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Abstract

Within the reticular thalamic nucleus neurons express gamma aminobutyric acid (GABA) and
these cells project to the ventral posteromedial thalamic nucleus. When GABA activity decreases
the activity of excitatory cells in the ventral posteromedial nucleus would be expected to increase.
In this study, we addressed the hypothesis that attenuating GABAergic cells in the reticular
thalamic nucleus increases excitatory activity in the ventral posteromedial nucleus increasing
varicella zoster virus (VZV) associated pain in the orofacial region. Adeno-associated virus (AAV)
was infused in the reticular thalamic nucleus of Gad1-Cre rats. This virus transduced a G
inhibitory designer receptor exclusively activated by designer drugs (DREADD) gene that was Cre
dependent. A dose of estradiol that was previously shown to reduce VZV pain and increase
GABAergic activity was administered to castrated and ovariectomized rats. Previous studies
suggest that estradiol attenuates herpes zoster pain by increasing the activity of inhibitory neurons
and decreasing the activity of excitatory cells within the lateral thalamic region. The ventral
posteromedial nucleus was infused with AAV containing a GCaMP6f expression construct. A
glass lens was implanted for miniscope imaging. Our results show that the activity of GABA cells
within the reticular thalamic region decreased with clozapine N-oxide treatment concomitant with
increased calcium activity of excitatory cells in the ventral posteromedial nucleus and an increased
orofacial pain response. The results suggest that estradiol attenuates herpes zoster pain by
increasing the activity of inhibitory neurons within the reticular thalamus that then inhibit
excitatory activity in ventral posteromedial nucleus causing a reduction in orofacial pain.
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Introduction

Gamma aminobutyric acid (GABA\) is expressed in the reticular thalamic nucleus and zona
incerta and the neurons within these nuclei project to the ventral posteromedial nucleus
(Barbaresi et al., 1986; Nicolelis et al., 1992; Pinault and Deschenes, 1998; Bartho et al.,
2002). Increased activity within the GABA positive cells would inhibit signaling to the
ventral posteromedial nucleus and reduce activity of these excitatory cells. Excitatory cells
within the ventral posteromedial nucleus have been shown to influence varicella zoster virus
(VZV) associated orofacial pain in rats (Kramer et al., 2017a; Kramer et al., 2017b).
Supporting the idea that the reticular thalamic region controls orofacial pain responses by
modulating the activity of excitatory neurons in the reticular thalamic region.

VZV is responsible for herpes zoster or “shingles” pain and females report more zoster
associate pain than men (Alvarez et al., 2007; Hillebrand et al., 2015). Estradiol effects
neuronal activity within the thalamus, such as, increasing activity in the thalamus of stressed
rats (Ueyama et al., 2006). Sex steroids alter GABA pathways to affect orofacial nociception
in animal models (Puri et al., 2012; Tashiro et al., 2014) and influence the excitability of
neurons by altering glutamate decarboxylase (GAD) and GABA receptor subunit
expression (Juptner et al., 1991; Noriega et al., 2010). Estradiol alters GABAergic gene
expression in the thalamic region (Umorin et al., 2016) and when estradiol is high there is a
reduced response to VZV induced pain. For example, a proestrus (i.e., high) dose of
estradiol will decrease the VZV associated orofacial pain response (Stinson et al., 2017;
Stinson et al., 2019). It is unclear the role that thalamic GABA neurons have in regulating
the VZV associated pain in the presence of this high dose of estradiol.

