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Oxygen Inhibits Neuronal Activation in the Trigeminocervical
Complex After Stimulation of Trigeminal Autonomic Reflex,
But Not During Direct Dural Activation of Trigeminal Afferents

Simon Akerman, PhD; Philip R. Holland, PhD; Michele P. Lasalandra, BSc; Peter J. Goadsby, MD, PhD

Objective.—To understand the mechanism of action of oxygen treatment in cluster headache.

Background.—Trigeminal autonomic cephalalgias, including cluster headache, are characterized by unilateral head pain in
association with ipsilateral cranial autonomic features. They are believed to involve activation of the trigeminovascular system
and the parasympathetic outflow to the cranial vasculature from the superior salivatory nucleus (SuS) projections through the
sphenopalatine ganglion, via the greater petrosal nerve of the VIIth (facial) cranial nerve. Cluster headache is remarkably
responsive to treatment with oxygen, and yet our understanding of its mode of action is unknown.

Methods.—Combining models of trigeminovascular nociception and a novel approach that activates the trigeminal-
autonomic reflex, using SuS/facial nerve stimulation, we explored the effect of oxygen on trigeminal nerve activation as well as
on autonomic responses through blood flow observations of the lacrimal duct/sac.

Results.—Meningeal vasodilation and neuronal firing in the trigeminocervical complex (TCC), in response to dural
electrical stimulation, was unaffected by treatment with 100% oxygen. Stimulation of the SuS via the facial nerve caused only
marginal changes in dural blood vessel diameter, but did result in evoked firing in the TCC. Two populations of neurons were
characterized, those responsive to 100% oxygen treatment, with a maximal inhibition of 33%, 20 minutes after the start of
oxygen treatment (#15s = 4.4, P < .0001). A second population of neurons were not inhibited by oxygen and tended to have shorter
latency. Oxygen also inhibited evoked blood flow changes in the lacrimal sac/duct caused by SuS stimulation.

Conclusions.—The data provide the first systematic, experimental evidence for a mechanism of action of oxygen in cluster
headache. The data show oxygen has no direct effect on trigeminal afferents, acting specifically on the parasympathetic/facial
nerve projections to the cranial vasculature to inhibit both evoked trigeminovascular activation and activation of the autonomic
pathway during cluster headache attacks. Moreover, the studies begin to characterize a novel laboratory model for the most
painful primary headache syndrome known - cluster headache.
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INTRODUCTION

The trigeminal autonomic cephalalgias (TACs),'
including cluster headache, are primary headache
disorders characterized by unilateral head pain that
typically occurs in association with ipsilateral cranial
autonomic features.?> They are characterized by 3
major pathophysiological features: trigeminal distri-
bution of pain, cranial autonomic features, and an
episodic pattern of attacks. It is this last component
that tends to define these disorders compared with
migraine, although distinct patterns of the attack phe-
notype are well recognized.’ Cluster headache attacks
tend to have the longest duration with a lower attack
frequency,’ paroxysmal hemicrania an intermediate
duration and attack frequency,’ and short-lasting
unilateral neuralgiform headache attacks with con-
junctival injection and tearing (SUNCT) having the
shortest duration and up to 200 attacks a day.®

While our understanding of the pathophysiology
of the TAC:s is limited, as their classification implies,
they are believed to involve activation of the trigemi-
novascular system and its reflex connections to the
cranial parasympathetic outflow (see Fig. 1). Activa-
tion of the trigeminovascular pathway by stimulation
of the superior sagittal sinus in cats causes neuronal
activation in the superior salivatory nucleus (SuS)
within the pons,” which is the origin of cells for the
cranial parasympathetic autonomic vasodilator path-
way.® Activation of the VIIth cranial (facial) nerve and
also stimulation of the sphenopalatine ganglion, which
receives inputs from the SuS via the greater superficial
petrosal nerve of the VIIth nerve, causes increases in

%10 a5 does direct stimulation of the

cerebral blood flow,
SuS.! This parasympathetic outflow to the extracra-
nial vessels uses vasoactive intestinal peptide (VIP) as
its primary transmitter.'? These data suggest activation
of the trigeminovascular system, along with the auto-
nomic reflex arc,” being integral to the physiology of
TACs. The release of VIP during both facial nerve
stimulation' and cluster headache® is consistent with
this pathway being pivotal in the pathophysiology of
these disorders.

