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Abstract

Background: Imaging migraine premonitory studies show increased midbrain activation consistent with the ventral
tegmental area, an area involved in pain modulation and hedonic feeding. We investigated ventral tegmental area
pharmacological modulation effects on trigeminovascular processing and consequent glycemic levels, which could be
involved in appetite changes in susceptible migraine patients.

Methods: Serotonin and pituitary adenylate cyclase-activating polypeptide receptors immunohistochemistry was per-
formed in ventral tegmental area parabrachial pigmented nucleus of male Sprague Dawley rats. In vivo trigeminocervical
complex neuronal responses to dura mater nociceptive electrical stimulation, and facial mechanical stimulation of the
ophthalmic dermatome were recorded. Changes in trigeminocervical complex responses following ventral tegmental
area parabrachial pigmented nucleus microinjection of glutamate, bicuculline, naratriptan, pituitary adenylate cyclase-
activating polypeptide-38 and quinpirole were measured, and blood glucose levels assessed pre- and post-microinjection.
Results: Glutamatergic stimulation of ventral tegmental area parabrachial pigmented nucleus neurons reduced noci-
ceptive and spontaneous trigeminocervical complex neuronal firing. Naratriptan, pituitary adenylate cyclase-activating
polypeptide-38 and quinpirole inhibited trigeminovascular spontaneous activity, and trigeminocervical complex neuronal
responses to dural-evoked electrical and mechanical noxious stimulation. Trigeminovascular sensory processing through
modulation of the ventral tegmental area parabrachial pigmented nucleus resulted in reduced circulating glucose levels.
Conclusion: Pharmacological modulation of ventral tegmental area parabrachial pigmented nucleus neurons elicits
changes in trigeminovascular sensory processing. The interplay between ventral tegmental area parabrachial pigmented
nucleus activity and the sensory processing by the trigeminovascular system may be relevant to understand associated
sensory and homeostatic symptoms in susceptible migraine patients.
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Introduction

Human imaging studies have shown that several areas
of the brain (e.g. hypothalamus, ventral tegmental area
(VTA), nucleus accumbens (NAc)) are active during
the premonitory phase of spontaneous migraine (1,2),
and in nitroglycerin-induced migraine attacks (3). The
midbrain VTA is involved in goal-directed behavior
and in processing for natural rewards (e.g. food
reward), alcohol and drugs of abuse, and is further
linked to pain modulation (4-7). Recently, a connec-
tion between the periaqueductal grey (PAG) matter
and the VTA has shown to mediate aversive behavior
in an inflammatory model of headache (8).

The VTA is a heterogeneous nucleus containing
dopaminergic (DA) neurons (x65%) with reciprocal
projections to several nuclei including the NAc, pre-
frontal cortex, amygdala, hypothalamus and periaque-
ductal gray (PAG) (9). It also contains GABAergic
(=~30%) and glutamatergic (GLU) neurons (=5%)
(10-13), that regulate local VTA DA neuronal activity,
but also have projection targets similar to those of DA
neurons (14-19). It exhibits antero-posterior anatomi-
cal and functional heterogeneity with topographic neu-
ronal projections (6,20). Specifically, the parabrachial
pigmented nucleus of the VTA (VTAPEP) (21,22), sends
neuronal projections to the medial prefrontal cortex
(mPFC), and medial and lateral shell of the NAc
(23-26). We hypothesized that modulation of the
VTA may influence trigeminovascular processing,
which could be involved in appetite changes in suscep-
tible migraine patients (27,28). We used an animal
model of acute dural nociceptive activation of the tri-
geminovascular system, which has reliably predicted
clinical efficacy of migraine therapeutics (29). The lit-
erature reports the location of migraine-relevant 5-HT
and pituitary adenylate cyclase activating polypeptide
(PACAP) receptors within the VTA (by using in situ
hybridization (30), quantitative autoradiographic map-
ping (31) or by immunohistochemistry and by double
immunofluorescence (32)) but was inconsistent about
the location specifically within the VTA subnuclei,
namely the VTAPBP. Hence, we first used immunoflu-
orescence to perform a topographic evaluation of the
expression of 5-HT;, 5-HT;p, PAC;, VPAC; and
VPAG, receptors in the VTA"®” and to guide pharma-
cological administration. We then studied the effects of
the modulation of excitatory and inhibitory inputs
within the VTAPB® on trigeminovascular neuronal
responses by manipulating VTA"®? neurons with glu-
tamate and a competitive antagonist of GABA 5 recep-
tors. We further investigated potential therapeutic
modulation by microinjecting naratriptan, a 5-HTp,
p/F receptor agonist widely used in migraine treatment;
PACAP38, a peptide that, when administered

intravenously, induces delayed migraine-like headaches
in susceptible migraine patients (33); and a DA D,/D;
receptor agonist, known to inhibit trigeminovascular
responses in animals (34). Since trigeminal cell activa-
tion has been associated with blood glucose changes
in vivo (28,35), we further explored whether peripheral
glucose levels were influenced by trigeminovascular
sensory processing through modulation of VTAFPBP
neurons. Preliminary results have been previously pre-
sented (36,37).