It was hypothesized that attenuating GABAergic cells in the reticular thalamic nucleus
would increase excitatory activity in the ventral posteromedial nucleus after administering a
high dose of estradiol. To address this question transgenic rats having the GAD67 promoter
driving Cre expression were infused with adeno-associated virus (AAV) containing a Cre
dependent G inhibitory designer receptor exclusively activated by designer drugs
(DREADD). Infusion of AAV within the lateral thalamic region of these transgenic rats
would result in the ability to inhibit GABAergic cells in the reticular thalamic region (Lein
et al., 2007). Simultaneously the ventral posteromedial thalamic nucleus was infused with
AAV containing a calmodulin-dependent protein kinase 11 (CaMKII)-GCaMP6f construct
which was followed by implantation of a glass lens for imaging with a miniscope. Estradiol
was injected to maximize GABAergic activity in the reticular thalamic region (Stinson et al.,
2019) and affective pain responses, as well as, calcium activity were measured in rats with
VZV associated pain.
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Materials and Methods

Animal husbandry

This study was carried out in accordance with the recommendations of Institutional Animal
Care and Use Committee Guidebook and Texas A&M University College of Dentistry
Institutional Animal Care and Use Committee. The animal protocol was approved by the
Texas A&M University College of Dentistry Institutional Animal Care and Use Committee.
Transgenic male (300g) and female Long Evans rats (260g) (Rat Resource and Research
Center strain LE-Tg(Gad1-iCre)30ttc, RRRC#: 00751, developed by Brandon Harvey and
Jim Pickel) were kept on a 14:10 light/dark cycle. A total of 40 rats were used in these
studies. The rats were given food and water ad libitum.

Treatment and Experimental groups

Twenty Long Evans transgenic male rats and twenty transgenic Long Evans female rats were
infused bilaterally with pPENN.AAV.CamKII.GCaMP6f. WPRE.SV40 (AAV1) and the
DREADD construct pAAV-hSyn-DIO-hM4D(Gi)-mCherry (AAV5) (Fig. 1A). To control
activity of the GABAergic population in the thalamus an inhibitory DREADD construct was
infused into the reticular thalamic region (Fig. 1A, Fig. 2B, 2D and 2F). Expression of the
DREADD construct was Cre dependent and infusion in the Gad1-Cre rats resulted in
expression within the GABAergic population, cells could be identified by a mCherry marker
(Fig. 2D and F). This inhibitory DREADD construct was activated by administration of
clozapine N-oxide. Calcium activity in individual excitatory cells was quantitated after
infusing a construct into the ventral posteromedial nucleus where GCaMP6f expression was
controlled by the CaMKII promoter (Fig. 1A, Fig. 2D and 2E). A single glass lens was then
immediately placed for the miniscope on the right side to image the ventral posteromedial
nucleus (Fig. 1A, Fig. 2A and 2C). Two weeks after infusion the rats were ovariectomized or
castrated, see (Fig. 1B). Five weeks after infusion a miniscope baseplate was placed above
the implanted lens (Inscopix, Palo Alto, CA). Six weeks after infusion an osmotic pump was
placed beneath the skin that dispensed estradiol (Fig. 1B). After pump placement, the rats
were given a subcutaneous injection of estrogen or vehicle every 3 or 4 days (Fig. 1B).
Seven weeks after virus infusion the left whisker pad was injected with 100 pl of MeWo
cells infected with VZV (50,000-100,000 pfu/ul). An E2 boost was injected 3 hours before
testing to simulate a proestrus plasma concentration (Kramer and Bellinger, 2009). Ten of
the male rats and ten of the female rats received clozapine N-oxide (1mg/kg) and the other
ten rats were administered with vehicle (0.9% saline). Clozapine N-oxide or vehicle were
injected into the intraperitoneal space 1 hour before testing (Jendryka et al., 2019). Testing
was completed once a week; weeks 8, 9 and 10 (Fig. 1B) post infusion. Groups consisted of
E2/VZV/no CNO or E2/VZV/vehicle. Animal were tested for three weeks as this dose of
VZV results in a significant pain response for a three week period (Kramer et al., 2017a).
Following three weeks of testing the animals were sacrificed and tissue collected for
molecular studies.