The TACs are also characterized by their
response to certain therapeutics that are not typically
considered useful in migraine. Cluster headache, for
example, has a robust response to high-flow oxygen as
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an abortive therapy.'*'® It is not understood at all how
oxygen works in cluster headache, and it has never
been formally tested in migraine, although there has
never been strong clinical support for its use in
migraine. Remarkably in carefully studied cohorts of
patients with paroxysmal hemicrania® or SUNCT® not
a single patient reported good response to oxygen. In
order to understand the mechanism of action of
oxygen in cluster headache, and explore any potential
efficacy in migraine, we used 100% oxygen treatment
in several established models of trigeminovascular
nociception that use stimulation of dural structures to
activate trigeminal afferents.”? We also wanted to
explore the effects of oxygen in a more controlled
model of trigeminal autonomic activation, specifically
cluster headache symptoms, which we know to be
responsive to oxygen. Given the evidence of the para-
sympathetic outflow to the extracranial blood vessels
via the SusS, it was selected as a site of stimulation. We
wanted to observe the response of SuS stimulation on
dural arteries and neuronal firing within the trigemi-
nocervical complex (TCC), and also to examine the
cranial autonomic symptoms through changes in
blood flow in the lacrimal duct of the ipsilateral eye,
as tearing is a common symptom during these attacks.

METHODS

Animal Preparation.—All experiments were con-
ducted under a protocol and ethical review by the
Institutional Animal Care and Use Committee at
the University of California, San Francisco. Male
Sprague-Dawley rats (310-355 g) were anesthetized
with sodium pentobarbitone (60 mg/kg i.p.) and
maintained with propofol (Propoflo™) (25-30 mg/
kg/hour i.v. infusion). During electrophysiological
recording, animals undergoing dural stimulation were
paralyzed with pancuronium bromide (Pavulon®,
Organon) 0.4 mg initially and maintained with 0.2 mg
every 35 minutes. The left femoral artery and left and
right femoral vein were cannulated for blood pres-
sure recording and intravenous infusion of anesthetic
and test compounds, respectively. Temperature
was maintained throughout using a homeothermic
blanket system. The rats were placed in a stereotaxic
frame and ventilated with medical air, 2.5 mL, 80-100
strokes per minute (Small Rodent Ventilator — Model
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Fig 1.—Overview of the major anatomical and physiological pathways believed to be involved in trigeminal autonomic cephalalgias
(TAC:s). Pain afferents from the trigeminovascular system traverse the ophthalmic division of the trigeminal nerve, taking signals
from the cranial vessels and dura mater. These inputs synapse in the trigeminocervical complex (TCC) and project to higher brain
structures such as the thalamus and cortex, resulting in pain. There is also activation of the parasympathetic reflex through the
outflow from the superior salivatory nucleus (SuS) via the facial (VIIth cranial) nerve, predominantly involving the sphenopalatine
ganglion (SPG), which acts to dilate blood vessels and activate trigeminal nerve endings. This autonomic activation leads to
lacrimation, reddening of the eyes, and nasal congestion and a local third-order lesion because of carotid swelling. It is also thought
that autonomic symptoms may be generated through the hypothalamus as well as controlling the cycling aspects of the TACs, and
modulation of TCC firing may occur through the periaqueductal grey (PAG), locus coeruleus (LC), and nucleus raphe magnus

(NRM).



1134

683, Harvard Instruments, Kent, UK). End-tidal CO,
was monitored (Capstar-100, CWE Inc., Ardmore,
PA, USA) and kept between 3.5% and 4.5% and
blood pressure was monitored continually. This allows
one to monitor for changes to respiration and blood
pressure because of long-term anesthetic mainte-
nance. A sufficient depth of anesthesia was judged by
the absence of paw withdrawal and corneal blink
reflex, and during muscular paralysis by fluctuations
of blood pressure.

Intravital Microscopy.—The skull was exposed and
the right or left parietal bone thinned by drilling with
a saline-cooled drill until the blood vessels of the dura
mater were clearly visible through the intact skull.
The cranial window was covered with mineral oil
(37°C) and a branch of the middle meningeal artery
(MMA) viewed using an intravital microscope
(Microvision MV2100, Cambridge, UK) and the
image displayed on a television monitor. Dural blood
vessel diameter was continuously measured using a
video dimension analyzer (Living Systems Instru-
mentation, Burlington, VT, USA) and displayed with
blood pressure on an online data analysis system
(CED spike2 v5 software). A bipolar stimulating elec-
trode (NE 200, Clark Electromedical, UK) was
placed on the surface of the cranial window approxi-
mately 200 um from the vessel of interest, and stimu-
lated at 5 Hz, 1 millisecond for 10 seconds (Grass
Stimulator S88, Grass Instrumentation) with increas-
ing voltage until maximal dilation was observed. Sub-
sequent electrically induced responses in the same
animal were then evoked using that voltage.'# After
2 control responses to electrical stimulation, the
animal was ventilated with 100% oxygen (1L/
minute) for 15 minutes and electrical stimulation
repeated at 5, 15, and 30 minutes.