Materials and methods

All experiments were conducted in agreement with the
guidelines of the Institutional Animal Care and Use
Committee (University of California, San Francisco),
the UK Home Office Animals (Scientific Procedures)
Act 1986, the ARRIVE guidelines (38) and the
Committee for Research and Ethical Issues of
International Association for the Study of Pain (39).
Male Sprague Dawley rats were group-housed and
maintained under standard conditions (12h light—
dark cycles; lights ON at 07:00) with food and water
available ad libitum. The subjective bias when allocat-
ing the animals to the experimental groups was mini-
mized by arbitrarily housing the animals in pairs upon
their arrival, then the animals were randomly picked
from the cage for each procedure. To avoid confound-
ing effects regarding the diurnal cycle, all experiments
initiated between 8.00-9.00 am.

Immunohistofluorescence characterization of
the VTAP®

Animals (315-330 g, n=4; Charles River, France) were
euthanized with pentobarbital sodium and perfused
with 250 ml of heparinized phosphate-buffered saline
through the ascending aorta, followed by 300 ml of a
fixative solution containing 4% paraformaldehyde.
The brain was removed and fixated (35). Serial coronal
sections (30 pm-thick) containing the VTA®®?, hypo-
thalamus or PAG were cut on a cryostat and processed.
Staining was visualized using a fluorescence micro-
scope coupled to digital camera and image software
(AxioVision 4.8.2, Carl Zeiss). Briefly, sections were
washed in phosphate buffered saline (PBS) and after
60 min incubation in a blocking solution of PBS, 5%
normal goat serum (Sigma-Aldrich), and 0.25% Triton
x-100 (Alfa Aesar), sections were incubated overnight
at 4°C with primary antibody specific to 5-HT ;g or 5-
HT,p receptors (1:75; ASR-022; ASR-023; Alomone
Labs). Sections were washed and incubated in goat
anti-rabbit Fluorescein for 90min (1:250; FI-1000,
Vector Laboratories). Another set of sections were
washed in PBS, incubated for 30 minutes in PBS with
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1% sodium borohydride (Sigma-Aldrich) and washed
in PBS. After 60 min incubation in a blocking solution
of PBS, 5% normal goat or horse serum (Sigma-
Aldrich), and 0.25% Triton x-100, sections were incu-
bated overnight at 4°C with primary antibody specific
to PAC,, VPAC, and VPAC, receptors (1:100; AVR-
003; AVR-001; AVR-002; Alomone Labs), made up in
PBS, 2% normal goat or horse serum (Vector
Laboratories), and 0.25% Triton x-100. Sections were
washed and incubated for 90 min in donkey anti-rabbit
Alexa Fluor 594 (for PAC; and VPAC,, 1:1000,
Life Technologies Corporation) or goat anti-rabbit
Texas Red (for VPAC;, 1:1000, TI-1000, Vector
Laboratories). Sections were then mounted with
DAPI. Primary antibodies were chosen based on
recent published studies (40—43) and the specificity
was demonstrated by the suppliers. Additionally, sam-
ples were processed with the omission of primary anti-
bodies, and the staining of brain areas known to
contain each receptor was performed.

In vivo electrophysiology

The surgical preparation and recording setup has been
detailed previously (44). Briefly, animals (270-340 g,
n="70, Charles River, USA or UK) were anesthetized
with 5% (v/v) isoflurane (induction) and propofol solu-
tion (maintenance). Body temperature, respiratory rate,
end-tidal CO, and blood pressure were continuously
monitored. After fixation of the skull in a stereotaxic
frame rats were ventilated with oxygen-enriched air.

To access the dura mater and middle meningeal
artery (MMA), a craniotomy was performed with a
saline-cooled drill and the underlying dura mater cov-
ered in mineral oil. To access the TCC, muscles of the
dorsal neck were separated, a cervical (C1) laminec-
tomy performed, and the dura mater incised to
expose the caudal medulla oblongata. A piezo-electric
microelectrode positioner was used to locate the opti-
mal recording site within the TCC. Animals were left to
stabilize for at least 60 min before recordings.

A bipolar stimulating electrode connected to a stim-
ulus isolation unit was placed on the intact dura mater
adjacent to the MMA for electrical stimulation of
the perivascular afferents of the trigeminal nerve
(Figure 1A). Stimulation of primary trigeminal affer-
ents was performed with supramaximally square wave
pulses generated by a Grass S88 stimulator. Dural
nociceptive neurons in the TCC were identified
via electrical stimuli (9-15V, 0.15-0.3ms, 0.4-0.5Hz,
20 sweeps), activating trigeminal Ad-fibers with
approximate latencies between 4-20 ms. By using low
stimulation parameters, we activated only Ad-fibers.

Extracellular recordings were made from wide
dynamic range (WDR) neurons in the TCC, activated

by dural stimulation using tungsten microelectrodes.
Neurons were characterized for their cutaneous and
deep receptive fields. The cutaneous receptive field was
assessed in all three territories of the trigeminal innerva-
tion (Figure 1B) and was identified as the recording
electrode was advanced in the spinal cord. The receptive
field was assessed for both innocuous (gentle brush), and
noxious inputs (pinch) (Figure 1D). When a neuron
sensitive to stimulation of the ophthalmic (V1) derma-
tome of the trigeminal nerve was identified it was tested
for convergent input from the dura mater.

