Frey
Thresholds (g) for rats before their second IS infusion (N = 8), one hour after their second 1S
infusion (N = 8), and one hour after their second IS infusion/minocycline treatment (N = 8).
(c) Changes in BBB permeability one week following the 10th saline infusion (n = 8), one
week following the 10th IS infusion (10 IS, N = 8), and one week following the 10th 1S
infusion/minocycline treatment (L0Mino + 101S, N = 8). (d) Changes in periorbital pressure
threshold across 10 infusions (three weeks) of saline, IS, or IS/minocycline treatment. Note:
Normal variability with saline infusion ranges one von Frey step (i.e. 10 g to 8 g). BBB
permeability is expressed as brain:serum ratio.
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