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Astrocytes mediate migraine-related intracranial
meningeal mechanical hypersensitivity

Jun Zhao, Andrew S. Blaeser, Dan Levy*

Abstract \
The genesis of the headache phase in migraine with aura is thought to be mediated by cortical spreading depression (CSD) and the

subsequent activation and sensitization of primary afferent neurons that innervate the intracranial meninges and their related large
vessels. Yet, the exact mechanisms underlying this peripheral meningeal nociceptive response remain poorly understood. We
investigated the relative contribution of cortical astrocytes to CSD-evoked meningeal nociception using extracellular single-unit
recording of meningeal afferent activity and 2-photon imaging of cortical astrocyte calcium activity, in combination with 2
pharmacological approaches to inhibit astrocytic function. We found that fluoroacetate and L-a-aminoadipate, which inhibit
astrocytes through distinct mechanisms, suppressed CSD-evoked afferent mechanical sensitization, but did not affect afferent
activation. Pharmacological inhibition of astrocytic function, which ameliorated meningeal afferents’ sensitization, reduced basal
astrocyte calcium activity but had a minimal effect on the astrocytic calcium wave during CSD. We propose that calcium-
independent signaling in cortical astrocytes plays an important role in driving the sensitization of meningeal afferents and the ensuing
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intracranial mechanical hypersensitivity in migraine with aura.
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1. Introduction

Migraine is one of the most common neurological disorders and
the leading cause of disability in people younger than 50
years.>*! Migraine consists of episodic attacks characterized
by moderate to severe throbbing headache, which is aggravated
by physical activity and accompanied by several other symptoms,
including nausea and light sensitivity. Although the origin of
migraine remains unclear, a large body of work supports the
notion that the severe headache and its exacerbation during
physical activity are driven by the prolonged activation and
sensitization of trigeminal nociceptive afferent neurons that
innervate the intracranial meninges and their large vessels.?”
The mechanisms underlying the genesis of these migraine-
related meningeal nociceptive responses are thought to involve
the local action of algesic mediators released near the afferent’s
meningeal nerve endings.?” Yet, the endogenous conditions
leading to the release of these factors remain unclear.

One key to better understanding the endogenous processes
underlying the genesis of meningeal nociception in migraine is the
phenomenon of cortical spreading depression (CSD). This abnormal
cortical event involves a massive wave of neuronal depolarization,
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followed by a transient depression of cortical synaptic activity.®*
Cortical spreading depression is considered the underlying cause of
the aura symptoms, which precede the headache in some attacks,
and a major event that produces prolonged activation and
mechanical sensitization of meningeal nociceptive afferents®5+5°
and the ensuing headache pain of migraine.'”

The massive neural activation during a CSD event is associated
with a robust intracellular astrocyte Ca?* wave.'"3” Activation of
cortical astrocytes and the ensuing intracellular astrocyte Ca®*
elevations during CSD have been suggested to mediate the
associated vasoconstriction of meningeal pial arteries.” In addition
to releasing vasoactive mediators that act on meningeal vessels,
activated astrocytes can also release a host of proinflammatory
algesic molecules®” that could potentially interact with meningeal
nociceptive afferents and drive migraine headache.?® Here, we
tested whether astrocyte-to-meninges signaling might contribute
to the CSD-evoked activation and sensitization of meningeal
afferents. Using in vivo single-unit recording in rats, we show that
pharmacological inhibition of cortical astrocytic function can block
the CSD-evoked meningeal afferent mechanical sensitization
without affecting the associated increase in ongoing activity.
Furthermore, data obtained using in vivo 2-photon calcium imaging
suggest that Ca®"-independent signaling in cortical astrocytes
drives mechanical sensitization of meningeal afferents after CSD.

2. Material and methods

2.1. Animals

All experiments were approved by the Institutional Animal Care
and Use Committee of the Beth Israel Deaconess Medical Centre
and followed the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.?® Animals (Sprague-Dawley male rats,
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Taconic, Germantown, New York) were housed in pairs with food
and water available ad libitum under a constant 12-hour light/dark
cycle (lights on at 7:00 awv) at room temperature. All procedures
and testing were conducted during the light phase of the cycle (9:
00 Am to 4:00 Pm). Experimental animals were randomly assigned
to different treatment groups. Based on our previous data, as well
as power calculations (effect size d > 0.8, a < 0.05), the minimal
sample size for the electrophysiological experiments was n = 15
(1 afferent/animal). No statistical methods were used to pre-
determine sample size for the imaging experiments, but our
sample sizes are similar to those reported in previous publica-
tions, using similar techniques.*®*°