Drugs and microinjections

Animals were microinjected unilaterally into the
VTAPBP ipsilateral to the recording site in the TCC,
with glutamate (50mM; Sigma-Aldrich); bicuculline
(2mM; Tocris Bioscience); naratriptan (25mM;
Sigma-Aldrich); pituitary adenylate cyclase activating
polypeptide (PACAP38; 100 uM; Tocris Bioscience);
quinpirole (4pg in 400nL; Sigma-Aldrich); or saline
as vehicle control. All drugs were dissolved in sterile
saline solution (0.9% sodium chloride, Baxter
International Inc.). On the day of the experiment,
drugs were dissolved in 2% of dye (Chicago Sky
Blue 6B, Alfa Aesar), except for naratriptan and quin-
pirole due to dissolving difficulties. Volumes were given
in a range of 300-400 nL. Doses were chosen based on
previous studies (45-47). An area of bone directly
above the coordinates of the VTAPP? was thinned
and removed and the dura mater pierced to allow
entry of a microliter syringe (Figure 1A). The
VTAPPP stereotaxic coordinates were: from bregma,
AP 53mm; ML +0.7mm; DV-7.5mm from dura
mater (22). The microinjection sites were either
marked by deposition of dye or by the syringe track
with blood (naratriptan and quinpirole administra-
tion). We also performed preliminary studies to con-
firm there was no spread of the dye solution outside the
target area (data not shown). The location of the injec-
tion and dye was restricted to the target area of
VTAPB? in a longitudinal manner and did not reach
the posterior hypothalamus (anterior to the VTAPEP)
or the substantia nigra compacta (lateral to the
VTAPBP).

Blood glucose levels

Tail vein blood glucose was quantified using a glucom-
eter (FreeStyle Lite, Abbott Diabetes Care Inc). Given
that a non-diabetic animal was used and there was no
indication of VTA direct effects on glycemia, single
time-point blood glucose measurements were per-
formed, as reported in clinical (48,49) and rodent (35)
migraine studies. To confirm a normoglycemic state,
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Figure I. Overview of the experimental setup and neuronal characteristics.

(a) Experimental setup with dural electrical stimulation, recording of neurons in the TCC and VTAPEP microinjections. (b) All neurons
studied were wide dynamic range (WDR); responsive to both noxious and innocuous stimulation, with cutaneous receptive field in
the first (V1; ophthalmic) division of the trigeminal nerve. (c) An original tracing from a typical unit (second-order neuron) responding
to electrical stimulation of the dura mater adjacent to the MMA (latencies in the Ad-fiber range). Black arrow represents stimulus
artefact and (d) Original example of the electrophysiological neuronal response to innocuous brush and noxious pinch of the
cutaneous V| receptive field. Bottom panel is original electrophysiological output, top panel is responses that cross the window
discriminator. C1, spinal cord cervical |; MMA, middle meningeal artery; TCC, trigeminocervical complex; VTAP®, parabrachial

pigmented nucleus of the ventral tegmental area.

animals were assessed after induction anesthesia and
before surgical preparation. Blood glucose levels were
then quantified at two specific time-points: before
inserting the recording electrode and the microinjection
syringe into the brain, and at 60min post-
microinjection, as described (35).

Postsurgical examination of tissue

Animals were euthanized and an electrothermolytic
lesion was made in the TCC. Brains and spinal cord
were removed and sliced (60-um and 40 pm-thick cor-
onal sections) on a freezing cryostat. The exact micro-
injection sites were verified using a light microscope
(Axioplan Microscope; Carl Zeiss) and the rat brain
atlas (22).

Experimental design and statistical analysis

Trains of 20 stimuli were delivered at 5 min intervals to
assess the baseline response to dural electrical stimula-
tion. Data collected for Ad-fibers represent the normal-
ized data for the number of cells firing over a 10 ms
period in the region 4-20 ms post-stimulation over the
20 sweeps. Responses were analyzed using post-
stimulus histograms with a sweep length of 100 ms
and a bin width of 1ms that separated Ad-fiber-
activated firing. When stable baseline values of the
dural-evoked responses were achieved and cutaneous
and deep receptive field inputs from the ophthalmic
division of the trigeminal nerve were obtained,
responses were tested for up to 60 min following micro-
injections. Ongoing spontaneous trigeminal neuronal
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activity (spikes/second, Hz) was recorded continuously,
and data related to 120-150 sec preceding the dural
stimulation using peri-stimulus histograms was ana-
lyzed, as described (50). This activity was analyzed as
cumulative rate histograms in which neuronal activity
gated through the amplitude discriminator was collect-
ed into successive bins.

Two types of mechanical stimuli were delivered to
the ipsilateral ophthalmic dermatome of the trigeminal
nerve: 1) innocuous brushing and 2) noxious pinching,
as described previously (50) Responses were recorded
immediately before, and 15, 30 and 60 min after micro-
injection. Only one baseline for the mechanical stimuli
was taken to avoid sensitization prior to drug admin-
istration. Spontaneous discharges were documented for
5 sec after application of the stimulus and the mean
firing rate (Hz) response to each mechanical stimulus
was analyzed. Data is expressed as mean +SEM and
the mean firing rate upon application of each stimulus
prior to drug microinjection was taken to be 100%.
Using previous experience (35), aminimum of seven
animals were used in electrophysiological studies to
measure time points up to 60 min.

