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Abstract

Pain is a common complication of herpes zoster (HZ) infection which results from reactivation of 

a latent varicella zoster virus (VZV). A third of HZ patients’ progress to a chronic pain state 

known as post herpetic neuralgia (PHN), and about a quarter of these patients’ have orofacial pain. 

The mechanisms controlling the pain responses are not understood. Studies suggest central 

pathways involving the thalamus could control pain related to HZ, and studies in our lab suggest 

vesicular GABA transporter (VGAT) in the lateral thalamus influences orofacial pain. We 

hypothesized that thalamic VGAT functions, in part, to reduce pain, particularly orofacial pain, 

associated with VZV. To address this hypothesis VZV was injected into the whisker pad. Affective 

and motivational aspects of pain were measured using the Place Escape/Avoidance Paradigm. 

Thalamic neuronal activity was modulated after injecting an adeno-associated virus (AAV) 

expressing an engineered acetylcholine Gi-protein coupled receptor. This receptor inhibits 

neuronal firing when bound by clozapine-n-oxide (CNO). VGAT expression was attenuated in the 

thalamus by injecting an AAV construct that expressed a VGAT silencing shRNA. VZV induced 

nociception was significantly decreased after administering CNO in male rats. Nociception 

significantly increased concomitant with increased thalamic c-fos expression after attenuating 

thalamic VGAT expression. These data establish that the lateral thalamus (posterior, ventral 

posteromedial, ventral posterolateral and/or reticular thalamic nucleus) controls VZV induced 

nociception in the orofacial region, and that GABA in this region appears to reduce the response to 

VZV induced nociception possibly by gating facial pain input.
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Introduction

Infection with the Herpesvirus Varicella zoster virus (VZV) causes chickenpox, a self-

limiting childhood disease that is followed by a latent state. Reactivation of VZV results in 

the clinically distinct disease herpes zoster (HZ), commonly termed “shingles” (Johnson et 

al., 2010). The trigeminal ganglia has the highest viral load (Mahalingam et al., 1990) and 

cadaver studies suggest about 80% of the population harbors VZV in the trigeminal ganglia 

(Pevenstein et al., 1999). Moreover, a significant fraction of HZ cases (up to 56%) have 

facial involvement (Ragozzino et al., 1982; Pavan-Langston, 1995). A form of HZ known as 

herpes zoster ophthalmicus (HZO) may develop in ocular tissues resulting in ocular pain and 

loss of visual acuity; HZO occurs in about 50,000 individuals annually (Pavan-Langston, 

2000). Zoster-associated pain occurs during the acute phase, while chronic pain lasting 

longer than 90 days develops in about 20–30% of HZ sufferers (Mitchell et al., 2003; 

Dubinsky et al., 2004; Colon, 2009; Fashner and Bell, 2011; Kinchington and Goins, 2011). 

This chronic condition is termed post-herpetic neuralgia (PHN). In approximately 30% of 

PHN patients, pain can last for more than one year (Kawai et al., 2014). HZ incidence 

increases with age, with most HZ sufferers being 60 years of age or older. Given that the 

population over 60 years of age is predicted to double in the next 50 years (Kawai et al., 

2014), HZ and the associated pain are increasingly important problems in the future. 

Although vaccines for both varicella and HZ are available, the HZ vaccine prevents only 

about half of HZ and reduces “clinical illness” (including PHN) by about two-thirds (Harpaz 

et al., 2008). Thus, even in a fully vaccinated population (which is far from being achieved) 

zoster associated pain, HZ and PHN will remain common.

A rat model of PHN was first detailed by Fleetwood Walker’s group, where footpad 

inoculation of VZV induced long term hyperalgesia and allodynia mirroring the chronic 

allodynia seen in PHN patients (Fleetwood-Walker et al., 1999; Dalziel et al., 2004). In this 

model the rat exhibits pain behaviors after a primary infection rather than reactivation, 

currently no animal model of reactivation is known. The response profile of VZV induced 

pain was similar to that seen in humans; for example, antivirals, opioids or NSAIDS were 

not highly effective treatments (Garry et al., 2005; Hasnie et al., 2007). Even with current 

treatment there remains a need for more effective therapy, since up to half of PHN patients 

gain little to no relief from any current therapy (Beal et al., 2012; Derry et al., 2013). 

Mechanisms for VZV induced pain are not yet resolved, but VZV may not need to replicate 

completely to induce a response (Surman et al., 1990; Hempenstall et al., 2005; Guedon et 

al., 2015). VZV gene expression is required for pain (Guedon et al 2014) and the VZV 

transcriptional regulator IE62 has been postulated to alter host gene expression programs 

leading to pain induction (Kinchington and Goins, 2011).