2.2. Surgical preparation for
electrophysiological experiments

Animals (220-250 g) were deeply anesthetized with urethane
(1.5 g/kg, i.p.), as in all our previous recordings of meningeal
afferents, and mounted on a stereotaxic frame (Kopf Instru-
ments, Tujunga, CA). Core temperature was kept at 37.5 to
38°C using a homoeothermic control system. Animals were
intubated and breathed spontaneously room air enriched with
O,. Physiological parameters were collected throughout the
experiments using PhysioSuite (Kent Scientific, Torrington, CT)
and CapStar-100 (CWE). Data used in this report were obtained
from animals exhibiting physiological levels of oxygen saturation
(>95%), heart rate (350-450 beats/minute), and end-tidal CO»,
(8.5%-4.5%). A saline-cooled dental drill was used to perform 3
separate craniotomies. One craniotomy was used to expose the
left transverse sinus and the posterior part of the superior
sagittal sinus, including the adjacent cranial dura, extending
~2 mm rostral to the transverse sinus. Another small craniotomy
(1 X 1 mm) was centered 2 mm caudal and 2 mm lateral to
bregma to allow insertion of the recording electrode into the
trigeminal ganglion. An additional small burr hole (diameter,
0.5 mm) was drilled above the frontal cortex to induce CSD.®’
The exposed dura was bathed with a modified synthetic
interstitial fluid (SIF) containing 135 mM NaCl, 5 mM KClI,
1 mM MgCl,, 5 mM CaCl,, 10 mM glucose, and 10 mM HEPES,
pH 7.2.

2.3. In vivo recording of meningeal afferent activity

Single-unit activity of meningeal afferents (1 afferent/rat) was
recorded from their cell body in the ipsilateral (left) trigeminal
ganglion. We used a contralateral approach, as previously
described ®” in which a platinum-coated tungsten microelectrode
(impedance, 50-100 k(); FHC, Bowdoin, ME) is advanced
through the right hemisphere into the left trigeminal ganglion
using an angled (22.5") trajectory. The insertion of the recording
electrode using this approach does not produce CSD in the left
cortical hemisphere.®” Meningeal afferents were identified by
their constant response latency to electrical stimuli applied to the
dura above the ipsilateral transverse sinus (0.5 ms pulse, 1-3 mA,
0.5 Hz). The response latency was used to calculate conduction
velocity (CV), based on a conduction distance to the trigeminal
ganglion of 12.5 mm.*2 Neurons were classified as A3 (1.5 < CV
= 5 m/second) or C afferents (CV < 1.5 m/second). Neural
activity was digitized and sampled at 10 kHz using power
1401/Spike2 interface (CED, Cambridge, United Kingdom). A
real-time waveform discriminator (Spike2 software) was used to
create and store a template for the action potential evoked by
electrical stimulation, which was used to acquire and analyze
afferent activity.
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2.4. Assessment of changes in meningeal
afferent mechanosensitivity

Mechanical receptive fields (RFs) of meningeal afferents were first
identified by probing the exposed dura with a 2.0 g von Frey
monofilament (Stoelting, Wood Dale, IL). The lowest mechanical
threshold site was further determined using monofilaments, which
exert lower forces (=0.02 g). This site was then used to quantify the
afferents’ mechanical responsiveness, using a servo force-
controlled mechanical stimulator (Series 300B Dual Mode Servo
System; Aurora Scientific, Aurora, ON). Mechanical stimuli were
delivered using a flat-ended cylindrical plastic probe attached to the
tip of the stimulator arm. One of 3 probe diameters (0.5, 0.8, or
1.1 mm) was selected for each neuron, depending on its
sensitivity.>” Two ramp-and-hold mechanical stimuli were applied
in each trial (rise time, 100 ms; stimulus width, 2 seconds;
interstimulus interval, 120 seconds) and included an initial threshold
stimulus (which typically evoked at baseline 1-4 Hz responses),
followed by a suprathreshold stimulus (2-3X of the threshold
pressure). Stimulus trials were delivered every 15 minutes through-
out the experiment to minimize response desensitization.>” Ongoing
activity was recorded continuously between the stimulation trials.
Basal responses to mechanical stimuli were determined during at
least 4 consecutive trials before the induction of CSD. Data were
analyzed only from afferents that exhibited consistent responses
(variation of <0.5 Hz for threshold responses and <1.5 Hz for
suprathreshold responses) during baseline recordings.®” Post-CSD
data were collected for at least 2 hours based on previous data.>*%°

2.5. Induction and monitoring of cortical
spreading depression

A single CSD episode was induced in the left frontal cortex by
briefly inserting a glass micropipette (50 wm diameter) ~2 mm
deep into the cortex for 2 seconds.®” Successful elicitation of
CSD was ensured by simultaneously recording changes in
cerebral blood flow with a laser Doppler flowmetry probe
positioned within the craniotomy, just above the exposed dura,
~1 mm from the RF of the recorded unit. The laser Doppler signal
was digitized (100 Hz) and recorded using the power 1401/
Spike2. Laser Doppler recordings were obtained with the
ambient lights turned off. Baseline LDF data were based on
recordings conducted for at least 30 minutes before CSD.
Induction of CSD was considered successful when the typical
hemodynamic signature characterized by a large transient (~1-2
minutes) cortical hyperemia, followed by persistent (>1 hours)
post-CSD oligemia was observed (Fig. 1A)."®