Statistical analysis was performed in raw data using
IBM SPSS (v23.0). To detect whether there was a sig-
nificant effect over time (pre-injection and eight indi-
vidual time point values at 5, 10, 15, 20, 25, 30, 45 and
60 min post-injection) we used one-way ANOVA for
repeated measures (RM-ANOVA) with Bonferroni
post-hoc correction for multiple comparisons, using a
95% confidence interval. If Mauchly’s test of sphericity
was violated, appropriate corrections to the degrees of
freedom were made according to Greenhouse—Geisser
(51). Student’s paired #-test (two-tailed) was used for
post-hoc analysis of individual time points comparing
to pre-injection values. To compare the treatment
group (bicuculline) with the vehicle treatment group
we used two-way repeated measures ANOVA with a
Greenhouse-Geisser correction and Tukey’s test for
post-hoc analysis. Statistical significance was set at
P <0.05 level. The experimenter was aware of (not
blinded to) each step of the experimental process.

Results

Serotonin and PACAP receptors are present in
the VTA™"

Given that antibodies can be nonspecific, we assume
a putative expression herein. Putative 5-HT;g and
5-HT|p receptors (green labelling) were present
within the VTA"BP, with 5-HT, g receptors more visible
associated with fibers, whereas 5-HT | receptors with
cell bodies (Figure 2A, 2D). These receptors were also
present in the paraventricular nucleus of the

hypothalamus (PVN), and the substantia nigra, com-
pact part, dorsal tier (SNCD) (Figure 2B, 2E). Putative
receptors for PACAP, namely PAC,, VPAC,; and
VPAC, receptors (red labelling), were distributed
throughout all levels of the VTA"®" region (Figure 3A,
3D, 3F). These receptors were also present in other
brain structures: the red nucleus, parvicellular part
(RPC), the arcuate nucleus of the hypothalamus
(ARC) and the PAG (Figure 3B, 3E, 3G). All receptors
were colocalized with DAPI (nuclear marker; blue),
indicating its presence in cell bodies. No specific stain-
ing was observed when the primary antibody was
omitted (Figure 2C and Figure 3C).

In vivo electrophysiology experiments

Physiology ~ parameters,  electrophysiological ~data, and
postsurgical histology. A total of 49 animals had micro-
injections inside the VTAP®P a mean body weight of
301 +2 g and blood glucose levels within physiological
levels at the beginning of the experiment (6.33+
0.06 mmol/L). Data from animals in which histological
analysis showed microinjection placements outside the
VTAPPP (n=21) were excluded from the main analysis.

Extracellular recordings in the TCC were made from
a total of 54 neurons. In animals that received a second
microinjection (n=4, vehicle control; n=1, bicucul-
line) there was a washout period of 90-120min.
Neurons responding to dural electrical stimulation
responded with an average latency of 10.6 +0.2ms
(range 4-20ms, Figure 1C shows an example
of evoked neuronal firing) and were classified as
Ad-fibers. Very few C-fiber latency (beyond 20 ms)
responses were observed, and therefore we were only
able to quantify Ad-fiber responses. Most neurons were
in lamina V of the dorsal horn of the cervicomedullary
junction, with 13 neurons in lamina II-IV, at an aver-
age depth of 588 +23 um and the electrode placement
was confirmed in all animals (Figure SIA and S1B).
The mean ongoing spontancous firing rate pre-
injection (baseline) was 28+2.3Hz (range 1.8—
64.8 Hz), with most neurons responding between
5 and 25 Hz; this is within the same range as previously
demonstrated (44). The location of microinjections
inside the VTAPBP (black dots) and adjacent to the
VTAPP? (black stars) are indicated in representative
atlas plate rat brain sections (22) (Figure S1C) and his-
tological example in Figure S1D.

Glutamatergic stimulation of the VTA™P reduces nociceptive
and spontaneous TCC neuronal firing. Glutamate signifi-
cantly inhibited dural-evoked responses (F>3.163=
4.615; P=0.022; n=38) (Figure 4A, S2A) and sponta-
neous neuronal firing (F5;,53=28.372; P=0.003;
n=238) (Figure 4B). Moreover, bicuculline significantly
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Negative control

Figure 2. Immunofluorescence staining for 5HT 5 and 5HT o receptors in the VTAP®. (a) 5HT g receptors in the VTAPE® (green);
(b) 5HT g receptors in the paraventricular nucleus of the hypothalamus (PVN), as positive control (green); (c) Negative control in the
VTAPEP obtained by omitting the primary antibodies; (d) SHT | receptors in the VTAP®® (green) and (e) 5HT,p receptors in the
substantia nigra, compact part, dorsal tier (SNCD) (green), as a positive control; Receptors are colocalized with DAPI (blue, nuclear
marker). Arrows indicate examples in each image. Scale bars, 20 um.

reduced dural-evoked neuronal firing within the TCC
(Fr4046=3.791; P=0.029; n=11) (Figure 4A, S2A),
however had no significant effect on the ongoing spon-
taneous activity when compared to pre-injection
(Fr8082=1.229; P=0.316; n=11) (Figure 4B).
Microinjection of vehicle control in the VTAPBP had
no significant effect on  Ad-fiber responses
(F4046=2.030; P=0.102; n=12) (Figure 4A, S2A)
and on ongoing spontaneous activity (F3 539 =2.596;
P=0.056; n=12) of trigeminal second-order neurons
(Figure 4B). Given that the bicuculline treatment group
showed greater variance in ongoing spontaneous
responses, we aimed to confirm whether the larger var-
iance may have affected the meaning of the results
(one-way RM-ANOVA did not show significance
throughout the 60 min experiment). We further com-
pared spontaneous firing responses between vehicle
control and bicuculline treatment and a two-way
RM- ANOVA revealed that the main effect of

treatment group on the average spontaneous firing
responses across time was not statistically significant
(F121=2.958, p=0.1).