Infusion and lens placement

Rats were anesthetized with 2% isoflurane and an air flow of 2 liter per minute. Using sterile
technique a Hamilton infusion needle (Neuros #7002) was inserted into the lateral thalamus.
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The brain was infused bilaterally with 1 ul of AAV1 with the GCaMP6f construct (2 X 1013
GC/ml, Addgene, Cambridge MA) at coordinates AP=3.7, midline=3.0, and depth=6.0 mm
from Bregma using a flat skull and 1 ul of AAV5 with the hm4D(Gi) construct (1 X 1013
GC/ml, Addgene) at coordinates AP=3.7, midline=3.5, depth=6.0 mm (Fig. 1A). A Stoelting
stereotaxic syringe pump system was used to infuse 1 pl at a rate of 50 nanoliters per
minute. After infusion the needle was left in place for 5 minutes and then removed. A single
glass lens (9.0 mm length by 1.0 mm diameter, Inscopix, Palo Alto, CA, Cat. # Part ID:
1050-002214) was immediately placed on the right side at coordinates AP=3.7, midline=3.0
and depth = 5.8 mm (Fig. 1A). The lens was held in place with four stainless steel screws
placed within the skull and dental cement (Metabond, Parkell Inc. Edgewood, NY).
hM4D(Gi) is an engineered acetylcholine Gi-protein coupled receptor that inhibits neuronal
burst firing when bound by clozapine N-oxide. To affect change in neurons exclusively the
modified acetylcholine Gi protein-coupled receptor was driven by the neuronal synapsin-1
promoter (hSyn). Moreover the expression of hM4D(Gi) was Cre dependent and expressed
specifically in the reticular thalamic neurons due to GADG67 expressing in the reticular
thalamic nucleus and not the ventral posteromedial thalamic nucleus (Lein et al., 2007).

Ovariectomization

Castration

Rats were anesthetized with 2% isoflurane in 2 liters of air per minute. The anesthetized
female was placed in ventral recumbency, shaved and the dorsal surgical area swabbed with
surgical scrub. Using sterile technique a 10 to 15 mm skin incision was made dorsally and
bilaterally to the spine. The incision was midway between the caudal edge of the ribcage and
the base of the tail. The ovary and the oviduct were exteriorized through the muscle wall
incision. A sterile silk ligature was placed around the oviduct. Each ovary and part of the
oviduct was removed with a single cut, the remaining tissue was replaced into the peritoneal
cavity and the skin stapled.

Rats were anesthetized with 2% isoflurane in 2 liters of air per minute. The scrotal area was
shaved and cleaned with betadine solution. While under anesthesia the rat was turned onto
its back and the testes were pushed into the scrotum. A small incision was made on the
scrotal sac and a testis was pushed close to the incision and another incision was made on
the mesorchium sheath. The testis along with the epididymis were pushed out of the
mesorchium sheath, the scrotum then clamped with a hemostat behind the epididymis so that
the deferent duct and associated blood vessels were crushed and then the testes removed.
Sometimes a suture was placed behind the crushed tissue in order to control bleeding but
was found to be unnecessary in most cases. Any excess tissue that was not removed was
pushed back into the scrotal sac then the procedure repeated for the other side. The scrotum
was not sutured but the edges of the incision lightly pinched together so to approximate and
left to drain if needed.

Pump placement and estradiol treatment

While under anesthesia, the rat was turned onto its stomach and a small incision cut into the
skin at the neck. Then using a mayo scissors a pocket was made under the skin and an
osmotic pump inserted. The incision was closed using 9 mm wound clips. The pump was a
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28-day Alzet mini-osmotic pump (Durect Corporation, Cupertino, CA) dispensing 750 ng/
6ul/day of 17p-estradiol benzoate in polyethylene glycol (Sigma, St. Louis). In addition, 2.5
ug of 17p-estradiol benzoate in 0.1 ml of sesame seed oil was injected subcutaneously every
3 or 4 days (Fig. 1B). This dose of estradiol produces a proestrus (high) dose of estradiol in
female rats (Kramer and Bellinger, 2009).