The thalamus has a role in orofacial pain responses (Bezdudnaya and Keller, 2008). A facial 

HZ patient with PHN was found to have reduced thalamic activity on a PET scan (Iadarola 
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et al., 1995). In humans, MRI studies have shown that reduced GABA activity in the 

thalamus was associated with pain involving the trigeminal pathway (Henderson et al., 

2013). Lesion of the lateral thalamic region, including the reticular thalamic nucleus, can 

heighten pain responses (Saade et al., 1999). Interestingly, all neurons in the reticular 

thalamic region express GABA with only a miniscule population of GABA positive cells in 

the adjacent ventroposterior nuclei (Barbaresi et al., 1986). Neurons in the ventroposterior 

thalamic nucleus send collaterals to the adjacent reticular thalamic nucleus and GABA 

positive neurons in the reticular thalamic nucleus send axons back to the ventroposterior 

thalamic nucleus “gating” pain signals passing through the thalamus to the cortex (Vahle-

Hinz et al., 1994; Lam and Sherman, 2011). The trigeminal nuclei project to the posterior 

thalamic nucleus and GABA neurons in the zona incerta affect thalamic activity (Masri et 

al., 2009; Chang et al., 2012). To extend these studies our lab has shown that vesicular 

GABA transporter (VGAT) expression was elevated in the lateral thalamic region, including 

the reticular thalamic nucleus, when the nociceptive response was decreased (Umorin et al., 

2016). Although it has been hypothesized that central pain pathways have a role in HZ pain 

the genes and pathways involved have not been established. In this study we hypothesized 

that VGAT expression in the lateral thalamic region will affect HZ associated pain in the 

orofacial region of the rat. Most VGAT is expressed in the reticular thalamic nucleus of the 

lateral thalamic region (Lein et al., 2007). Accordingly, we evaluated nociception by 

measuring an escape and/or avoidance behavior after injecting the whisker pad with VZV 

and determined the response after modulating lateral thalamic neuronal activity and VGAT 

expression.

Experimental Procedures

This study was approved by the Baylor College of Dentistry Institutional Animal Care and 

Use Committee. Male (300–350 grams) Sprague-Dawley rats from Envigo (Indianapolis, 

IN) were kept on a 14:10 light/dark cycle. The rats were given food and water ad libitum. 

After a 4 day acclimation period experiments were carried out in accordance with the NIH 

regulations on animal use. Two experiments using two different batches of rats were 

completed, in Experiment #1 twenty-two male rats were injected with 100 μl of a high 

concentration of VZV, the parent Oka strain (pOka), at >1000 plaque forming units (pfu)/μl 

(provided by Dr. Kinchington). In Experiment #2 thirty-four male rats were injected with a 

lower concentration of VZV from a different preparation (650 pfu/μl).

Surgery

Adult male Sprague-Dawley rats were anesthetized with 2% isoflurane and an air flow of 2 

liter per minute. Aseptic stereotaxic (David Kopf Instruments, Tujunga, CA, Model 1460–

61) injection of virus was performed with the needle tip (Hamilton #7002KH Neuros 

syringe, Reno, NV) at coordinates 3.6 mm posterior of Bregma, 3.0 mm from midline at a 

depth of 6.0 mm. A Stoelting stereotaxic syringe pump system was used to infuse 0.250 μl 

of 2–8 ×1012 pfu/ml AAV8 or 1 ×1013 pfu/ml AAV5 or AAV9 at a rate of 20 nanoliters per 

minute. In the vehicle (no virus) group 0.250 μl of vehicle (350 nM NaCl, 5% D-Sorbitol in 

PBS) was infused. After infusion the needle was left in place for 5 minutes and then 

removed. In Experiment #1 twenty-two male rats were infused bilaterally with AAV8 
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expressing a neuronal silencing construct Syn-hM4D(Gi)-mcherry (Gene Therapy Center 

Vector Core, University of North Carolina at Chapel Hill) or vehicle. Expression of the 

receptor was driven by the neuronal synapsin-1 promoter (Syn), which drove expression in 

most neurons. The hM4D(Gi) gene was an engineered acetylcholine Gi-protein coupled 

receptor that inhibits neuronal firing when bound by clozapine-n-oxide (CNO) (Rogan and 

Roth, 2011). Upon CNO binding the receptor stimulates calcium release, ERK1/2 activation, 

inhibits forskolin-induced cAMP formation and potentially GIRK activation, thereby 

causing hyperpolarization and inhibition of basal action potential firing (Rogan and Roth, 