SuS Stimulation.—We
approach to activate trigeminal afferents through

developed a novel
the trigeminal-autonomic reflex. An area of bone
adjacent to midline, caudal to lambda and ipsilateral
to the dural imaging site, was exposed to gain access
to the SuS. A unipolar tungsten stimulating elec-
trode (impedance 10-15 KQ, tip diameter 3-4 um,
WPI Inc., Sarasota, FL, USA) was plunged into the
stereotaxic co-ordinates for the SuS (AP 10.20-
10.80 mm, DV 9.2-9.6 mm, and ML 2.1-2.4 mm).> A
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pulse generator (Neurolog NL301) divided by a
pulse buffer (Neurolog NL510) activated by a con-
stant current isolator (Neurolog NL800A) was used
to stimulate the SuS (10-50 Hz, 150-us duration and
10-50 uA for 10 seconds) and responses of dural
blood vessel diameter recorded using intravital
microscopy.

The parasympathetic outflow from the SuS is via
the VIIth cranial (facial) nerve, which is predomi-
nantly through the sphenopalatine (pterygopalatine)
ganglion. As a consequence of current spread in brain
matter, where current may spread 50-500 um with
current of 5-50 uA applied to the area,* it is likely the
facial nerve was also activated with the SuS. As a
consequence, when we describe SuS stimulation, we
assume an autonomic-facial reflex, as some compo-
nent of facial nerve activation is unavoidable using
this method, and could not be discounted. Electrode
placement within the SuS was confirmed physiologi-
cally by observation of lacrimation as well as
porphyrin discharge from the Harderian gland.??
Precaution was also taken to limit the facial motor
response; therefore, experiments were only con-
ducted when no observable motor response was
present. Lesion marks were made post experiment
and the brain removed and post-fixed to confirm
stimulation location (see Fig. 2).

Electrophysiological Recording in the TCC.—The
muscles of the dorsal neck were separated, and a
partial C; laminectomy carried out and the dura
mater incised to expose the brainstem at the level of
the caudal medulla. The electrode was slowly lowered
into the brainstem at 5 um increments with a piezo-
electric motor controller (Exfo-Burleigh Instru-
ments). Extracellular recordings were made from
neurons in the TCC with cutaneous facial receptive
fields with tungsten microelectrodes (WPI, imped-
ance 0.5 MQ, tip diameter 0.5 um). The signal from
the recording electrode attached to a high impedance
headstage preamplifier (NL100AK; Neurolog, Digi-
timer, Herts, UK) was fed via an AC preamplifier
(Neurolog NL104, gain x1000) through filters (Neu-
rolog NL125; bandwidth about 300 Hz to 20 kHz) and
a 60 Hz noise eliminator (Humbug, Quest Scientific,
North Vancouver, BC, Canada) to a second-stage
amplifier (Neurolog NL106) providing variable gain
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Fig 2.—Locations of lesion sites in the area of the superior salivatory nucleus (SuS) where stimulation took place. Stimulation sites
in regions 1.32-1.56 mm behind the interaural point™ highlight that the SuS was located as the stimulation site in each case and also
the proximity of the facial nerve was <250 um from the stimulation site and therefore likely to be simultaneously activated even if
motor response was not observed. (4V, fourth ventricle; 7n, VIIth nerve; g7, genu of the facial nerve; PrSVL, principle sensory
trigeminal nucleus [ventrolateral part]; sp5, spinal trigeminal tract; Sp50, spinal trigeminal nucleus oralis).
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(%20 to x90). This signal (total gain about x20,000 to
%x95,000) was fed to a gated amplitude discriminator
(Neurolog NL201) and analogue-to-digital converter
(Cambridge Electronic Design, Cambridge, UK), and
to a microprocessor-based personal computer where
the signal was processed and stored. Filtered and
amplified electrical signals from action potentials
were fed to a loudspeaker via a power amplifier (Neu-
rolog NL120) for audio monitoring, and were dis-
played on analogue and digital-storage oscilloscopes
(Goldstar, LG Precision, Seoul, Korea; Metrix Elec-
tronics, Chauvin Arnoux, Paris, France) to assist the
isolation of single unit activity from adjacent cell
activity and noise. Post- and peri-stimulus time histo-
grams of neural activity were displayed and analyzed
using Spike2 v5 (CED, Cambridge, UK).

Trigeminal afferents were activated using electri-
cal stimulation of the dura mater adjacent to the
MMA through an open cranial window, with a bipolar
stimulating electrode (NE 200, Clark Electromedical,
Kent, UK) using square-wave stimuli (0.6 Hz) of 100-
to 200-us duration, 8-20 V applied (S88 stimulator,
Grass Instruments, MA, USA). We also used SuS
stimulation to assess responses of neurons in the TCC
through activation of the trigeminal-autonomic
reflex. Methods are as above and the SuS was stimu-
lated (0.5 Hz, 150-us duration and 20-50 uA) and
responses were recorded in the TCC.