Miniscope and Imaging Procedures

Five weeks after lens placement a miniscope baseplate (Inscopix part # 1050-002192) was
cemented (Metabond) in place using the existing dental screws for support so that the
objective lens of the miniscope would be 150-300 um above the implanted lens. A cover
(Inscopix part # 1050-002193) was placed on the baseplate to keep the lens clean. An
InVoke microscope from Inscopix was placed within the bracket and images were captured
and processed with Inscopix software. Inscopix Data Processing software was used to
identify individual cells and events were detected using a threshold factor of 10. The number
of cells with a calcium event was reported each minute. Approximately 50% of the animals
that were tested behaviorally had cells that could be imaged for calcium changes with the
miniscope. Animal behavior was recorded simultaneously using VLC media player software
(VideoLAN) and a Microsoft LifeCam (Microsoft, Redmond, WA). Recordings were
exported in the MJPEG format in Shotcut open-source software for importing into Inscopix
Data Processing software.

Behavioral testing

Place Escape/Avoidance Paradigm (PEAP) testing was performed during the morning of the
light phase to determine pain. To accomplish this, the rats were placed in a 30 cm X 30 cm
X 30 cm acrylic box. The box has four walls and floor with the top of the box open and half
the box is covered in black cloth on the outside of the acrylic. This test chamber was
modeled from the PEAP test performed by the Fuchs’s laboratory (LaBuda and Fuchs,
2000). This assay was used to measure the motivation/affective aspect of pain (LaBuda and
Fuchs, 2000; Baastrup et al., 2011). The PEAP test is based on the assumption that if
animals escape and/or avoid a noxious stimulus, then the stimulus is aversive to the animal.
Rodents being nocturnal in nature preferred to stay on the dark side when placed into the test
chamber. After placing the rat in the test chamber, the rat was immediately poked with a 60-
gram filament every 15 seconds on the injected side if the rat was on the dark side and on the
non-injected side if it was on the light side. Because VZV was injected into the whisker pad
the target region for the poking was the area below the eye and caudal to the whisker pad.
This region is innervated by the second branch of trigeminal ganglion (DaSilva and
DosSantos, 2012), the nerve infected by VZV injection of the whisker pad. The time spent
on the dark side of the box was recorded in 5 minute bins and testing was performed for a
total of 30 minutes. Testing was performed once a week. Testing was completed for three
weeks (Fig. 1B). Thus, the theory behind the test is that if the rat is experiencing VZV
induced pain when poked in the sensitive area it will not stay on it preferred dark side but
will move to the non-preferred light side and stay there to avoid the poke. Values were given
as a mean and standard error of the mean (SEM) for the ten animals in each treatment group.
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Immuno-fluorescent staining

Statistics

Rats were injected with 100 mg/kg ketamine and 10 mg/kg xylazine. After injection the
animals were perfused with 9% sucrose followed by 4% paraformaldehyde. Fixed tissues
were stored in 25% sucrose, frozen, cryo-sectioned and the 32 pm sections placed on
Histobond slides (VWR international, Radnor, PA). The tissue was post-fixed for 5 minutes
in 4% paraformaldehyde, rinsed and then blocked for 2 hours at room temperature with a
PBS solution containing 5% normal goat serum (Sigma-Aldrich, St. Louis, MO) and 0.3%
Triton-X 100. The slides were then incubated in a primary antibody solution overnight at
4°C. The primary antibody consisted of a mixture of the GAD67 antibody (Millipore clone
1G10.2, MAB5406) at a 1:500 dilution and rabbit pERK antibody (phosphorylated
extracellular signal-regulated kinase, Cell Signaling Technology, Boston, MA, #4695) at a
1:150 dilution. The primary antibody was diluted with PBS, 5% BSA and 0.3% Triton
X-100. After incubation in primary antibody the slides were then rinsed three times in PBS
and Triton-X 100 for a total of 45 minutes and placed for 2 hours in secondary antibody and
PBS and 0.3% Triton X-100. Secondary antibodies (1:500 dilution) included a mixture of
goat anti-mouse 568 and goat anti-rabbit 488 (Invitrogen, Carlsbad, CA). After rinsing the
slides three times in PBS and 0.3% Triton X-100 for a total of 45 min, the slides were
mounted with Fluoromount-G mounting medium containing Hoechst 33342 stain (Electron
Microscopy Sciences, Hatfield, PA). The fluorescent signal was imaged using a Nikon
fluorescent microscope, NIS-Elements imaging software and a Photometrics CoolSnap K4
CCD camera (Roper Scientific, Inc, Duluth, GA). Controls eliminating the primary antibody
showed no signal (data not shown).