2.6. Adeno-associated virus injections

Three-week-old male rats were anesthetized with isoflurane
(8.5% for induction, 1.5%-2% for maintenance) and placed in a
stereotaxic apparatus. Body temperature was controlled by a
heating pad. A lubricant eye ointment was applied to protect the
cornea. An incision was made down the midline of the scalp to
expose the skull. A 1-mm burr hole was drilled over the visual
cortex, and a Hamilton syringe fitted with an injecting glass
pipette was lowered 300 pm below the pia. To image astrocytic
Ca®* activity, we used the adeno-associated virus (AAV) 2/5-
GfaABC4D-cyto-GCaMP6f viral vector. The viral prep was made
using pZac2.1 gfaABC1D-cyto-GCaMP6f plasmid, a gift from Dr.
Baljit Khakh (Addgene viral prep #52925-AAV5; http://n2t.net/
addgene:52925;RRID:Addgene_52925).'® The human GFAP
promoter (GfaABC;D) is highly selective for astrocytes.®® The
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AAV (5 plL, 7 X 10" vg/mL) was injected into layer 2/3 of the
visual cortex using a microinjection syringe pump (WPI, Ardmore,
PA). The incision was then sutured, and rats were left to recover
for 3 to 4 weeks.

2.7. In vivo 2-photon imaging of intracellular astrocyte
Ca?" activity

Rats previously injected with the AAV were anesthetized with
urethane (1.5 g/kg, i.p.). Body temperature was maintained using
a heating pad. A skin incision was made to expose the calvaria,
and a small burr hole was drilled above the frontal cortex to induce
CSD with a pinprick as above. To image GCaMP6f-labeled
astrocyte Ca" activity, a 3-mm craniotomy was made, centered
at the AAV injection site. At the end of the epidural pharmaco-
logical treatment (see below), the dura mater was removed, and
low-melting agarose (2% dissolved in artificial cerebrospinal fluid)
was placed on the exposed cortex. A cover glass was then fixed
above the cortex together with a custom-made 2-pronged
titanium headpost using C&B-Metabond (Parkell, Edgewood,
NY) as previously described. ® Arubber imaging well was glued to
the headpost to accommodate the water-immersion objective.
Two-photon Ca®" imaging of astrocytes in layers 2/3 of the visual
cortex was performed in head-fixed rats using a resonant-
scanning 2-photon microscope (Neurolabware: 15.5 frames/
second; 796 X 512 pixels/frame). Single plane movies were
made using a Nikon 16X, 0.8 NA objective, at a 4.8 X digital zoom
(~310 X 220 pm). Laser power at 920 nm (Mai Tai laser, Spectra
Physics, Santa Clara, CA) measured below the objective was
<40 mW. For capturing basal astrocyte intracellular Ca%* activity,
we obtained 5 minutes movies from 3 to 5 regions in each animal.
To examine CSD-related astrocyte intracellular Ca®* activity, we
imaged one region for 5 minutes before CSD. The same region
was then imaged again for 5 minutes to capture changes in Ca®*
activity during and after the CSD wave. Only one CSD event was
triggered in each animal.

2.8. Drugs and treatment approaches

Molecular strategies that allow manipulation of astrocytic
functions in a large area of the cortex in our rat model are
currently unavailable. Hence, we used 2 pharmacological tools,
fluoroacetate (FAc, MP Biomedicals, Solon, OH) and L-
«-aminoadipate (L-AA, Sigma, St. Louis, MO), to test the role
of astrocytes. FAc is preferentially taken up by astrocytes by a
specific transporter, and disrupts their metabolism by inhibiting
the tricarboxylic acid cycle enzyme aconitase.'? FAc has been
widely used as an astrocyte-specific inhibitor. 2% L-a-amino-
adipate (L-AA, Sigma) is selectively incorporated into astrocytes
by the cystine—glutamate antiporter. It induces astrocyte toxicity
by affecting glutamate-dependent metabolism and protein
synthesis, leading to loss of cellular integrity.*%% L-a-amino-
adipate has been previously used to selectively block astrocyte-
mediated function in the adult rodent brain."2":2480:51 The
astrocyte inhibitors were applied topically to the dura mater to
avoid damage to the meningeal afferents’ RF due to intracortical
injection. FAc (100 mM) was diluted in SIF. L-a-aminoadipate
(9 mM) was made in 1N HCI and further diluted in SIF with pH
adjusted to 7.4. Drug concentrations applied to the dura were
higher than those used previously for targeting astrocytes' '2
but were considered nontoxic to cortical neurons given an
estimated dilution factor of 1 X 10* to 2.5 X 10° for such
transmeningeal delivery approach.®¢°® To further minimize
potential off-target neurotoxic effects of FAc, we applied it for
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15 minutes, beginning 60 minutes before the onset of CSD. L-
a-aminoadipate, which requires prolonged treatment to affect
astrocytes, was left on the dura for 4 hours before evoking CSD.
Indirect neurotoxic effects of L-AA have been documented, but
only beyond 24 hours after treatment.2®