2011). To affect change in neuronal activity, the modified acetylcholine Gi protein-coupled 

receptor was expressed primarily in the posterior, ventral posteromedial and ventral 

posterolateral thalamic nuclei of Sprague-Dawley rats (Fig. 1A), and activated by binding 

CNO (Alexander et al., 2009). In Experiment #2 the right thalamus of thirty-four male rats 

was injected with AAV9 containing either a verified VGAT shRNA construct (5′-
CACCGCATCATCGTGTTCAGCTACACTCGAGTGTAGCTGAACACGATGATGCTTTT

T-3′) driven by the U6 promoter with a mCherry tag or AAV5 containing a scrambled 

shRNA construct (5′-
AGGATCCAGTACTGCTTACGATACGGTTCAAGAGACCGTATCGTAAGCAGTACTTT

TTTT-3′) driven by the U6 promoter containing a GFP tag (Vector Biolabs, Philadelphia, 

PA). Sites of injection were verified by identification of cells positive for the 

immunofluorescent tag. Animals were given a 5 mg/kg dose of nalbuphine I.M. (Hospira, 

Lake Forest, IL) after surgery and allowed to recover 7 days.

Place Escape/Avoidance Paradigm testing in male rats

One week after thalamic injections were complete the rats were anesthetized briefly with 2% 

isoflurane using a 2 liter per minute flow of air and the left whisker pad was injected with 

100 μl of MeWo cells (human melanoma fibroblast cell line) infected with VZV (n=20) or 

control MeWo cells lacking virus (n=14) (Guedon et al., 2014). The rats were ambulatory 

after 5 minutes following injection. Seven days following whisker pad injection rats were 

evaluated for nociception by individuals blinded to the groups using the Place Escape/

Avoidance Paradigm (PEAP) test as detailed by the Fuchs lab (LaBuda and Fuchs, 2000). 

Rats were placed in a 30 cm × 30 cm × 30 cm acrylic box where half the box was covered in 

black cloth. The PEAP test is based on the assumption that an aversive stimulus results in an 

escape and/or avoidance behavior (LaBuda and Fuchs, 2000). Rodents, being nocturnal, 

prefer the dark side of the chamber. Animals in the chamber were then poked with a 60 gram 

Von Frey filament every 15 seconds, applying stimulus to the injected side when rats are on 

the dark side of the chamber, and to the un-injected side when on the light side of the 

chamber. Stimuli were applied to the region below the eye and caudal to the whisker pad, a 

region innervated by the second branch of the trigeminal ganglia (Leiser and Moxon, 2006). 

The time spent on the dark side of the box was recorded in 5 minute bins during the total 

testing time of 30 minutes. The 30 minute test was performed weekly. In Experiments #1 the 

rats received an intraperitoneal injection of 1 mg/kg CNO dissolved in 0.9% saline or an 

injection of 0.9% saline in a 0.5 ml volume 30 minutes before testing. Testing was 

completed for 4 weeks in Experiment #1 and for two weeks in experiment number #2.
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Tissue collection

In Experiment #2, rats were sacrificed three weeks after VZV injection by exposure to CO2 

for 90 seconds followed by decapitation. The brain was extracted within five minutes of 

decapitation using a rongeur, placed on dry ice and cut on a Zivic brain slicer (Zivic, 

Pittsburgh, PA). Sections were cut 2 mm thick and the sections between Bregma −3 to −5 

were placed on glass slides and kept on dry ice. Lateral thalamic tissue was collected with 

punches 2 mm in diameter centered around the injection site, punches included the posterior 

thalamic nucleus, the ventral posteromedial and ventral posterolateral thalamic nuclei and a 

portion of the reticular thalamic nucleus. Tissue was stored in liquid nitrogen until RNA or 

protein extraction. Three of the 17 MeWo samples were lost in this isolation procedure.

Real time PCR

Fourteen samples from the 20 VZV injected rats and 8 samples from the 17 MeWo injected 

rats in Experiment #2 were randomly selected for RNA analysis. In Experiment #2 RNA 

extraction was performed using the RNA Lipid Tissue Kit from Qiagen (Valencia, CA) and 

RNA concentration was determined on a Nanodrop2000. A one-step reverse transcription 

PCR reaction was performed on BioRAD C1000 Thermal Cycler using the SYBR-Green 1-

Step RT-PCR kit and primers from Qiagen (VGAT primer catalog # QT00378413, 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primer catalog # QT00199633). The 

thermal protocol was 30 min @ 50 °C for the reverse transcription reaction, 15 min @ 95 °C 

for DNA pol activation and 40× (15 s @ 94 °C melting, 30 s @ 56 °C annealing, 30 s @ 

72 °C extension). A melting curve was obtained thereafter for quality assurance. Sample 

amount was adjusted according to total RNA concentration to obtain 20 ng of total RNA per 

well in the final reaction mix. All reactions were run in triplicate. PCR runs that did not 

exhibit a proper amplification profile were discarded. For each sample, the threshold Ct 

value for GAPDH was subtracted from the Ct of value for VGAT to give a ΔCt. The mean 

ΔCt from the right thalamus was subtracted from the left thalamus to give a ΔΔCt. To get the 

fold change the −ΔΔCt was raised to the second power (2−ΔΔCt). Values for decreased 

expression were calculated by using the formula (−1/fold change).