Cell counts were completed by a blinded reviewer. Every other section was selected for
staining. Typically three sections were counted for each animal. The slides were analyzed
using Image J software, the average background for the slides within a treatment group was
subtracted from the image and a fluorescent signal associated with a cell nucleus was
counted as a positive cell. Counts were completed for the number of GAD67 or GAD67/
PERK stained cells within a 0.125 mm? field. Counts were completed within the ventral
thalamic nuclei and cell counts from the two fields on each section were then averaged. This
average count for the three sections was averaged for each animal. Values were given as a
mean and standard error of the mean (SEM) for the animals in each treatment group.

Staining with GADG67 ensured we identified all GADG67 positive cells in the reticular
thalamic nucleus in the event that the Cre-dependent mCherry labeling of GADG67 Cre cells
was incomplete or not robust. Adjacent sections were imaged without staining and no green
GCaMPé6f positive cells were identified in the reticular thalamic nucleus. Thus, the green
staining in the reticular thalamic nucleus was due to pERK antibody binding and not
GCaMP6f expression. Animals that did not have adequate perfusion, resulting in poor
identification of cells after immunostaining, were eliminated from the counts, typically one
or two animals per group.

PEAP data was analyzed with the Kruskal-Wallis test, significant main effects were followed
with Dunn’s post-hoc testing. The dependent variables of calcium events and immune-
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fluorescent cell count data were analyzed with the non-parametric Mann-Whitney test
(Prizm 5.04, GraphPad Software, La Jolla, CA).

Female and male rats were given a proestrus dose of estradiol and the neuronal response was
measured in a VZV associated pain model using a miniscope. Calcium imaging of excitatory
neurons was completed in awake behaving animals during behavioral pain testing in the
female (supplemental figure 1) and male (supplemental figure 2) rats. Four groups were
tested with 10 animals in each group, the groups consisted of the females given no CNO and
females given CNO, males given no CNO and males given CNO. Testing for VZV
associated pain in the female rats indicated that treatment with CNO increased the response
in females (Fig. 3A) during week 1 (x3=49.5, p=0.0005) and in males (Fig. 3D) during
week 1 (x3=59.5, p<0.0001). In week 2 females also showed an increase after CNO
treatment (Fig. 3B) (x3=49.3, p=0.0006) and this increase was observed in males (Fig. 3E)
(x3=61.7, p<0.0001). Moreover, CNO treatment increased the pain response in females (Fig.
3C) during week 3 (x3=85.7, p<0.0001) and in males (Fig. 3F) during week 3 (x3=78.0,
p<0.0001). No significant difference was observed between the female and males.