2.9. Quantification and statistical analysis

For analysis of afferent activity, N refers to the number of afferents.
For comparisons of astrocytic intracellular Ca®" activity, N refers
to the number of Ca™2 events. All data were analyzed and plotted
using Prism 8 software and are presented as the median and
interquartile range (IQR). Group data in graphs show all data
points and are plotted as scatter dot plots and the median.
Statistical analyses are described in the results, figure legends,
and below in this section. Differences in CSD-evoked afferent
activation and sensitization propensities and rate of propagating/
nonpropagating astrocytic Ca*? events were analyzed using a 2-
tailed x° test. All other data were analyzed using a nonparametric
2-tailed Mann-Whitney test or a Kruskal-Wallis test, followed by
the Dunn post hoc test. P < 0.05 was considered significant.

2.9.1. Afferent data analyses

Offline analyses for meningeal afferent responses were con-
ducted using template matching in Spike 2. Criteria used to
consider meningeal afferent activation and sensitization re-
sponses were based on our previous studies.®® " In brief, a
prolonged increase in the ongoing activity of afferents was
considered if the firing rate increased above the upper endpoint of
the 95% CI calculated for the baseline mean for at least 10
minutes. During the CSD wave, acute afferent activation was
considered when the discharge rate increased =30 seconds
after the pinprick and lasted =120 seconds. The development of
mechanical sensitization and its duration were based on the
following criteria: threshold and/or suprathreshold responses
increased to a level greater than the upper endpoint of the 95% CI
calculated for the baseline mean, increased responsiveness
began during the first 60 minutes post-CSD, and lasted for at
least 30 minutes.

2.9.2. Astrocyte GCaMP imaging data processing and
analyses

Videos of baseline and CSD-evoked astrocyte intracellular Ca?*
activity were denoised using a 3D Gaussian filter and then aligned
using a discrete Fourier transform registration algorithm. The
registered videos were then spatially downsampled by a factor of
4 and fed into the Ca®" imaging analysis pipeline. Given the
uniqueness of the large CSD-evoked astrocytic Ca®* wave and
the notion that the ROI-based analysis approach is limited to
signals with fixed size and shape, we opted to use a recently
developed non-ROl-based analysis approach that uses the
Astrocyte Quantitative Analysis (AQuUA) algorithm.*® The AQUA
method captures regions of astrocytic Ca™ signals (events) that
can change size or location across time and allows assessment of
event propagation. We used this method to perform a nonbiased
population-level analysis of basal and CSD-evoked astrocytic
intracellular Ca®* spatiotemporal activity and their response to
FAc treatment. Data reported include standard measurements
used to describe astrocytic event physiology (amplitude and
duration) and additional biologically relevant unique AQUA
outputs related to event size and propagation.
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Figure 1. Astrocytes contribute to CSD-evoked mechanical sensitization of meningeal dural afferents. (A) Experimental setup: 3 skull openings (red ovals) were
made. A small burr hole was drilled over the left frontal cortex to elicit a single CSD event using a pinprick (PP) stimulation. Afferent activity was recorded in the left
trigeminal ganglion (TG) using a tungsten microelectrode inserted through a craniotomy made over the contralateral hemisphere. An ipsilateral craniotomy was
made to expose a part of the left transverse sinus (TS) and superior sagittal sinus (SSS) and their vicinity to find and stimulate mechanosensitive meningeal
afferents. Quantitative mechanical stimuli were delivered to the receptive field of afferents using a feedback-controlled mechanical stimulator. A laser Doppler
flowmeter (LDF) probe was placed over the cortex near the receptive field of afferents to record changes in cerebral blood flow and validate CSD induction
noninvasively. Induction of CSD was considered successful when the typical hemodynamic signature characterized by a large transient (~1-2 minutes) cortical
cerebral hyperemia (red trace), followed by persistent (>1 hours) post-CSD oligemia (blue trace) was observed. (B and C) Examples of experimental trials depicting
the responses of 2 afferents to threshold (TH) and suprathreshold (STH) mechanical stimuli (black traces) applied to their receptive field during baseline recording
and then at 30 minutes after CSD elicitation in control (B) and FAc-treated animals (C). Responses in spikes/second are in parentheses. Note the sensitization in
control but not after FAc treatment. When compared with controls (n = 21), the fraction of afferents that became sensitized at the TH or STH level (TH/STH, D), or at
both levels (TH + STH, E) was lower in animals treated with FAc (n = 18), or L-AA (n = 15) (P < 0.05, x° test, treatment vs control). Inhibition of astrocytic function
with FAc or L-AA also decreased the duration of the sensitization response (F); (P values indicate the Dunn post hoc test after a significant [P < 0.01] Kruskal-Wallis
test between all treatments). The onset latency (G) or magnitude (H and I) of the sensitization response was not different between the 3 treatments (P > 0.05,
Kruskal-Wallis). Inhibition of astrocytic function with FAc or L-AA did not affect TH or STH mechanical responses in nonsensitized afferents (J and K), (P > 0.05,
Kruskal-Wallis). Data in (F-K) include all data points. Lines represent the median. CBF, cerebral blood flow; CSD, cortical spreading depression; FAc,
fluoroacetate; L-AA, L-a-aminoadipate.
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3. Results