Immunofluorescent Staining

Six samples from the 20 VZV injected rats and 6 samples from the 17 MeWo injected rats 

from Experiment #2 were randomly selected for immunofluorescent staining. After 

anesthetization with 100 mg/kg ketamine and 10 mg/kg xylazine the animals were first 

perfused with 9% sucrose and then second with 4% paraformaldehyde in 1× PBS, pH 7.4. 

Fixed tissues were stored in 25% sucrose, frozen, cryo-sectioned and the 20 μm sections 

placed on Histobond slides (VWR international, Radnor, PA). The tissue was then blocked 

with a PBS solution containing 5% normal goat serum and 0.3% Triton-X 100 for 2 hours at 

room temperature. The slides were incubated in primary antibody overnight at 4°C. Primary 

antibodies consisted of the mouse monoclonal NeuN antibody at a 1:250 dilution (Millipore, 

Billerica, MA), 1:200 dilution of the rabbit polyclonal c-fos antibody (Cell Signaling, 96F), 

1:250 dilution of the rabbit polyclonal GFAP antibody (Millipore, GA5) or the rabbit 

polyclonal VGAT antibody (AB5062P, Millipore) at a 1:200 dilution. Primary antibodies 

were diluted in PBS containing 5% BSA and 0.3% Triton X-100. After rinsing three times in 
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PBS with 0.3% Triton X-100 for a total of 45 min, slides were placed for 2 hours in 

secondary antibody. Secondary antibodies (1:500 dilution) included goat anti-mouse 488, 

goat anti-mouse 568, goat anti-rabbit 488 or goat anti-rabbit 568 (Invitrogen, Carlsbad, CA). 

After rinsing the slides three times in PBS 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 and NIS-Elements imaging software and a Photometrics CoolSnap 

K4 CCD camera (Roper Scientific, Inc, Duluth, GA).

Cell counting

Representative cell counts were completed on 20 μm coronal sections. Every other section 

was selected for staining. Typically three sections were counted for each animal. The 

injection site was the center point from which sections were selected. On each section two 

randomly selected fields near the tip of the injection site was counted. The background was 

subtracted from the image and a fluorescent signal associated with a cell nucleus was 

counted as a positive cell. The number of AAV transduced cells was counted within a 0.2 

mm2 field adjacent to the injection site. The number of c-fos positive cells was counted 

within a 0.5 mm2 field. Counts were completed within the ventral thalamic nuclei including 

the posterior, ventral posteromedial, ventral posterolateral and reticular thalamic nuclei. Cell 

counts from each section were then averaged for each animal. Values were given as a mean 

and SEM representing an average of the three values for the three animals for each treatment 

group.

Statistics

PEAP data was analyzed by two-way ANOVA with repeated measures (multiple time bins; 5 

minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes, 30 minutes) the independent 

variables were virus (VZV, AAV, control) and drug (no CNO, CNO) and the dependent 

variable was the PEAP values. PCR data was analyzed by two-way ANOVA and the 

independent variables were virus and drug (VZV and shRNA) and the dependent variable 

was the fold change in gene expression. Statistical and Bonferroni post-hoc tests were 

completed on Prism 5.04, GraphPad Software, La Jolla, CA. The cell count data was 

analyzed by a Mann-Whitney test. Each animal was treated as a single data point. A value 

two standard deviations from the mean of that treatment group was not included in the 

analysis. Data analyzed by ANOVA had normal distributions and equal variances. 

Significance was indicated when p<0.05. All values are given as the mean and SEM.

Results

Activation of Gi construct reduced the nociceptive response

Thalamic AAV infection of the Syn-hM4D(Gi)-mcherry construct resulted in cells 

expressing the fluorescent virus tag. These fluorescent cells were located in the posterior, 

ventral posteromedial, ventral posterolateral and reticular thalamic nuclei (Fig. 1A). Many of 

the cells infected with virus were neurons as indicated by the staining of axons (Fig. 1A, 

arrow, high magnification images) and co-localization with the neuronal marker NeuN (Fig. 
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1B). No co-localization was observed between virus infected cells and the glial marker 

GFAP (data not shown).