Calcium imaging of the ventral posteromedial thalamic nucleus indicated the activity of
individual excitatory CaMKII neurons increased significantly during the pain testing of
females (Fig. 4A) and males (Fig. 4B), comparing pre-test to testing. . Note that the data
from all three weeks was combined because no significant effect was observed for an
individual week. Before administering clozapine N-oxide to females (Fig. 4A) the number of
calcium events in each cell before testing (pre-test/no CNO) (Mdn=0.63) was lower than
during testing (testing/no CNO) (Mdn=0.72) but these differences were not significant U(N
pretesting = 18, N testing = 18) = 103, p<0.06. After clozapine N-oxide treatment females
showed a lower calcium activity before testing (pre-test/+CNO) (Mdn=0.73) than during
testing (testing/+CNO) (Mdn=0.88) and this difference was significant U(N pretesting = 15,
N testing = 15) = 65.5, p<0.05. Before administering clozapine N-oxide to males (Fig. 4B)
the number of calcium events in each cell before testing (pre-test/no CNO) (Mdn=0.34) was
lower than during testing (testing/no CNO) (Mdn=0.48) and these differences were
significant U(N pretesting = 16, N testing = 16) = 63, p=0.013. After clozapine N-oxide
treatment males showed a lower calcium activity before testing (pre-test/+CNO) (Mdn=0.48)
than during testing (testing/+CNO) (Mdn=0.67) and this difference was significant U(N
pretesting = 15, N testing = 15) = 46.5, p=0.005. In addition, clozapine N-oxide treatment
significantly increased calcium activity during testing (compare testing/no CNO to testing/
+CNO) in both females U(N no CNO = 18, N CNO = 15) = 82.5, p<0.05 and males. U(N no
CNO =16, N CNO = 15) = 50, p=0.005. No significant difference was observed between the
female and males.

Females had an average of 16 £ 5 GCaMP positive cells with “flashing” in a single focal
plane within the field of the miniscope lens. Males had 21 + 3 cells within the field. The
difference between male and females was not significant p = 0.11.
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pPERK staining of the GAD67 population in the reticular thalamic region was measured in
female rats (Fig. 5) and male rats (Fig. 6). Cells expressing GADG67 localize to the reticular
thalamic region (Fig. 5A, B, C and D; Fig 6C and D, red cells, open arrows). pERK positive
cells in the reticular thalamic region are compared before clozapine N-oxide treatment (Fig.
5A and E and 6A, green cells, arrowheads) and after clozapine N-oxide treatment (Fig. 5B
and F and 6B). The number of cells that co-localized with pERK and GADG67 were greater
in number before clozapine N-oxide treatment (Fig. 5A and G and 6E, yellow cells, arrows)
in comparison to after clozapine N-oxide treatment (Fig. 5B and H and 6F).

Cell counts of the number pERK positive cells in the reticular thalamic region indicated
CNO treatment did not alter the total number of pERK positive cells in the reticular thalamic
region in either females (Fig. 7A) or males (Fig. 7C). In contrast clozapine N-oxide
significantly decrease the number of pERK positive cells co-localizing with GADG67 in both
female (Fig. 7B) and male (Fig. 7D) rats. In females (Fig. 7B) clozapine N-oxide treatment
(CNO) (Mdn=11.5) versus vehicle (no CNO) (Mdn=6) decreased the number of pERK/
GADG7 positive cells and these differences were significant U(N no CNO =8, N CNO = 9)
=4, p=0.0009. In males (Fig. 7D) clozapine N-oxide treatment (CNO) (Mdn=10) decreased
the number of pERK/GADG67 positive cells versus vehicle (no CNO) (Mdn=1) and these
differences were significant U(N no CNO =9, N CNO = 9) = 4, p<0.0001.

Discussion

Do GABA cells in the reticular thalamic nucleus regulate excitatory neurons in the ventral
posteromedial nucleus of the thalamus. Treatment with clozapine N-oxide inhibited activity
of GABAergic cells in the reticular thalamic nucleus. Simultaneously calcium activity within
the ventral posteromedial nucleus increased. This was the first demonstration of in vivo
imaging of calcium activity in single neurons within the thalamus of rats. Inhibiting the
GABAergic cells in the reticular thalamic nucleus increased activity of the excitable cells of
the ventral posteromedial nucleus concomitant with an increased pain response. Inhibitory
DREADD activation in the GABAergic population was determined in the reticular thalamic
nucleus through staining for pERK. pERK levels decreased in the GADG67 positive cells but
not in all cells of the reticular thalamic region. Cre dependent DREADD expression was not
observed in the ventral posteromedial nucleus because GADG7 is rarely expressed in the
ventral posteromedial nucleus (Lein et al., 2007). Thus, clozapine N-oxide treatment
attenuated the inhibitory signals from the reticular thalamic GADG67 positive neurons and
this reduced inhibitory signal increased activity of the CaMKI|I positive neurons within the
ventral posteromedial nucleus.