3.1. Astrocyte inhibitors curtail cortical spreading
depression-evoked meningeal afferent
mechanical sensitization

We first asked whether astrocytes contribute to the development
of the CSD-evoked sensitization of meningeal afferents by
studying the effects of FAc. We compared the mechanical
responsiveness of 18 afferents (10 A3 and 8 C) recorded from
FAc-treated animals with 21 meningeal afferents (7 Ad and 14 C
afferents) recorded from vehicle-treated animals. The data
obtained from the A8 and C afferents were combined as they
show similar sensitization characteristics after CSD.%® FAc
pretreatment did not affect the afferent’s basal mechanosensi-
tivity (Dunn post hoc test, P > 0.05 vs control for both THand STH
stimuli levels; Table 1), indicating no effect on the basal
excitability of meningeal afferents. FAc-treated animals did not
exhibit spontaneous CSD events, or more than a single event
after the pinprick stimulus (18/18 cases, not shown), suggesting
no direct or indirect neuronal effects of FAc that could increase
vulnerability to spreading depression.**® FAc pretreatment,
however, significantly inhibited the mechanical sensitization of
meningeal afferents that developed after CSD (compare the
examples in Figs. 1B and C). As Figure 1D depicts, when
sensitization was defined as enhanced responsiveness at either
the threshold (TH) or suprathreshold (STH) stimuli level, fewer
sensitized afferents were detected in the FAc group when
compared with the control group (7/18 vs 16/21; x* = 5.6; P <
0.05). A similar inhibition was detected when sensitization was
defined as enhanced responsiveness at both the TH and STH
stimuli levels (FAc: 2/18, Control: 9/21; X2 = 4.8; P < 0.05, Fig.
1E). In addition to decreasing the propensity to develop
sensitization, in afferents deemed sensitized, FAc treatment led
to a decrease in the duration of the sensitized state when
compared with the control group (30 [15.0] min vs 60 [15.0] min;
Dunn post hoc test, P < 0.01, Fig. 1F). Astrocytic inhibition,
however, had no effect on the latency for developing mechanical
sensitization (15 [0.0] min vs 15 [15.0] minute, Dunn post hoc test,
P > 0.05, Fig. 1G), or its magnitude, (TH, 1.2 (1.6) spikes/sec vs
1.8 [1.6] spikes/sec; STH, 1.5 [0.4]-fold vs 1.4 [0.5]-fold, Dunn
post hoc test, P > 0.05 for both; Figs. 1H and I). Importantly, the
inhibition of the CSD-evoked meningeal afferent sensitization was
not due to a desensitization effect of repeated stimulation®® or
delayed toxic effects of FAc, given that the post-CSD changes in
the mechanical responses of nonsensitized afferents were similar
in the control and FAc-treated animals (TH, —0.4 [1.6] spikes/sec
vs 0.1 [1.1] spikes sec; STH 96.7 [30.6] % vs 90.0 [18.8] %, Dunn
post hoc test, P > 0.05 for both, Figs. 1J and K).

Baseline mechanical response properties of meningeal dural
afferents in animals treated with vehicle (control), FAc, or L-
AA.

Dural RFs TH responses STH responses
Control (n = 21) 2 (1) 1.4 (1.3 8(5.1)
FAc (n = 18) 2(1) 1.2(1.5 5(5.8)
L-AA (0 = 15) 2(1) 1.6 (2.8) 11 9.1)

Data are expressed as median (IQR). N represent the number of afferents tested (1 afferent/animal). The
number of distinct dural receptive fields (RFs) was tested using a suprathreshold von Frey stimulus. Threshold
and suprathreshold responses (in spikes/second) are based on activity recorded during a 2-s stimulation and
represent the average of 4 trials conducted before CSD. Group differences were analyzed using the 2-tailed
Kruskal-Wallis test and were not significant (#> 0.05) for the 3 parameters tested.