In rats injected with VZV a significant nociceptive response was observed over three weeks 

(Fig. 1C–E) as compared to control (i.e., MeWo cells). The main effect was significant in 

weeks one F(4, 90)=17.0, P<0.0001, two F(4, 90)=14.6, P<0.0001 and three F(4, 90)=36.9, 

P<0.0001 but not in week four F(4, 90)=1.17, P=0.38 (Fig. 1F). However, activation of the 

neuronal inhibitor hM4D(Gi) by CNO administration significantly reduced the nociceptive 

response after VZV injection as compared to control rats in weeks one (Fig. 1C), two (Fig. 

1D) and three (Fig. 1E) but not in week four (Fig. 1F). A significant interaction between 

virus (VZV) and drug (CNO) was observed in weeks one F(4, 90)=4.1, P<0.0001, two F(4, 

90)=3.2, P<0.0001 and three F(4, 90)=2.6, P=0.001 but not in week four F(4, 90)=1.14, 

P=0.32.

Thalamic neurons were transduced with VGAT shRNA

Thalamic neurons were transduced with shRNA after injecting the ventral posteromedial 

thalamic nucleus with AAV. Following AAV injection into the thalamus the whisker pad of 

these rats were injected with either VZV or control (i.e., MeWo cells). The shRNA construct 

was observed in cells of the posterior nucleus, ventral posteromedial, ventral posterolateral 

and reticular thalamic nuclei (Fig. 2A, B). Cells were positive for the neuronal marker NeuN 

and expressed the fluorescent tag for shRNA production (Fig. 2C–F). Cell counts of these 

fluorescent cells were then completed. In rats given a VZV injection the number of NeuN 

positive cells in a 0.2 mm2 field was 40 ± 6 and of these cells 12 ± 3 co-localized with the 

VGAT shRNA marker. In rats injected with control 44 ± 2 cells were NeuN positive and 14 

± 2 cells co-localized with the VGAT shRNA marker. For the control shRNA construct 15 

± 3 cells were positive out of the 34 ± 5 NeuN positive cells in VZV injected rats and in 

control rats 11 ± 2 cells were positive for the control shRNA out of the 32 ± 6 NeuN positive 

cells. VZV injection had no significant effect on the number of cells infected with the VGAT 

or control shRNA construct (n=3). Of note, the VGAT shRNA construct co-localized to 

VGAT expressing cells in the reticular thalamic nucleus (Fig. 3A–C, arrows).

Attenuation of VGAT expression with VGAT shRNA altered the VZV induced nociceptive 
response

A significant >4 fold reduction in VGAT expression F(1, 17)=21.9, P=0.0002 was observed 

in the thalamus after infection of VGAT shRNA (Fig. 4A). VZV injection did not 

significantly affect VGAT expression and no interaction between VZV injection and shRNA 

treatment was detected F(1, 17)=0.01, P=0.9. After reducing VGAT expression (i.e., VGAT 

shRNA treatment) there was an increase in the VZV nociceptive response versus rats that 

received control shRNA in weeks one F(3, 150)=5.9, P=0.002 and two F(3, 150)=15.8, 

P<0.0001 (Fig. 4B, C) strongly supporting the conclusion that VZV induced pain involves 

thalamic VGAT. A significant interaction between treatment and time was observed in 

weeks one F(3, 150)=7.1, P<0.001 and two F(3, 30)=11.7, P<0.0001.

The males in Experiment #2 were injected with (100 μl volume × 650 pfu/μl)=65,000 pfu/

whisker pad and responded for one week (Fig. 4B) and the male rats in Experiment #1 
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responded for three weeks (Fig. 1B–D) but were injected with over 100,000 pfu/whisker 

pad. The higher dose of VZV induced a longer response consistent with the idea that there 

was a dose response.

A correlate of cellular activity was measured in the thalamus by counting c-fos positive cells 

in the ventral posterior nuclei after treatment with control shRNA (Fig. 5A–C) and VGAT 

shRNA (Fig. 5D–F). VZV injection increased the number of c-fos positive cells P<0.05 

(n=3) (Fig. 5G). In rats treated with VGAT shRNA the number of c-fos positive cells 

significantly increased in the ventral posteromedial nuclei P<0.05 (n=3) (Fig. 5G).