Characterization of Neurons.—Neurons within the
TCC were characterized for their cutaneous and deep
receptive fields. The cutaneous receptive field, includ-
ing cornea, was assessed in all 3 territories of the
trigeminal innervations and identified as the record-
ing electrode was advanced in the spinal cord. The
receptive field was assessed for both non-noxious,
with gentle brushing, and noxious responses, with
pinching with forceps or applying heavy pressure that
was painful when applied to humans. When a neuron
sensitive to stimulation of the ophthalmic dermatome
of the trigeminal nerve (first division) was identified it
was tested for convergent input from either the dura
mater or the SuS. According to the cutaneous recep-
tive field properties, neurons were classified as low-
threshold mechanoreceptors that responded only to
innocuous stimulation, wide dynamic range (WDR)
that responded to both noxious and non-noxious
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stimuli, or nociceptive specific (NS) that responded to
only noxious input.

Recording of TCC Neurons Activated by Electrical
Stimulation of the Dura Mater or SuS.—Trains of 20
stimuli were delivered at 5-minute intervals to assess
the baseline response to electrical stimulation.
Responses were analyzed using post-stimulus histo-
grams with a sweep length of 100 milliseconds and a
bin width of 1 millisecond that separated Ad-fiber and
C-fiber activated firing. Spontaneous activity (spikes
per second, Hz) was recorded for 120-180 seconds
preceding the electrical stimulation using peri-
stimulus histogram.

Once it had been established that there was a TCC
neuronal response to electrical-evoked stimulation
and cutaneous and deep receptive field inputs from the
ophthalmic division of the trigeminal nerve, the
responses were tested before and after 100% oxygen
(1 L/minute) using the following experimental proto-
col. After 3 baseline collections, animals were venti-
lated with 100% oxygen for 15 minutes and collection
of neuronal responses to electrical stimulation was
repeated at 5, 10, 15, 20, 25, 30, and 45 minutes.

Facial Blood Flow Responses.—To measure the
effect of SuS stimulation on the blood flow within the
eye and face around the tear ducts and lacrimal gland,
as an indication of activation of the parasymapathetic
outflow to the cranium, or autonomic reflex, we used
laser Doppler probes (Moor Instruments, Devon,
UK), and measured the blood flow in this area. Two
baseline responses were performed in response to
SuS stimulation (5 Hz, 500-us duration and 40-70 A
for 10 seconds) and the animal was ventilated with
100% oxygen (1 L/minute) for 15 minutes and SuS
stimulation repeated at 5-minute intervals for 30
minutes.

At the end of each experiment after euthanasia, a
lesion was made in the TCC and SuS so that the exact
area of recording or stimulation could be identified
post experiment. The brain and spinal cord were
removed and stored in 10% formalin for post-fixing
for 24 hours and then cryopreserved in 30% sucrose.
Thirty-micrometer sections were cut, slide mounted,
and contra-stained with cresyl violet to highlight both
the recording site in the TCC and the stimulation site
of the SuS.
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Data Analysis.—During intravital microscopy, the
effects of electrical stimulation were calculated as a
percentage increase from the prestimulation baseline
diameter. The 2 baseline responses were averaged
and used to test against drug effects. The typical vessel
diameter measured ranges from 120 to 150 um. The
data collected after post-stimulus histograms after
electrical stimulation of the dura mater for Ad-fibers
represent the number of cells fired over a
10-millisecond time period in the region 5-20 millisec-
onds post stimulation over the 20 collections. Simi-
larly, data collected for C-fiber responses represent
the number of all cells fired over 80 milliseconds (20-
100 milliseconds post stimulation) from the 20 collec-
tions. During SuS stimulation, latency periods for
Ad-fibers were extended to 40 milliseconds because
of the greater distance for the signal to travel and
activation across multiple synapses. Spontaneous
activity is measured in cell firings per second (Hz).
Facial blood flow was measured as an average
increase (in arbitrary units) over the 10 seconds from
the baseline level.

All data are expressed as mean * SEM. Statisti-
cal analysis was performed using an analysis of vari-
ance for repeated measures with Bonferroni post hoc
correction for multiple comparisons used to measure
the time cause of significant drug intervention, which
included the 3 baselines. If Mauchly’s test of spheric-
ity was violated, we made appropriate corrections to
degrees of freedom according to Greenhouse-
Geisser. Student paired t-test for post hoc analysis was
used to test for the time points of significance, using
the average of the 2 or 3 baselines for comparison. A
regression analysis was used to test the reliability of
blood vessel diameter response to different frequen-
cies and amplitudes.