FAc, fluoroacetate; RFs, receptive fields; STH, suprathreshold; TH, threshold.
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To further examine the role of astrocytes in CSD-evoked
meningeal nociception, we employed another pharmacological
approach to inhibit cortical astrocyte function using the astrocyte
toxin, L-AA. Baseline mechanical responses of meningeal afferents
after L-AA treatment were similar to those recorded in the control
group (Table 1), indicating the lack of an off-target toxic effect on the
afferents. Inhibition of cortical astrocyte-related function with L-AA
did not affect the induction of CSD (15/15 cases, not shown), but
significantly inhibited the development of the ensuing mechanical
sensitization, similar to the effect observed after FAc treatment.
When sensitization was defined as enhanced responsiveness at
either TH or STH stimuli levels, only 6 of the 15 afferents were
deemed sensitized (vs. 16/21 in controls, X2 = 4.8; P < 0.05,
Fig. 1D). Similarly, when sensitization was assessed as increased
responsiveness at both the TH and STH stimuli levels, only 1 of the
16 were sensitized (compared with 9/21 in controls, X2 =69 P<
0.05, Fig. 1E). Similar to the effect observed in FAc-treated animals,
the duration of the CSD-evoked afferent sensitization in
L-AA-treated animals was also shorter when compared with
controls (80.0 [18.8] min vs 60.0 [15.0] min, Dunn post hoc test,
P < 0.05, Fig. 1F). In the few neurons that displayed sensitization
after L-AA, their onset latency was similar to that observed in control
(15.0(4) min, Kruskal-Wallis test, P > 0.05 L-AA vs control, Fig. 1G).
Sensitization magnitudes were also similar at the TH level (1.8 [1.2]
spikes/sec) and STH level (125.8 [58.9] %, Dunn post hoc test, P >
0.05 L-AA vs control, for both, Figs. 1H and I). Finally, L-AA
treatment did not decrease mechanical responsiveness in non-
sensitized afferents (TH, 0.0 [0.7] spikes/sec, STH 100.0 [26.6] %,
Dunn post hoc test, P > 0.05 vs control for both, Figs. 1J and K),
suggesting that the inhibitory effect on the sensitization was related
to the blockade of CSD-evoked astrocytic function rather than a
nonspecific delayed effect on the afferents.

3.2. Cortical spreading depression-evoked meningeal
afferent activation is not affected by metabolic inhibition
of astrocytes

Cortical spreading depression—evoked activation of meningeal
afferents may involve distinct mechanisms from those mediating
the accompanied mechanical sensitization response.®®°” There-
fore, we asked next whether inhibition of astrocyte-related
function, using FAc or L-AA, can also inhibit the CSD-evoked
increases in the afferents’ ongoing activity. When compared with
control animals treated with vehicle, FAc or L-AA did not affect
baseline ongoing activity of A or C afferents (Table 2). Inhibition
of astrocyte function with FAc or L-AA did not affect the
CSD-evoked acute activation of meningeal afferents. In FAc-
treated animals we observed acute activation in 2 of the 10 A
and 2 of the 8 C afferents, ratios, not different from those
observed in control animals (6/21 A3, X2 =0.26; P> 0.05; 11/32
C, x* = 0.26; P > 0.05; x* = 0.63; P > 0.05 for the combined

Baseline ongoing activity in animals treated with vehicle, FAc,
or L-AA.

Ad C Gombined population
Control (0 = 21); 0.05 (0.23) (n = 32);0.77 (1.4) 0.16 (1.18)
FAC  (n=10);0.08(0.50) (n=8);0.88(1.83) 0.16(1.23)
L-AA - (n=7);01(0.70) (n=8);0.85(1.18) 0.77 (0.98)

Data are expressed as median (IQR). N represent the number of afferents tested (1 afferent/animal). Ongoing
activity (in spikes/sec) is based on data collected for at least 45 minutes before CSD. Group differences were
analyzed using 2-tailed Kruskal-Wallis test and were not significant (#> 0.05) for the population tested.
FAc, fluoroacetate; L-AA, L-a-aminoadipate.
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population, Fig. 2C). Similarly, in L-AA-treated animals we
observed acute activation in 2 of the 7 A8 and 2 of the 8 C
afferents, not different from that observed in the control group (x>
= 0.0; P> 0.05 for AS; x° = 0.04; P > 0.05 for C afferents; x° =
0.45; P > 0.05 for the combined population, Fig. 2C).

The induction of CSD-evoked prolonged increase in ongoing
afferent activity was also not affected by the astrocytic inhibitors. In
FAc-treated animals, we observed prolonged activationin 7 of the 10
A8 and 5 of the 8 C afferents, not different from those observed in
control animals (12/21 A8, x* = 0.47; P> 0.05; 20/32 C, x* = 0.01;
P> 0.5; x% = 0.22; P > 0.05 for the combined population, Fig. 2D).
In L-AA-treated animals, CSD-evoked prolonged activation was
observed in 3 of the 7 A8 and 4 of the 8 C afferents, not different from
the control group (x* = 0.43; P > 0.05 for AS; x° = 0.42; P > 0.05
for C; x = 0.90; P > 0.05 for the combined populations, Fig. 2D).
Further analyses of the CSD-evoked prolonged activation of

www. painjournalonline.com 2391

meningeal afferents revealed no significant differences in the
response characteristics among the 3 treatment groups. These
include similar onset latencies (control: 10.0 [13.8] min; FAc: 20.0
[32.5] min; L-AA: 10.0[15.0] min; H = 4.7, Kruskal-Wallis, P > 0.05,
Fig. 2E), durations (control: 40.0 [37.5] min; FAc: 42.5 [35.0] min;
L-AA, 25.0 [35.2] min; H = 2.8, Kruskal-Wallis, P > 0.05, Fig. 2F),
and response magnitudes (control: 2.2 [0.2]-fold; FAc: 1.8 [0.9]-fold;
L-AA: 1.6 [38.2]-fold; H = 1.1, Kruskal-Wallis, P > 0.05, Fig. 2G).