Discussion

Pain resulting from VZV infection is common, debilitating, can last for years and be 

frequently refractory to any treatment (Kawai et al., 2014). The central mechanisms for 

chronic pain associated with VZV are unknown. In this study we looked at pain related to 

orofacial VZV infection. Studies from our lab suggested thalamic expression of VGAT 

modulates pain in the orofacial region (Umorin et al., 2016) but it was unclear if VGAT 

would alter orofacial nociception or if VGAT could affect VZV induced nociception. To 

address this question neurons were transduced with constructs to reduce neuronal activity or 

VGAT expression. The result of VGAT knock-down increasing activity was in contrast to Gi 

stimulation decreasing activity. In addition, activation of the engineered Gi coupled receptor 

reduced the behavioral response to VZV infection in the whisker pad. Because this 

engineered receptor has been shown to reduce neuronal activity (Armbruster et al., 2007) 

these results suggest inhibition of neuronal activity in the lateral thalamus reduced VZV 

induced nociception. Alternatively, Gi stimulation attenuated an inhibitory neuronal 

pathway(s), increasing the behavioral response when testing the non-infected site.

Most VGAT in the lateral thalamic region is expressed in the reticular thalamic nucleus 

(Lein et al., 2007). Because GABA positive neurons in the reticular thalamic region send 

collaterals to the ventroposterior thalamic nucleus (Barbaresi et al., 1986; Lam and Sherman, 

2011) it is possible that inhibition of VGAT in GABA positive neurons of the reticular 

thalamic region reduced inhibitory signaling to the ventroposterior thalamic nucleus. This 

attenuation of the inhibitory pathway impinging upon the excitatory neurons within the 

ventroposterior thalamic nucleus (Storm-Mathisen et al., 1983) would result in increased 

cellular activity (c-fos staining) and an increase in the behavioral response, as was observed 

in this study. Together the results suggest that the lateral thalamus functions in controlling 

VZV pain in the face and that GABA in the thalamus inhibits the VZV pain response.

The excitatory glutamatergic cells are present in the posteromedial/posterolateral thalamic 

nuclei (VGLUT2 positive) while most of the inhibitory neurons (VGAT positive) are in the 

reticular thalamic nuclei (Lein et al., 2007). Injection of the virus into the ventral 

posteromedial thalamic nuclei resulted in transduction of many cells in the ventral 

posteromedial/posterolateral thalamic nuclei and fewer cells in the reticular thalamic nuclei. 

It is possible that the disproportionate transduction of excitatory neurons resulted in greater 

attenuation of the excitatory neurons versus inhibitory neurons resulting in a reduced 

behavioral response. VGAT miRNA was also injected into the posteromedial region but only 
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affected VGAT expressing cells in the reticular nucleus thus, resulting in attenuated of only 

inhibitory cells that then increased the behavioral response.

Knock-down of VGAT expression would attenuate GABAergic inhibition. Reduction of 

GABAergic inhibition would be expected to result in an increased nociceptive response after 

VZV injection, consistent with results from Experiment #2. Of note is the fact that VZV did 

not increase the behavioral response in week two in Experiment #2, although VZV and 

VGAT shRNA treatment together increased the behavioral response. We explain this 

phenomenon as VZV treatment sensitizing the pain pathway but at a level below the 

threshold detectable by the PEAP assay. But in the group treated with VGAT shRNA 

concomitant with VZV injection the nociceptive response increased to levels detectable by 

our assay. This effect of VGAT shRNA treatment would potentially be due to inhibition of 

GABA signaling. Note the reduction in VGAT was over 4 fold after infection with VGAT 

shRNA, the response could have been much greater in specific sub-nuclei but the tissue plug 

used for analysis was relatively large and included posterior, ventroposterior and reticular 

thalamic nuclei.

After injecting the whisker pad with VZV the behavioral response decreased over time, 

consistent with results from paw injection (Fleetwood-Walker et al., 1999). The decreased 

response is likely to result from reduced inflammation and/or viral silencing. In support of 

this idea VZV results in inflammation (Guedon et al., 2015) and this inflammation has been 

shown to decrease over time after an initial herpes virus infection (St Leger and Hendricks, 

2011). Also, VZV genes have been hypothesized to alter neuronal function and result in pain 

(Kinchington and Goins, 2011). Over time VZV becomes silent though a mechanism that is 

still unclear (Kennedy et al., 2015). Silencing of the virus in neurons would result in reduced 

VZV gene expression and be hypothesized to lead to a decrease in the nociceptive response 

as observed in this study.

Importantly, upon sectioning the brain no fluorescent signal was observed in the 

somatosensory cortex, a region projecting to the thalamus, supporting the idea that virus did 

not transport from the injection site to effect other brain nuclei resulting in our observed 

response but caution must be taken as the AAV5 and AAV6 serotype can result in axonal 

transport (Aschauer et al., 2013; Low et al., 2013; Salegio et al., 2013).