RESULTS

Responses of Trigeminal Nerve A ctivation to 100%
Oxygen.—Oyxgen (100%, 1 L/minute) did not affect
neurogenic dural vasodilation as a result of electrical
stimulation over 30 minutes (Fsi;3=0.46, P=.71,
n =7,see Fig. 3C). For electrophysiological responses,
recordings were made from 7 neurons (5 WDR and 2
NS) responsive to dural stimulation and cutaneous
receptive fields restricted to the first (ophthalmic)
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and second (maxillary) divisions of the trigeminal
nerve, including the cornea. Neurons were found in
the deep layers (laminae 1V, V, and VI) of the dorsal
horn of the Cy/trigeminal nucleus caudalis of the
spinal cord (or TCC), at a range of depth 640-935 um
(see Fig. 3A and B for recording sites and receptive
field areas). Units had a baseline firing latency after
dural stimulation of 11 = 0.8 milliseconds and 55 = 7
milliseconds, respectively, for Ad- and C-fiber inputs.
The baseline spontaneous firing rate was 43.8 = 4 Hz.
Oxygen had no effect on trigeminal afferents
responding in the Ad-fiber (Frasi3s=1.47, P=.27,
n=7, see Fig. 3D) or C-fiber (Fis107=0.47, P=.62,
n =7) ranges. It did significantly alter the response of
spontaneous activity (Fssz1=3.31, P<.05, n=7),
with the 45 minutes time point significantly reduced
(t6=2.81, P<.05, n=7). Responses to cutaneous
stimulation, including innocuous brush of the trigemi-
nal (Vi) dermatome, noxious pinch, and corneal
responses, were not significantly altered.

Responses of SuS Activation on Dural Blood
Vessel Diameter—When all the data for electrical
stimulation of the SuS/VIIth nerve were grouped
across all amplitudes (Fi5=0.21, P=.13, for
10-50 uA, n=83) or all frequencies (Fio=1.31,
P =3, for 10-50 Hz, n = 96), there was no significant
difference; therefore, data were pooled for the subse-
quent analysis (Fig. 4A and B). Using Student paired
t-test, there was a small but significant 3.3 = 0.8%
(tw=4.31, P<.05, n=380) increase in blood vessel
diameter post stimulation.

Response of SuS Activation on Neuronal Firing in
the TCC to 100% Oxygen.—Stimulation of SuS/
VIIth nerve was also able to evoke neuronal firing in
the TCC. Neurons were found in the deep layers
(laminae IV, V, and VI) of the dorsal horn of the TCC
at a range of depth 200-590 um; see Figure 3A for
recording sites and Figure 2 for stimulation sites
proximal to the SuS. There were 2 populations of
neuronal firing, dependent on response latency, with a
shorter latency of baseline firing range of 3-20 milli-
seconds with an average response of 10.4 = 0.5 milli-
seconds (see Fig. SA) and a slightly longer latency of
firing range of 9-40 milliseconds and an average of
20.3 = 4 milliseconds (Fig. 5C). There was no evoked
firing beyond 40 milliseconds. The baseline spontane-
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Fig 3.—The effects of oxygen on direct trigeminal nerve activation. (A) The location of recording sites in the trigeminal nucleus of
neurons receiving convergent input from the dura mater and facial receptive field (closed circles are actual lesion sites, open circles
reconstructed from lesions), and an example of a lesion site. (B) The receptive field of all neurons recorded was predominantly in
the V1 ophthalmic dermatome and was characterized as wide dynamic range. Changes in (C) dural blood vessel diameter or (D)
Ad-fiber neuronal responses in the trigeminocervical complex (TCC) in response to stimulation of the dura mater, after treatment
with 100% oxygen (1 L/minute). Neurogenic dural vasodilation and neuronal firing in the TCC were not inhibited by oxygen

treatment. (E) Original tracing of a typical neuron responding to dural stimulation. MMA = middle meningeal artery.

ous firing rate was 31.3 = 3 Hz. Oxygen had no effect
on evoked responses in the TCC (763 =1.13, P = .35,
n=10) of cells firing with the shorter latency
(Fig. 5B). The cells that were firing with a longer
latency were significantly inhibited by 100% oxygen
treatment across the 45 minutes (F7105=6.67,
P <.000, n =16), with a maximum inhibition of 33%
at 20 minutes (#15 = 4.4, P <.0001, Fig. 5D). Across all
studies, dural and SuS-stimulated, oxygen was able to
inhibit spontaneous activity (Fssi07=3.7, P <.05,
n =30).

Response of SuS Activation on Blood Flow of the
Cornea/Lacrimal Sac and in Response to 100%
the SuS/VIIth nerve
resulted in increases in corneal/lacrimal sac blood

Oxygen.—Stimulation of

flow, contiguous with the stimulation, that was repro-
ducible over 30 minutes (Fr451224 =0.33, P=.77,n =6,
see Fig. 4C). Oxygen was able to reduce significantly
increases in blood flow over the 30 minutes
(Feas=3.25, P<.05, n=9) and maximally at
15 minutes by 20% (s =4.16, P < .005, Fig. 4D).