3.3. Inhibition of cortical astrocyte metabolism decreases
basal astrocytic intracellular Ca®" signals but minimally
affects cortical spreading depression-evoked astrocytic
intracellular Ca?” wave

A key mechanism by which astrocytes release their mediators
and promote paracrine signaling is through an increase in
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CSD, cortical spreading depression; FAc, fluoroacetate; L-AA, L-a-aminoadipate.
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intracellular Ca®* activity.*” Therefore, we asked whether the
large astrocyte Ca®* wave during CSD could mediate meningeal
afferents’ sensitization. FAc has been shown to inhibit astrocytic
intracellular Ca®* activity.®®® Hence, to test the effect of FAc on
CSD-evoked astrocytic intracellular Ca®* activity, we expressed
the genetically encoded Ca?* indicator GCaMP6f® in cortical
astrocytes and used in vivo 2-photon microscopy to image Ca®*
activity of cortical astrocytes in anesthetized rats pretreated with
FAc or vehicle control. Of note, because L-AA leads to astrocyte
ablation, %2 its effect could not be tested using this imaging
approach.

We first examined whether the treatment approach and dose
of FAc we used in the electrophysiological study affects basal
astrocyte Ca2* signal in vivo. We used a nonbiased, population-
level analysis of astrocytic intracellular Ca®* activity*® to compare
1109 events imaged in vehicle-treated rats (21 regions in 4
animals) with 692 events imaged in FAc-treated rats (22 imaging
regions in 6 animals). FAc-treated animals displayed a significant
reduction of basal astrocyte intracellular Ca®* activity, reflected in
all tested parameters. These include reduced number of events
[FAC: 24.0(12.3) events/5 minutes, control: 44.0(71.1) events/5
minutes, Mann-Whitney P < 0.01, Fig. 3D], smaller events size
[FAc: 21.1(18.1) y/um?, control: 31.4(27.1) y/um?, Mann-
Whitney P < 0.0001, Fig. 3E], magnitude [FAc 0.2(1.5) dF/F,
control: 0.3(1.2) dF/F, Mann-Whitney P < 0.0001, Fig. 3F], and
shorter duration [FAc: 17.0(12.8) sec, control: 21.5(13.0) sec,
Mann-Whitney P < 0.0001, Fig. 3G]. Analysis of the 500 largest
events also revealed a significantly smaller number of propagating
events (FAc: 280/500 propagating events, control: 360/500
propagating events, x> = 27.8; P < 0.0001, Fig. 3H).

Unexpectedly, despite a robust inhibitory effect of basal
intracellular Ca" activity, FAc treatment was largely ineffective
in curtailing the CSD-evoked astrocytic Ca®* wave. Overall, we
observed a comparable ratio of propagating/nonpropagating
Ca?* events (FAc, 42/141, [6 animals], control, 50/153 [4
animals], x> = 0.5; P > 0.05, Fig. 4D), and similar event size
(FAC: 8.5[12.5] v/pum?, control: 9.4 [11.2] 1/pm?, Mann-Whitney;
P> 0.05, Fig. 4E) and magnitude (FAc 3.9 [2.1] dF/F, control: 3.6
[1.1] dF/F, Mann-Whitney; P > 0.05, Fig. 4F). There was,
however, a modest reduction in event duration in response to FAc
treatment (FAc: 11.0 [3.1] sec, control: 12.0 [5.2] sec, Mann—
Whitney; P < 0.01, Fig. 4G).

4. Discussion

Here, using in vivo single-unit recording in anesthetized rats
coupled with 2 distinct pharmacological approaches to inhibit
astrocytic function, we provide evidence for an astrocyte-
dependent process that mediates CSD-evoked mechanical
sensitization of meningeal afferents. Our data further support
the idea of an astrocyte-independent activation of meningeal
afferents after CSD and is congruent with the notion that the
mechanisms underlying the activation and sensitization of
meningeal afferents after CSD involve distinct mechanisms.®”
Astrocytes release many of their signaling mediators in a Ca®" -
dependent manner. However, there is also evidence for
astrocytic signaling involving Ca®*-independent mediator re-
lease.*” Our finding that the same acute FAc treatment approach
that blocked the CSD-evoked sensitization of meningeal afferents
had a minimal effect on the astrocytic Ca®* wave during CSD
points to an astrocytic mechanism that does not depend on
intracellular Ca2" signaling in astrocytes. However, we cannot
exclude the possibility that even the minor decrease in the
duration of Ca?* events observed after FAC treatment (<10%)