A summary of ongoing spontaneous firing rate after
5 and 10 min for each treatment group is presented in
Table S1.

Naratriptan and PACAP38 modulation of VTAP®® inhibits
nociceptive and  spontaneous TCC neuronal firing.

Microinjection of naratriptan into the VTAB® signifi-
cantly reduced dural-evoked neuronal firing within the
TCC (Fr9207=12.163; P=0.000; n=38) (Figure 4C,
S2B) and had a significant inhibitory effect on the
ongoing  spontaneous  activity  (F50.142=15.616;
P=0.015; n=2_8) (Figure 4D). Similarly, PACAP38 sig-
nificantly reduced dural-evoked neuronal firing within
the TCC (Fy7.106=9.392; P=0.005; n="7) (Figure 4C,
S2B), and ongoing spontaneous activity (F; ;g1 =7.872;
P=0.017; n=7) (Figure 4D). Moreover, quinpirole
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Negative control

Figure 3. Immunofluorescence staining for PAC,, VPAC, and VPAC, receptors in the VTAPE"

(a) PAC, receptors in the VTAP®F (red); (b) PAC, receptors in the red nucleus, parvicellular part (RPC), as a positive control (red);
(c) Negative control in the VTAP®", obtained by omitting the primary antibodies. (d) VPAC, receptors in the VTA®® (red); (e) VPAC,
receptors in the arcuate nucleus of the hypothalamus (ARC), as a positive control (red); (f) VPAC, receptors in the VTAP®F (red) and
(g) VPAC, receptors in the periaqueductal gray (PAG), as a positive control (red); Receptors are colocalized with DAPI (blue, nuclear
marker). Arrows indicate examples in each image. Scale bars, 20 um.

significantly reduced dural-evoked neuronal firing
within the TCC (F3A6,25A8:7-005; P:OOOI, 7’!:8)
(Figure 4C, S2B), and ongoing spontaneous activity
(F3.121.0=3.491; P=0.031; n=28) (Figure 4D). A sum-
mary of ongoing spontaneous firing rate after 5 and
10 min for each treatment group is presented in Table S1.

Naratriptan and PACAP38 modulation of VTAP®" reduced
innocuous and noxious facial TCC responses. Measurements
of neuronal responses to cutaneous mechanical stimu-
lation of the ophthalmic dermatome were made from
45 neurons. Data from the recordings of nine neurons
were excluded from this analysis due to incomplete
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Figure 4. Effects of pharmacological manipulation of VTAP®” on dural-evoked and spontaneous neuronal firing in the

trigeminocervical complex (TCC).

(a) Time course changes in the average response of dural-evoked Ad-fiber trigeminal neuronal firing following microinjection of
glutamate (n =8) and bicuculline (n=11), which significantly decreased neuronal responses by a maximum of 38% and 23%,
respectively. (b) Time course of ongoing spontaneous trigeminal neuronal firing in response to glutamate (n =8), which significantly
decreased neuronal responses by a maximum of 68% at 5 min and then recovered, and bicuculline (n=11), which had no significant
effect compared to pre-injection levels. (c) Time course of the average response of intracranial dural-evoked Ad-fiber trigeminal
neuronal firing following microinjection of naratriptan (n =8), PACAP38 (n=7) and quinpirole (n =8), which significantly decreased
neuronal responses by a maximum of 39%, 30% and 8%, respectively and (d) Time course of spontaneous trigeminal neuronal firing in
response to naratriptan (n=8), PACAP38 (n=7) and quinpirole (n =8), which significantly decreased neuronal responses by a
maximum of 61%, 60% and 33%, respectively. In all panels vehicle control (n=12) had no significant effects of neuronal responses.
Data have been normalized to represent the percentage change from baseline, and are expressed as means &= SEM. *P < 0.05;

**P < 0.01; *¥P < 0.001; *¥*P < 0.0001.

data collection for one or more time points of the
experimental design (n =1, vehicle control; n =7, bicu-
culline; n=1, glutamate). Vehicle control had no sig-
nificant effect on responses to either innocuous brush
(F530=0.964; P=0.422; n=11) (Figure 5A) or noxious
pinch (£530=0.607; P=0.615; n=11) (Figure 5B) of
cutaneous facial receptive fields. For both glutamate
and bicuculline, there were no effects in response to
innocuous brush (Glu: F5,3=1.037; P=0.400; n=7;
bicuculline: F539=1.895; P=0.201; n=4). Both

significantly reduced responses to noxious pinch (Glu:
F5,3=5.132; P=0.010; n=7; bicuculline: F;9=
12.169; P=0.002; n=4) (Figure 5B). Naratriptan sig-
nificantly inhibited neuronal responses to innocuous
brush (F3,;=7.516; P=0.001; n=38) (Figure 5A) and
noxious pinch (Fjs105=12.602; P=0.002; n=3g8)
(Figure 5C). Similarly, PACAP38 significantly inhib-
ited responses to innocuous brush (F5;53=5.248;
P=0.009; n=7) (Figure 5A) and noxious pinch
(Fi.169=5.622; P=0.047, n=7) (Figure 5C).
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Figure 5. Effect of VTA™®® pharmacological modulation on
neuronal firing in the trigeminocervical complex (TCC), in
response to mechanical stimulation of the ophthalmic derma-
tome (V).