In these studies cells were transduced with serotypes AAV2/5, 2/8 and 2/9. These hybrid 

serotypes contain the chromosome from AAV2 that is then packaged with proteins making 

up a capsid shell from either AAV5, AAV8 or AAV9. It is the capsid that results in virus 

attachment to a cell and dictates transduction specificity. In previous work neurons in the 

thalamus of the mouse were efficiently transduced with AAV2/8 and AAV2/9 serotypes but 

few astrocytes or oligodendrocytes were transduced (Cearley and Wolfe, 2006). AAV2/5 

efficiently transduced neurons in the brain of rats, but few transduced astrocytes were 

detected (Burger et al., 2004). Consistent with the previous reports most transduced cells in 

this study were neurons. Furthermore, the efficiency of transfection was not significantly 

different between the serotypes but some non-neuronal cells were transduced. Because 

astrocytes have a role in neuropathic pain (Grace et al., 2014) transduction of glial cells 
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could have contributed to the altered behavioral effects observed after modulating Gi 

activity.

Inhibiting VGAT expression in the lateral thalamic area increased c-fos staining in the 

ventral posteromedial nuclei suggesting increased cellular activity in this region. Rats 

receiving whisker pad injection of VZV also increased the number c-fos positive cells in 

comparison to the control suggesting that VZV exposure results in increased cell activity. 

Although mechanical stimulation (injection/infusion) could elevate c-fos expression in these 

studies we did not include a non-injected group. All animals in these studies received the 

same mechanical stimulation equalizing the effect of mechanical stimulation on c-fos 

expression in all groups. These studies also did not study c-fos expression over time and it is 

likely c-fos expression was greater after the initial VZV injection and diminished over time.

Conclusions

Affective and motivational aspects of pain resulting from VZV infection of the face can be 

reduced by modulating neuronal activity in the thalamus, which suggests that affective and 

motivational aspects pain signals from the face are transmitted by the lateral thalamus. This 

is consistent with studies demonstrating noxious orofacial input from the trigeminal nucleus 

caudalis (Vc) are conveyed to the ventral posteromedial thalamic nuclei (VPM) (Sessle, 

1999). The reduction of thalamic VGAT increased nociception suggesting that GABA 

signaling in the lateral thalamic region gates or inhibits VZV facial pain; potentially through 

GABA positive interneurons in the reticular thalamic region (Lam and Sherman, 2011).
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Highlights

1. VZV injected into the whisker pad induces orofacial pain in rats

2. Reduced neuronal activity in the thalamus altered orofacial pain

3. GABA signaling in the thalamus gates or inhibits VZV induced facial pain
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Figure 1. Lateral thalamic neurons modulate orofacial VZV induced nociception in male 
Sprague Dawley rats (Experiment #1)
Panel A is a representative fluorescent image of the lateral thalamic region after injection of 

AAV8 containing an Syn-hM4D(Gi) construct which co-expresses mcherry (red). The right 

three panels are a magnified image of the cell indicated by an arrow in panel A. Bar equals 

500 μm. Po= posterior thalamic nuclei, VPM= ventral posteromedial thalamic nuclei, VPL= 

ventral posterolateral thalamic nuclei and Rt= reticular thalamic nuclei. In panel B an arrow 

points to a NeuN positive cell (green) infected with AAV8 construct Syn-hM4D(Gi) 

mcherry (red) within the thalamic region. In panels C–F, nociception was measured in each 
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rat using the Place Escape/Avoidance Paradigm (PEAP). Two weeks before nociception was 

measured the thalamus was injected with AAV8-Syn-hM4D(Gi) or vehicle bilaterally. PEAP 

was completed one (C) two (D) three (E) or four weeks (F) after injecting the left whisker 

pad with VZV (pOka strain) (>1000 pfu/μl) or equivalent uninfected control MeWo cells. 

Thirty minutes before PEAP testing the rats were intraperitoneally injected with a 1 mg/kg 

dose of clozapine-n-oxide (CNO) or 0.5 ml of saline. ANOVA and Bonferroni post-hoc 

testing was performed and an asterisk indicates a significant difference (p<0.05) between the 

VZV/AAV/no CNO and the VZV/vehicle/+CNO group versus the control and VZV/AAV/

+CNO groups. The predetermined number of animals in each group is shown in parenthesis 

in panel B.
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Figure 2. Neurons in the lateral thalamic region were transduced with shRNA expression vectors 
(Experiment #2)
Representative low magnification image of the lateral thalamic region from a male rat three 

weeks after injecting AAV5 containing a scrambled shRNA-GFP construct (green) (Panel 

A). Panel B is a composite image of an adjacent Nissl stained section. Po= posterior 

thalamic nuclei, VPM= c, VPL= ventral posterolateral thalamic nuclei, ZI= zona incerta, 

IC= internal capsule and Rt= reticular thalamic nuclei, LV= lateral ventricle (arrow). In 

panels C-F the images were taken near the border of the ventroposterior nucleus and the 

reticular thalamic nucleus three weeks after injecting AAV9 containing the VGAT shRNA 
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construct. This particular animal received a VZV injection in the whisker pad contralateral 

to the thalamic infusion. In panel C the image shows AAV9 transduced cells in red that are 

indicated by an arrow head and open arrows. A cell staining for only AAV9 is shown in 

panel C and is indicated by an arrow head (note: no corresponding green signal in panel D). 