PAIN®

could play arole. The negligible effect of FAc on the CSD-evoked
astrocytic Ca®* wave was surprising given previous studies
documenting its ability to inhibit astrocyte Ca?* elevations (this
study'*®8). The robustness of the CSD-evoked astrocytic Ca®*
elevations and its reliance on multiple intracellular processes,
including IP3 receptor type 2 (IP3R2) and aquaporin-4 signaling°
may explain the poor responsiveness to FAc treatment. Which
Ca®*-independent astrocytic signaling might play a role in
mediating the sensitization of meningeal afferents after CSD?
Recent work suggests that astrocytes can release arachidonic
acid—derived lipid mediators, such as PGE,, in a Ca®"-in-
dependent manner.*® Our previous finding that blocking cyclo-
oxygenase and ensuing synthesis of arachidonic acid-related
mediators, including PGE,, can selectively inhibit CSD-evoked
sensitization of meningeal afferents®” points to a possible
contribution of astrocyte-derived prostanoids. The finding that
FAc can block the release of PGE, from astrocytes® further
supports this notion. Another astrocyte mediator that may
contribute to the sensitization of meningeal afferents is ATP.?
Astrocytes can release ATP through a Ca2"-independent
process involving membrane pores, such as the P2X7 purinergic
channel, pannexin-1, and anion channels.2631:32:0 |mportantly,
FAc treatment can impair astrocytic ATP production and activity-
dependent release,'®** potentially by blocking P2X7 activity.'®
Whether ATP released by astrocytes arrives at the dural level and
directly contributes to the sensitization of meningeal dural
afferents remains unclear given that local action of ATP causes
dural afferent activation,®* a CSD-evoked nociceptive response
not blocked by astrocytes inhibitors.

Although FAc and L-AA are widely considered selective
astrocyte inhibitors,® in large part because of preferential uptake
by astrocytes, the possibility of off-target neurotoxic effects
remains a concern. Three lines of reasoning argue against off-
target effects as a major confounding variable in this study. First,
studies demonstrating neurotoxic effects were conducted using
concentrations that are orders of magnitude greater than those
expected to reach the cortex using our transmeningeal delivery
approach.'22° Although the concentrations of the inhibitors
applied to the dura were higher and potentially toxic to meningeal
afferents, we did not observe any nonspecific effects on the
afferents’ responsiveness. Second, prolonged exposure to
higher concentrations of FAc has been shown to increase
vulnerability to spreading depression,®“® but in our study, FAc
treatment neither led to spontaneous CSD events nor to more
than one event following the triggering stimulus. Third, because
FAc and L-AA affect astrocytes through distinct mechanisms, the
finding that both treatments had similar effects on the afferents’
responses to CSD cannot be easily explained as the result of a
specific off-target neurotoxic effect.

The cortex-to-meninges signaling pathways by which astro-
cytes contribute to the sensitization of meningeal afferents after
CSD remain to be defined. According to a key migraine
hypothesis, CSD leads to release of proinflammatory mediators
in the parenchyma that diffuse into the CSF-filled subarachnoid
space and stimulate trigeminal sensory nerve endings that
innervate this leptomeningeal compartment. The subsequent
antidromic activation of trigeminal afferent collaterals in the dura
mater gives rise to dural neurogenic inflammation®2® that
sustains the activation meningeal dural afferents and promotes
their sensitization.?” Our data, however, does not support this
hypothesis, given that inhibition of astrocytic function did not
affect the prolonged activation of meningeal afferents. This
finding further argues against a mechanism linking astrocyte
activation and the development of neurogenic dural vasodilation
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after CSD.2% We propose 2 alternative hypotheses to explain the
sensitization of meningeal dural afferents after CSD. The first
scenario involves the direct nociceptive action of astrocytic
mediators that traverse the arachnoid layer near the dural
sinuses, which is densely innervated by mechanosensitive
dural afferents.*® In a second scenario, astrocytes release
gliotransmitters that affect other cells, including cortical neurons
and nonneuronal cells in the parenchyma, subarachnoid space,
and dura, which produce the final sensitizing mediators.

Astrocytes are thought to regulate numerous events related to
CSD, including the vasoconstriction of cortical arterioles and
recovery of cortical neural activity.3” Our findings support another
critical aspect of astrocytic function in CSD, namely the
development of meningeal afferents’ mechanical sensitization.
This nociceptive change is believed to mediate the exacerbations
of the migrainous headache pain during intracranial mechanical
deformations such as those occurring during coughing, straining,
bending over, or rapid head movement. Our findings may shed
new light on the pathophysiological mechanisms underlying
migraine headache and support further research on the de-
velopment of novel therapeutic approaches.
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