DISCUSSION

Treatment with 100% oxygen was able to inhibit
neuronal firing in the TCC in response to stimulation
of facial nerve/greater superficial petrosal nerve effer-
ents that project from the SuS. Oxygen treatment had
no effect on activation of trigeminal afferents in
response to stimulation of dural structures, using both
neuronal firing in the TCC and peripheral dural blood
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Fig 4.—Effects of oxygen on activation of the parasympathetic outflow to the cranial vasculature on dural blood vessel diameter and
blood flow within the lacrimal duct/sac. A ctivation of the parasympathetic outflow to the cranial vasculature through stimulation of
the superior salivatory nucleus and via the greater petrosal nerve of the VIIth nerve cause a minor but significant increase in dural
blood vessel diameter, but there was no significant difference between different (A) currents and (B) frequencies applied.
Activation of the trigeminal-autonomic arc also causes blood flow (laser Doppler flow-arbitrary unit, LDF-AU) increases within the
lacrimal duct/sac and these responses were reproducible over 30 minutes (C). The blood flow increases (LDF-AU) were significantly
inhibited by treatment with (D) 100% oxygen (1 L/minute). *P < .05. MMA = middle meningeal artery.
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Fig 5.—Effects of oxygen on activation of the parasympathetic outflow to the cranial vasculature on evoked trigeminal nerve
activation in the trigeminocervical complex. Activation of the parasympathetic outflow to the cranial vasculature through stimu-
lation of the superior salivatory nucleus and via the greater petrosal nerve of the VIIth nerve causes activation of neurons with short
latency (as highlighted by the first arrow), 3-20 milliseconds (A) that are unresponsive to treatment with (B) 100% oxygen
(1 L/minute). Neuronal responses with longer latency (highlighted by the second arrow in A and the arrow in (C), 9-40 milliseconds

were inhibited by oxygen treatment (D).

vessel dilation as the output response. This is the first
study to suggest that oxygen may act specifically on
the parasympathetic facial/greater superficial petro-
sal nerve pathway to exert its abortive effects in
cluster headache, rather than directly on trigeminal
afferents to the dural vasculature or within the
trigeminal nucleus. The lack of a response of oxygen
on durally evoked trigeminovascular activation, a
model that has proved to have excellent reliability in

predicting antimigraine action,”

may also imply a
lack of effect of oxygen in aborting migraine.
Activation of the parasympathetic outflow to the
cranial vasculature, via stimulation of the SuS/facial
nerve, resulted in evoked neuronal firing in the TCC
and increases in blood flow of the lacrimal sac con-
tiguous with the stimulation. There were 2 popula-
tions of neurons identified, those that responded to

oxygen treatment and those that did not. SuS-evoked
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neuronal firing that was responsive to oxygen treat-
ment tended to be of slightly longer latencies, 9-40
milliseconds, with an average of 20 milliseconds. This
is the first example of activation of neurons within the
TCC that are a direct consequence of activation of
the parasympathetic outflow, and this may explain the
slightly longer latency as the responses are crossing
multiple synapses and travelling a further 10 mm to
the cranial vasculature. The population of neurons
that did not respond to oxygen treatment had much
shorter latencies, 3-20 milliseconds with an average of
10 milliseconds. It is possible that this population of
neurons are a result of antidromic stimulation of the
trigeminal system within the brain stem itself (Fig. 1).

Oxygen also had no significant effect on models
of direct trigeminovascular nociception. It was unable
to inhibit neurogenic dural vasodilation and neuronal
firing in the TCC in response to dural stimulation.
Looking at these data as a whole, it would indicate
that the effects of oxygen are most likely only on the
parasympathetic outflow from the SuS via the facial
nerve/greater petrosal nerve with no direct effect on
trigeminal afferents. This may explain why oxygen is
only effective in cluster headache, and while, as yet, its
direct effects on migraine are unknown these predict
limited efficacy. This does not, however, explain why it
is only specific to cluster headache compared to other
TACs, and more work will be required to explore this
question.

Another major feature of cluster headache is the
prominence of cranial autonomic symptoms, such as
lacrimation, reddening of the eye and nasal conges-
tion. We tried to explore these parasympathetic
effects by observing relative blood flow in the lacri-
mal sac as direct activation of this autonomic pathway
and indicative of activation of the lacrimal gland.
Activation of the SuS/facial nerve produced increases
in blood flow within the lacrimal sac contemporane-
ously with the stimulation in a reproducible fashion
(see Fig. 4). Oxygen was also able to attenuate these
increases in blood flow. It is likely that this is again a
direct consequence of an action of oxygen on the
parasympathetic outflow from the SuS/facial nerve.
This adds further support to the effects of oxygen in
cluster headache relieving both the head pain and
cranial autonomic symptoms.
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Stimulation of the facial nerve® and the sphe-
nopalatine ganglion’ has been shown to cause
increases in cerebral blood flow, and it is known that
the dural vasculature receives VIPergic inputs from
the SuS.”* Therefore, these projections have a sig-
nificant effect on the extracranial vasculature and
this response is independent of direct activation of
trigeminal afferents. It is interesting that SuS stimu-
lation had little effect on the dural meningeal
vessels, where VIP is believed to be the major
vasodilator peptide release. VIP, pituitary adenylate
cyclase-activating polypeptide (PACAP)-38 and -27,
which act on the VPAC,, VPAC,, and PAC receptors
are all able to induce dural blood vessel dilation
when given exogenously” Although it is worth
noting that the level of vasodilation was significantly
lower than that of calcitonin gene-related peptide
(CGRP) in the same model* and 10-fold higher
doses, at least, were used in those studies. It is pos-
sible that the exogenous doses of VIP, or even
PACAP, were not sufficient to induce meningeal
vasodilation in this study. Indeed, CGRP (1 ug/kg)
causes maximal vasodilation of dural meningeal ves-
sels,*> whereas this same dose of VIP was unable to
cause a significant change in blood vessel diameter.*!
It is known that VIP is released during cluster head-
ache, perhaps as a reflection of cranial autonomic
symptoms,”® and indeed causes marked cephalic
vasodilation in patients, but not migraine.® It is pos-
sible then that the neuronal effects of VIP in cluster
headache are more important than the direct effects
of VIP on blood vessels per se.