Time course changes in the average response of TCC neurons to
somatosensory-evoked stimulation of the cutaneous facial
receptive field. (a) response to innocuous brush stimulation fol-
lowing microinjection of naratriptan (n=8), PACAP38 (n=7)
and quinpirole (n = 8) into the VTA™®"; (b) response to noxious
pinch stimulation following microinjection of glutamate (n=7)
and bicuculline (n=4) into the VTA™®"; and (c) response to
noxious pinch stimulation following microinjection of naratriptan
(n=8), PACAP38 (n=7) and quinpirole (n=8) into the VTAP.
In all panels vehicle control (n=11) had no significant effects of
neuronal responses. Data have been normalized to represent the
percentage change from baseline, and are expressed as means +
SEM. *p < 0.05; **p < 0.01.

Furthermore, quinpirole did not affect innocuous
responses (F32; =0.587; P=0.630; n=38) (Figure 5A),
but significantly inhibited responses to noxious pinch
(F1.4.104=7.322; P=0.014; n=238) (Figure 5C).

Trigeminovascular processing through VTA™?
modulation results in reduced blood glucose levels

In all experiments, blood glucose was within physiolog-
ical levels before microinjection of drugs (5.47+
0.09 mmol/L). Data from 48 experiments were ana-
lyzed, and in animals that received two microinjections,
blood glucose measures were only taken after the first
microinjection. Modulation with glutamate significant-
ly decreased blood glucose levels by 11% (z;=2.981;
P=0.020; n=28), an effect mimicked by bicuculline
(t9=3.641; P=0.005; n=10). Furthermore, naratrip-
tan VTA"BY modulation significantly decreased blood
glucose levels by 12% (t;=2.443; P=0.045; n=28) and
PACAP38 induced a significant blood glucose level
reduction of 17% (t,=2.731; P=0.034; n=7). There
were no significant effects on blood glucose levels
following microinjection of quinpirole (77 =0.082;
P=0.937, n=8) or vehicle control (z5=1.485;
P=0.188; n=7). Blood glucose levels before and
60 min following VTAP®F microinjection are presented
in Table S2.

Discussion

We show that pharmacological modulation of the
VTAPP? is sufficient to alter the transmission of trige-
minovascular nociceptive and innocuous inputs.
Whether VTAPB? activity is necessary for physiological
trigeminovascular sensory processing is unknown, yet
our findings and others showing VTA activation in
human imaging of migraine (3) and VTA involvement
in aversive behavior in an inflammatory model of head-
ache (8) suggest that the VTA may be relevant to
understand associated sensory and homeostatic symp-
toms in susceptible migraine patients. Anatomical stud-
ies (9,52) do not report direct VTA projections to the
TCC, therefore the effects of VTA"®” manipulation on
TCC neuronal responses can be explained by indirect
action on relay stations, namely the NAc, PAG, PVN
or lateral hypothalamus (LH) (45,53).

We showed that excitatory and inhibitory inputs to
the VTAPPP inhibit trigeminovascular neuronal
responses. Within the VTA, there are two general pop-
ulations of GABA neurons: interneurons, which pro-
vide local inhibition of DA neurons, and projection
neurons, which provide long-range inhibition of multi-
ple brain areas including the NAc, the prefrontal
cortex, the lateral habenula, lateral hypothalamus, pre-
optic area, and amygdala, as well as to structures in the



10

Cephalalgia 42(13)

thalamus, midbrain, pons, and medulla (14,54,55).
Importantly, these VTA GABA neurons are known
to express the GABA 4 receptor (55-57). Given the cur-
rent literature (6,11,57-59), possible explanations could
account for the effects of the GABA, receptor antag-
onist (bicuculline): 1) Effects directly on VTAFPBP
Daergic neurons expressing GABAA receptors, pre-
venting GABAergic inhibition, and thereby increasing
Daergic firing (thus inducing a similar response to glu-
tamate VTAB® microinjection); 2) Effects on VTA
GABA interneurons, facilitating its firing and thereby
increasing inhibitory input to VTA"®® DA neurons,
resulting in inhibition of the mesolimbic DA
system; 3) Effects on GABAergic VTA®" long-range
projection neurons, facilitating its firing, leading to
increased inhibition of target structures (e.g. NAc, pre-
frontal cortex, central amygdala, dorsal raphe nucleus,
among other regions). Although many of these projec-
tions have been identified anatomically, there has been
little functional characterization of cellular properties
of these neurons or synaptic properties of their termi-
nals and projection neurons may have local collaterals,
allowing coordination of VTA activity with activity in
distal target regions (60). Overall, given that DA neu-
rons represent 65% of and GABA neurons 30% of
VTA neurons (11), one can hypothesize that the effects
observed herein are likely to be mediated through
VTAPP?  Daergic neurons expressing GABA,
receptors.

Of note, it has been difficult to disentangle the func-
tion of DA neurons and GABA neurons, and between
local VTA GABA neurons and GABAergic projection
neurons (extensively reviewed elsewhere (59,60)). In
addition, VTA neurons release various combinations
of DA, GABA, and glutamate, all of which form
local and long-range connections (9,15,25,52,61).
Therefore, to gain a full understanding of the likely
neuronal circuitry underlying the responses herein, it
is imperative to gain genetic access to these cells (e.g.
opto- or chemogenetics) in future studies of migraine
pathophysiology.