Our lab previously demonstrated that a proestrus concentration of estradiol was associated
with an increase in GABAergic activity in the reticular thalamic nucleus and a concomitant
decrease in VZV associated pain (Stinson et al., 2019). It is unclear the role that thalamic
GABA neurons have in regulating the VZV associated pain in the presence of this high dose
of estradiol. In this study the model used was an animal with a high proestrus dose of
estradiol and this was tested in both male and female rats. Interestingly, GABAergic control
of the excitatory cells was observed in both male and female rats indicating that estradiol’s
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effects are not due to an inherent differences in the male and female animals (e.g.,
developmental differences) but to changes induced by the hormone.

Stress from having the miniscope attached is a concern, we did not see any behavioral
deficits or significant alterations to the VZV associated pain response versus animals that
were similarly treated in a prior study (Stinson et al., 2019). Expression of an exogenous
protein within the cells, such as GCaMP, could also alter the cellular response and alter the
behavioral response. Again, versus a prior study the behavioral pain response was not
significantly altered comparing GCaMP infused to non-infused animals (Stinson et al.,
2019) suggesting GCaMP expression did not alter the behavior and was consistent with
normal neuronal function. Testing for corticosterone levels in these animals could reveal the
stress effect resulting from miniscope attachment.

Calcium measurements with GCaMP can have complications resulting from overexpression
causing damage to neurons. It is suggested overexpression can be identified when GCaMP
expression is throughout the entire cell body. A healthy cell would only have cytoplasmic
GCaMP expression with exclusion of the nucleus (Resendez et al., 2016) as shown in our
studies in Figure 2. In addition GCaMP can interfere with calcium channels and signaling
events (Yang et al., 2018), problems that must be considered. No overt behavioral
differences was observed between these GCaMP positive rats and animals treated and tested
in the same manner (Stinson et al., 2019) consistent with the idea that calcium channels and
signaling was normal.

It should be noted that changes in GCaMP fluorescent signals are on a slower timescale than
action potentials thus, calcium transients observed, in vivo, likely reflect changes in activity
from baseline, such as bursting events, rather than absolute levels of spiking activity (i.e.
frequency) (Harris et al., 2016; Theis et al., 2016). A functional connection between the
anterior cingulate cortex and ventral posteromedial nucleus had been observed previously
(Wang et al., 2007). Attenuation of excitatory neuronal activity in the thalamus will result in
attenuation of electrical activity in the anterior cingulate cortex and reduce the pain response
(Kramer et al., 2017b). This association is consistent with the idea that excitatory neurons
within the ventral posteromedial nucleus modulate affective pain by altering activity in the
anterior cingulate cortex. This would explain how modulating the excitable cells in this
study altered the behavior in our affective/motivation pain assay. Alternatively, the reticular
thalamic nucleus also projects to regions such as the parafascicular and intralaminar nuclei
(Clemente-Perez et al., 2017) and because the parafascicular nucleus is important in
motivational and effective pain, as tested in this study, it could also modulate the VZV
associated pain response (Weigel and Krauss, 2004).