The cell indicated by an arrow in panel C does not express the AAV9 marker mCherry. In 

panel D NeuN positive neurons are shown in green and are indicated by an arrow and open 

arrows. A cell staining for only NeuN is shown in panel D and is indicated by an arrow 

(note: no corresponding red signal in panel C). A cell not staining for NeuN is indicated by 

an arrowhead in panel D. Hoechst stain is shown in blue, panel E. AAV9 transduced neurons 

co-localize with the neuronal NeuN (panel F, yellow, open arrows). Bar equals 50 μm.
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Figure 3. VGAT positive cells in the reticular thalamic nuclei were transduced with the shRNA 
constructs (Experiment #2)
Panels A and B show a high magnification image of AAV9 transduced cells in the reticular 

thalamic nucleus three weeks after injecting AAV9 containing the VGAT shRNA-mCherry 

construct (red). Panels A and C show immunofluorescent staining for VGAT (green). AAV9 

positive cells co-localized with VGAT in panel A (arrows). Blue is nuclear Hoechst stain. 

Bar equals 20 μm.
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Figure 4. Transduction of the VGAT shRNA construct reduced VGAT transcript and increased 
the VZV induced nociceptive response (Experiment #2)
In panel A the expression of VGAT significantly decreased three weeks after treatment with 

VGAT shRNA. On the graph the ΔCt from the right thalamus (contralateral to VZV 

injection) was subtracted from the left thalamus (ipsilateral to VZV injection) to give a 

ΔΔCt. To get the fold change the −ΔΔCt was raised to the second power (2−ΔΔCt). In this 

experiment RT-PCR for VGAT expression was completed on thalamic punches after 

transducing a VGAT shRNA or a control shRNA construct. The whisker pads of these 

animals were also injected with either VZV or control two weeks before quantitation of 

VGAT transcript. An asterisk indicates a significant difference of p<0.05. In panels B and C 

male rats were injected with AAV containing the scrambled shRNA or VGAT shRNA 

construct and tested using PEAP after whisker pad injection of VZV (650 pfu/μl). The PEAP 

test was performed once a week for two weeks starting 7 days after VZV or control (i.e., 

MeWo cell) injection. Values are the average time, in seconds, that each group of animals 

spent on the dark side of the testing chamber out of a 5 minute bin (i.e., 300 seconds). Panel 

B shows the data for week one and panel C shows the data for week two. The hash sign 

indicates a significant difference (p<0.05) between the control shRNA/VZV and the VGAT 

shRNA/VZV group. The asterisk indicates a significant difference between the VZV and 

control treated groups, that is, the control shRNA/control versus control shRNA/VZV and 

VGAT shRNA/control versus VGAT shRNA/VZV group. The predetermined number of 

animals in each group is shown in parenthesis.
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Figure 5. Thalamic c-fos expression increased after administration of VGAT shRNA (Experiment 
#2)
In these experiments AAV was injected, then VZV was injected one week after AAV and 

then one week after VZV injection the nociceptive measurements were started. Nociceptive 

measurements were carried out for two weeks after VZV injection. Animals were sacrificed 

immediately following the tests in week two for c-fos quantitation. Panel A shows cells in 

the ventral posteromedial thalamic nucleus three weeks after being transduced with the 

AAV5 virus containing the control shRNA construct expressing GFP (arrowheads, green). 

Panel D shows cells in the thalamus three weeks after being transduced with AAV9 

containing the VGAT shRNA construct expressing mCherry (arrowheads, red). Panels B and 
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E shows c-fos positive cells (arrows and arrowheads, red). In panels C and F c-fos positive 

cells co-localize with shRNA expressing cells (yellow, arrowheads). In this rat VZV was 

injected into the contralateral whisker pad. Blue is nuclear Hoechst stain. Bar equals 50 μm. 

Panel G is a histogram for cell counts of c-fos positive cells in the ventral posteromedial 

thalamic nucleus after three weeks after infusion of AAV containing shRNA constructs and 

after injection of VZV or control. An asterisk indicates a significant difference of p<0.05. 

There were three animals in each treatment group.
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