Naratriptan and PACAP38 in the VTAPBP exert
similar effects in TCC neuronal firing

Naratriptan in the VTAPB? inhibits TCC neuronal
firing through 5-HT,p;;p receptors, putatively present
throughout this structure. Consistent with our findings,
naratriptan has similar effects when microinjected into
the vIPAG (47), PVN (45), All (34) and infused
peripherally (44). Given that serotonin is implicated
in reward processing (62) and naratriptan-induced 5-
HT,g)1p receptor activation is able to block nociceptive
pathways, our findings support the rewarding effect of
pain relief.

Unexpectedly, PACAP38 in the VTAPBP reduced all
types of TCC activities. These results are challenging
given that PACAP38 administered intravenously indu-
ces delayed sensitization of central trigeminovascular
neurons (50), which translates to delayed migraine-
like headaches in 50% of migraine patients without
aura (33). In animals, PACAP38 in the PVN does not
modify Ad-fiber responses but increases TCC sponta-
neous activity (45). Nonetheless, PACAP’s role in
pain transmission is complex, with studies showing
both anti- and pro-nociceptive actions (63,64). In our
study, the precise mechanisms through which intra-
VTAPB? PACAP38 inhibits TCC responses are
unknown, although the differences on nociceptive
behavior might be receptor dependent.

The immunohistochemistry in our study showed the
putative expression of three PACAP receptors specifi-
cally within the VTAPB?. Previously, in situ hybridiza-
tion revealed a wide distribution of PACAP-R mRNA
with intense-to-moderate labeling in the VTA (30), yet
an immunoreactive study showed no expression above
background density level for PAC;, <40% of maximal
level for VPAC,, and <80% of maximal level for
VPACGC, (32).

Regarding peptide brain expression, soma that con-
tain PACAP are relatively restricted to selected regions
of the limbic system and brainstem, yet fibers contain-
ing PACAP and levels of PACAP protein are found in
the VTA (65). To date, it is known that major PACAP
inputs to the VTA originate from the hypothalamic
ventromedial nucleus (VMN) and these neurons inhibit
the excitability of VTA dopaminergic neurons via acti-
vation of PAC,; receptors and Katp channels (66).
Conversely, vasoactive intestinal peptide (VIP), which
shows 68% sequence homology with PACAP and acts
on the same receptors (although PAC; shows much
greater affinity for PACAP than for VIP) (67),
is highly expressed in the VTA (68-70) and is
co-expressed with TH in the VTAPPP (68).

While we confirm PAC,, VPAC, and VPAC, recep-
tors are “putatively” present specifically within the
VTA"B? it has been suggested PACAP pro-
nociceptive actions are likely mediated via PAC, recep-
tor (71) and anti-nociceptive, anti-hyperalgesic and
anti-allodynic effects mediated by VPAC; and
VPAC, receptors (72). Therefore, additional studies
(e.g. knock-out receptor) are needed to clarify this
mechanism.

Moreover, recent studies provide evidence that
PACAP plays an important role in reward processing,
such as modulation of the rewarding and reinforcing
actions of addictive drugs (65). PACAP in specific
limbic brain regions can promote reward seeking and
intake and itself is stimulated by their intake (65).
Although the expression and wide distribution of
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PAC, and/or VPAC receptors contribute to the broad
and diverse actions of PACAP, the stress- and
addiction-related responses of PACAP appear to be
mediated predominantly by the PACAP-selective
PAC, receptor (73). Of note, there is a close relation-
ship between reward/aversion and pain relief/pain
mediated by the mesolimbic reward circuitry that
involves the mesolimbic DA emanating from the
VTA and projecting to the NAc (74,75). It has been
also postulated that removal of an aversive state is
rewarding (76). Indeed, relief of pain produces negative
reinforcement through activation of the mesolimbic
reward—valuation circuitry. In specific, activation of
VTA dopaminergic neurons and release of DA as
well as activation of dopaminergic receptors in the
NAc mediates the reinforcing effect of pain relief
(74,77,78). Given the role of PACAP on motivated
behaviors in response to addictive drugs and that
addiction behavior is associated with reward anticipa-
tion (e.g. craving), it is possible that PACAP, predom-
inantly via the PAC, receptor, may likely contribute to
a mechanism of reward processing and craving involv-
ing inhibition of nociceptive responses as a way of ter-
mination of the aversive stimulus. However, we cannot
exclude the fact that PACAP binds with high affinity to
PAC, and VPAC, and VPAC,, and given this overlap,
it will be important to dissect which receptor is medi-
ating a given PACAP effect.

Regarding DA signaling, quinpirole administration
in the VTAPBP inhibited TCC neuronal firing; an effect
supported by systemic studies (34). Dopamine D,-like
receptors are important in pain modulation (79) and
exert auto-inhibitory somatodendritic effects (80).
Thus, if quinpirole is likely to induce auto-inhibitory
actions on DA neurons and, herein, inhibited TCC
noxious inputs, it is possible VTA"®” non-DA neurons
(e.g. GABAergic neurons) could have influenced TCC
nociceptive processing in our experiments.