Understanding the pathophysiology of TACs,
including cluster headache, is important in developing
therapies that help relieve symptoms in these
extremely debilitating conditions. While little is
known about how current therapies work, they
provide one of the few windows into improving our
understanding of these conditions. The evidence from
the effects of oxygen in the models of trigminovascu-
lar nociception, through direct activation of trigemi-
nal afferents, would seem to imply that oxygen does
not act directly on these nerves. However, by studying
the parasympathetic outflow to the cranial vascula-
ture and activation of the trigeminal-autonomic
reflex, it would seem that stimulation of this pathway
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results in significant evoked firing of neurons in the
TCC and autonomic driven blood flow changes. It
was shown that oxygen is able to attenuate these
responses and it is likely that this is a direct action on
the parasympathetic outflow itself rather than on
trigeminal afferents. We believe that this is the first
study to show that oxygen maybe acting directly on
parasympathetic responses to exert its action in
relieving cluster headache symptoms, and perhaps
represents a future direction in designing therapeu-
tics for this debilitating condition.

STATEMENT OF AUTHORSHIP

Category 1

(a) Conception and Design
Simon Akerman; Peter J. Goadsby; Philip R.
Holland

(b) Acquisition of Data
Simon Akerman; Philip R. Holland; Michele P.
Lasalandra

(c¢) Analysis and Interpretation of Data
Simon Akerman; Peter J. Goadsby

Category 2

(a) Drafting the Manuscript
Simon Akerman; Philip R. Holland; Peter J.
Goadsby; Michele P. Lasalandra

(b) Revising It for Intellectual Content
Simon Akerman; Philip R. Holland; Peter .
Goadsby

Category 3
(a) Final Approval of the Completed Manuscript
Simon Akerman; Peter J. Goadsby

REFERENCES

1. Goadsby PJ, Lipton RB. A review of paroxysmal
hemicranias, SUNCT syndrome and other short-
lasting headaches with autonomic features, includ-
ing new cases. Brain. 1997;120:193-209.

2. Headache Classification Committee of the Interna-
tional Headache Society. The International Classifi-
cation of Headache Disorders (second edition).
Cephalalgia. 2004;24(Suppl. 1):1-160.

10.

11.

12.

13.

14.

15.

September 2009

. Goadsby PJ. Pathophysiology of cluster headache: A

trigeminal autonomic cephalgia. Lancet Neurology.
2002;1:37-43.

. May A. Cluster headache: Pathogenesis, diagnosis,

and management. Lancet. 2005;366:843-855.

. Cittadini E, Matharu MS, Goadsby PJ. Paroxysmal

hemicrania: A prospective clinical study of thirty-
one cases. Brain. 2008;131:1142-1155.

. Cohen AS, Matharu MS, Goadsby PJ. Short-lasting

Unilateral Neuralgiform Headache Attacks with
Conjunctival injection and Tearing (SUNCT) or
cranial Autonomic features (SUNA). A prospective
clinical study of SUNCT and SUNA. Brain.
2006;129:2746-2760.

. Knight YE, Classey JD, Lasalandra MP, et al. Pat-

terns of fos expression in the rostral medulla and
caudal pons evoked by noxious craniovascular
stimulation and periaqueductal gray stimulation in
the cat. Brain Res. 2005;1045:1-11.

. Spencer SE, Sawyer WB, Wada H, Platt KB, Loewy

AD. CNS projections to the pterygopalatine para-
sympathetic preganglionic neurons in the rat: A ret-
rograde transneuronal viral cell body labeling study.
Brain Res. 1990;534:149-169.

. Goadsby PJ. Sphenopalatine ganglion stimulation

increases regional cerebral blood flow independent
of glucose utilization in the cat. Brain Res.
1990;506:145-148.

Goadsby PJ, Duckworth JW. Electrical stimulation
of the facial nerve increases regional cerebral blood
flow in the cat. Neuroscience Lett. 1989;34:S86.
Nakai M, Tamaki K, Ogata J, Maeda M. Parasympa-
thetic cerebrovascular center of the facial nerve.
Circ Res. 1993;72:470-475.