Patients with trigeminal neuropathy have decreased activity in the reticular thalamic nucleus
contralateral to the pain (Moisset and Bouhassira, 2007). The reticular thalamic nucleus is
comprised of inhibitory GABA neurons (Nagai et al., 1985) and these interneurons send
axons back to the ventral posteromedial nucleus to regulate sensory information passing
through the thalamus to the cortex (Lam and Sherman, 2011). A zoster “shingles” patient
with pain had reduced thalamic activity on a PET scan (ladarola et al., 1995). Because
sensory neurons from the orofacial region project to the thalamus (Guy et al., 2005) it is
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likely that a reduction in inhibitory GABA signaling contributes to pain in these patients.
These results are consistent with animal studies showing that a reduction in reticular
thalamic activity will increase the orofacial, sensory response (Trageser et al., 2006) and that
lesioning the thalamic region, including the reticular thalamic nucleus heightens pain
responses (Saade et al., 1999).

Excitable neurons in the ventral posteromedial nucleus of the thalamus were imaged using
GCaMP and an implanted miniscope. Simultaneously an inhibitory DREADD construct was
expressed in the GADG67 population of the reticular thalamic region. Inhibition of the
GADG7 positive cells increased activity of the excitable cells and increased the pain
response suggesting a role for the reticular thalamus in controlling pain signals by inhibiting
excitable cells within the ventral posteromedial nucleus. These events occurred after treating
with a high dose of estradiol consistent with the idea that estradiol utilizes this pathway to
control orofacial pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. First time imaging calcium activity in vivo in the rat ventral posteromedial
thalamic nucleus
. Inhibition of reticular thalamic neuronal activity increased ventral

posteromedial thalamic activity

. Increased calcium activity in the ventral posteromedial thalamic nucleus was
concomitant with an increase in pain
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A

Inscopix miniscope mounted to lens that
isimplanted on the left side of the
skull/brain 0.2 mm above GCAMP

infusion in the VPL/VPM for neuronal
activity visualization and recording

Coronal section, showing greater
detail of infusion diameters,
infected cells, and lens placement

Magnified detail of Inscopix lens implanted 0.2 mm

. above GCAMP infusion in the
implanted lens and cells VELVPM

DREADD infected neurons GCAMP infected neurons
(red) and virus spread (green) and virus spread (green
(red color/circle indicates  color/circle indicates spread of \
spread of virus contents) virus contents) in the VPL and \
inthe Rt VPM \

1.0 uL bilateral infusion of 1.0 uL bilateral infusion of GCAMP N
DREADD (red color/circle (green color/circle indicates
indicates spread of virus contents) spread of virus contents)

GCAMP infected neurons
(green) in the Ventral
Posterolateral and Ventral

Posteromedial Thalamus with

1.0 uL infusion hi-ghlighted by DREADD infected neurons (red) in the

green circle Reticular Thalamus with 1.0 uL infusion
diameter highlighted by red circle

Coronal section line —

B Treatment Timeline
Week 0 2 5 6 7 8 9 10
Day 0 14 35 42 46 49 53 56 59 63 66 70
T T T T
| | | | E2 Boost | E2 Boost | E2 Boost | E2 Boost I

Infusion into OVXor Lens check Estradiol E2 Boost E2 Boost E2 Boost E2 Boost
Thalamusand Castration  and bracket osmotic Whisker pad Affective Affective Affective
len placed placed for pump injection pain test pain test pain test
miniscope  placement | |

3 weeks affective pain testing with

visual and neural activity recorded

Figure 1.
Bilateral transduction of the thalamus with a calcium biosensor and a DREADD construct.

The DREADD construct was expressed in the GABAergic neurons of the Rt, panel A. The
VPM/VPL was transduced with a calcium biosensor (i.e. GCaMP6f, green cells). A 1 pl
infusion spread approximately 1 mm in the thalamic region as observed from the fluorescent
signal for the calcium indicator. The region transduced by the DREADD construct was
estimated from the spread of the calcium indicator. In panel B a time line of surgeries and
treatments is indicated in days and weeks. The “E2” indicates a boost injection of estradiol.
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Ventral posteromedial nucleus (VPM), ventral posterolateral nucleus (VPL) and reticular
thalamic nucleus (Rt). Details of treatment are given i