Overall, clinical-relevant drugs in the VTAP®® mod-
ulate both spontaneous and dural-evoked activities of
TCC neurons suggesting its effects are not nociceptive-
specific. Given that modulation of VTAP®? neuronal
activity is sufficient to elicit changes in trigeminovascu-
lar sensory processing, it is possible that, in susceptible
persons, VTA"B® neurons could alter trigeminovascu-
lar processing by integrating nociceptive, as well as
other processing mechanisms (e.g. hedonic or homeo-
static). In addition, the modulatory influences of
VTA"B? on both spontaneous and dural-evoked TCC
activities could be mediated by different top-down
mechanisms promoted by the varied neuronal popula-
tions within the VTA"BY,

The VTA is known to process mechanical inputs
through DAergic mechanisms (81). We show that
VTAPP? modulation by naratriptan and PACAP38

alters responses to facial mechanical stimulation,
which may be relevant for underlying allodynia and
hyperalgesia mechanisms in susceptible patients.
Interestingly, a previous study has demonstrated a rela-
tionship between DA and 5-HT within the TCC via
DA-projecting All neurons, where lesioning the All
facilitates noxious facial-evoked inputs, and both sys-
temic 5-HT,p;;p and D, receptor agonists reverse this
(34). Thus, it is possible that a similar synergistic rela-
tionship occurs as well in the TCC via VTAPPP.

Modulation of the VTA™" impacts
post-trigeminovascular processing glycemia

Trigeminovascular  sensory  processing  through
VTAPB? modulation is accompanied by reduced
blood glucose levels. We have previously shown that
dural-evoked TCC neuronal firing is modulated by sys-
temic glucoregulatory peptides and TCC pERK1/2 cell
expression is decreased by insulin and increased by glu-
cagon (35). Moreover, disturbances in glucose and
insulin metabolism have been reported in migraine
patients, namely impaired insulin sensitivity (extensive-
ly reviewed elsewhere (28)).

These electrophysiological studies were carried out
in anesthetized animals, yet we confirmed a normogly-
cemic state within physiological levels, ruling out pos-
sible anesthetic-induced variations.

We hypothesize that the reduced blood glucose
levels may occur due to specific metabolic effects trig-
gered by VTAP®P modulation and its outcomes on pro-
jection targets. Possible metabolic effects include
increased insulin secretion, increased expression of
insulin  sensitive glucose transporters (GLUTS),
increased insulin-mediated suppression of endogenous
glucose production, and improved insulin sensitivity
with stimulation of glucose utilization in peripheral tis-
sues. To our knowledge, none of these have been stud-
ied as an effect of VTA neuronal activity. Although the
VTA neuronal firing is influenced by glucoregulatory
peptides, including insulin (82,83) and glucagon-like
peptide-1 (GLP-1) (84,85), there is no evidence report-
ing VTA neuronal activity direct effects on systemic
glucose levels. More recently, however, it has been
shown that NAc neuronal activity (a known VTA pro-
jection target) seems to regulate systemic glucose
metabolism by increasing insulin sensitivity (86).
Given the current available literature, we may speculate
the NAc could potentially be a relay station explaining
the reduced glucose levels observed in our study.

Moreover, naratriptan and PACAP are known to
influence glycemia. Serotonin interacts with glucose
metabolism (87) and induces a dose-dependent serum
insulin increase and serum glucose decrease in mice
(88,89); whereas in obese diabetic animals and diabetic
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humans serotonergic drugs improve glucose tolerance
and insulin sensitivity (90-92). PACAP is synthesized
and released by pancreatic f-cells and exerts several
metabolic actions, such as stimulation of insulin pro-
duction and release, and increase of insulin-induced
glucose uptake in adipocytes, thereby improving glu-
cose tolerance (93-95). It is possible that improved
insulin sensitivity may accompany naratriptan and
PACAP-38 antinociceptive effects in our study.
Whether there is a nociceptive-specific glucoregulatory
mechanism in migraine remains to be established.

Physiologically, blood glucose changes may lead to
appetite changes. In susceptible migraine patients, the
interplay between VTAFBP activity and the sensory
processing by the trigeminovascular system may be rel-
evant to understand associated sensory and homeostat-
ic symptoms. Our findings may provide plausible
groundwork biology to unravel appetite changes in sus-
ceptible migraine patients.

Further research and implications

Given that VTA is a heterogeneous nucleus containing
dopaminergic (DA) neurons (9), as well as GABAergic

and GLU neurons (10-12), additional experiments
could dissect the co-localization of 5-HT; and PACAP
receptors with either TH, Glu or GABAergic neurons,
providing more information on the likely neuronal cir-
cuitry mediating PACAP and naratriptan effects on
VTAPPP neurons.

Furthermore, a technical constraint of the study is
that the methodology used herein does not unravel the
likely neuronal circuitry mediating PACAP and nara-
triptan effects on VTAPB? neurons. For instance, brain
slice recordings could provide additional information,
such as identification of the VTAPBP neuronal type
being modulated by these drugs. In addition, a direct
input from the VTA to the TCC is currently unknown.
Regardless, it has been shown in an animal model of
orofacial pain, that stimulation of the NAc inhibited
nociceptive trigeminal nucleus caudalis neurons medi-
ated by NAc dopamine D2 receptors and transmitted
through the rostral ventromedial medulla (96). Given
the known VTAPBPY-NAc projections, future experi-
ments could incorporate pathway-specific manipula-
tion of this brain circuitry in a migraine animal
model by using opto- or chemogenetics.

Article highlights

ceptive and innocuous inputs.

glucose levels.

e Modulation of VTA"B” neuronal activity is sufficient to alter the transmission of trigeminovascular noci-

e Serotonin and PACAP receptors are putatively expressed within the VTA"B® region.
e Naratriptan, PACAP38, quinpirole intra-VTA"®® inhibit trigeminovascular responses.
e Trigeminovascular sensory processing through VTAPPY modulation is accompanied by reduced blood
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