Goadsby PJ, Macdonald GJ. Extracranial vasodila-
tation mediated by VIP (Vasoactive Intestinal
Polypeptide). Brain Res. 1985;329:285-288.

May A, Goadsby PJ. The trigeminovascular system
in humans: Pathophysiological implications for
primary headache syndromes of the neural influ-
ences on the cerebral circulation. J Cereb Blood
Flow Metab. 1999;19:115-127.

Goadsby PJ, Shelley S. High frequency stimulation
of the facial nerve results in local cortical release of
vasoactive intestinal polypeptide in the anesthetised
cat. Neuroscience Lett. 1990;112:282-289.

Goadsby PJ, Edvinsson L. Human in vivo evidence
for trigeminovascular activation in cluster headache.
Brain. 1994;117:427-434.



Headache

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fogan L. Treatment of cluster headache: A double
blind comparison of oxygen vs air inhalation. Arch
Neurology. 1985;42:362-363.

Cohen AS, Matharu MS, Burns B, Goadsby PJ. Ran-
domized double-blind, placebo-controlled trial of
high-flow inhaled oxygen in acute cluster headache.
Cephalalgia. 2007;27:1188.

May A, Leone M, Afra J, et al. EFNS guidelines on
the treatment of cluster headache and other
trigeminal-autonomic cephalalgias. Eur J Neurol.
2006;13:1066-1077.

Akerman S, Kaube H, Goadsby PJ. Anandamide
acts as a vasodilator of dural blood vessels in vivo by
activating TRPV1 receptors. British J Pharmacol-
ogy.2004;142:1354-1360.

Akerman S, Holland PR, Goadsby PJ. Cannabinoid
(CB1) receptor activation inhibits trigeminovascu-
lar neurons. J Pharmacol Exp Ther.2007;320:64-71.
Akerman S, Kaube H, Goadsby PJ. The effect of
anti-migraine compounds on nitric oxide induced
dilation of dural meningeal vessels. Eur J Pharma-
col. 2002;452:223-228.

Williamson DJ, Hargreaves RJ, Hill RG, Shepheard
SL. Intravital microscope studies on the effects of
neurokinin agonists and calcitonin gene-related
peptide on dural blood vessel diameter in the anaes-
thetized rat. Cephalalgia. 1997;17:518-524.

Paxinos G, Watson C. The Rat Brain in Stereotaxic
Coordinates. San Diego, CA: Elsevier Academic
Press; 2005.

Ranck JB. Which elements are excited in electrical
stimulation of mammalian central nervous system: A
review. Brain Res. 1975;98:417-440.

Steinle JJ, Krizsan-Agbas D, Smith PG. Regional
regulation of choroidal blood flow by autonomic
innervation in the rat. Am J Physiol Regul Integr
Comp Physiol. 2000;279:R202-R209.

26.

27.

28.

29.

30.

31.

32.

33.

34.

1143

Tashiro S, Smith CC, Badger E, Kezur E. Chroma-
dacryorrhea, a new criterion for biological assay of
acetylcholine. Proceedings of the Society of Experi-
mental Biological Medicine. 1940;44:658-661.
Bergerot A, Holland PR, Akerman S, et al. Animal
models of migraine. Looking at the component parts
of a complex disorder. Eur J Neurosci. 2006;24:1517-
1534.

Goadsby PJ. Effect of stimulation of the facial nerve
on regional cerebral blood flow and glucose utiliza-
tion in cats. Am J Physiol. 1989;257:R517-R521.
Uddman R, Tajti J, Moller S, Sundler F, Edvinsson
L. Neuronal messengers and peptide receptors in
the human sphenopalatine and otic ganglia. Brain
Res. 1999;826:193-199.

Zhu BS, Gibbins IL, Blessing WW. Preganglionic
parasympathetic neurons projecting to the spheno-
palatine ganglion contain nitric oxide synthase in the
rabbit. Brain Res. 1997;769:168-172.

Boni LJ, Ploug KB, Olesen J, Jansen-Olesen I,
Gupta S. The in vivo effect of VIP, PACAP-38 and
PACAP-27 and mRNA expression of their receptors
in rat middle meningeal artery. Cephalalgia. 2009;
29:837-47.

Akerman S, Williamson DJ, Kaube H, Goadsby PJ.
Nitric oxide synthase inhibitors can antagonise neu-
rogenic and calcitonin gene-related peptide induced
dilation of dural meningeal vessels. Br J Pharmacol.
2002;137:62-68.

Rahmann A, Wienecke T, Hansen JM, Fahrenkrug
J, Olesen J, Ashina M. Vasoactive intestinal peptide
causes marked cephalic vasodilatation but does not
induce migraine. Cephalalgia. 2007;28:226-236.
Paxinos G, Watson C The Rat Brain in Stereotaxic
Coordinates — The New Coronal Set, 5th edn.
London: Academic Press; 2004.



