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INTRODUCTION
Transient receptor potential vanilloid 1 (TRPV1) is a member of 
the transient receptor potential cation channel family and is acti-
vated by capsaicin, protons, and temperatures above 43°C.1,2 TRPV1 
expression is upregulated during neuropathic pain, and its inhi-
bition results in pain reduction, suggesting that it is an effective 
target for pain relief.3–5 Many cellular factors contribute to TRPV1 
regulation. Signaling molecules such as nerve growth factor (NGF) 
and bradykinin initiate second messenger cascades resulting in 
phosphorylation and sensitization of TRPV1 (ref. 6), while calcineu-
rin (PP3), a Ca2+-calmodulin-dependent serine/threonine protein 
phosphatase, causes TRPV1 desensitization.7,8 We hypothesized that 
there may be other proteins that can negatively affect TRPV1 activ-
ity and may thereby be applicable in gene therapy for chronic pain.

We devised an herpes simplex virus (HSV)-based system to 
screen a cDNA library for cellular factors that inhibit TRPV1 activ-
ity. Our library screen was based on the observations that (i) 
overexpression of TRPV1 from an HSV vector in the presence of 
capsaicin caused cell death and the absence of virus plaques and 
(ii) virus replication could be restored with TRPV1 antagonists or 
by coinfection with vectors expressing dominant-negative PL.9 
This suggested that rescue of plaque formation could be used 
to select negative TRPV1-regulatory genes from a cellular cDNA 
library coexpressed with TRPV1. Using this system, we identi-
fied one candidate that ameliorated TRPV1-related nocifensive 
responses in animal models of pain.

RESULTS
HSV vector development for library screening
To develop the HSV-based coexpression vector, we introduced a 
TRPV1 cDNA (VR1) in place of the viral thymidine kinase (tk, UL23) 
coding sequence in a bacterial artificial chromosome (BAC)-based 
HSV-1 genome (Figure 1a, top) and substituted the internal repeat 
(IRL-IRS; joint) region with a Gateway (GW) recombination cas-
sette flanked by the cytomegalovirus immediate-early promoter 
(CMV) and bovine growth hormone (bGH) polyA region as the site 
for introduction of a cDNA library (T-GW). The promoters driving 
expression of TRPV1 (tk promoter) and the library cDNAs (CMV) 
were chosen to initiate transcription of library cDNAs prior to that 
of TRPV1. To validate this strategy, we substituted the GW core with 
a green fluorescent protein (GFP) cDNA. The resultant construct 
(T-GFP) was transfected into Vero cells and infectious virus (vT-GFP) 
was harvested, expanded, and expression of TRPV1 and GFP was 
assessed by Western blot of infected cell lysates. GFP protein was 
detectable as early as 3-hour post infection (hpi), while TRPV1 pro-
tein was not observed until 7 hpi (Figure 1b).

The ability of capsaicin to inhibit virus growth was assessed by 
infecting Vero cells with virus from T-GW-transfected cells (vT-GW). 
Plaquing was reduced but not eliminated in the presence of capsaicin 
(1 plaque/100 input pfu). Sequence analysis demonstrated that these 
plaques were the result of mutations in the TRPV1 coding sequence. 
Thus, we replaced the UL41 (host shut-off) gene with a second tk 
promoter-TRPV1 expression cassette to reduce this background. 
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Transient receptor potential vanilloid 1 (TRPV1) is a pronociceptive cation channel involved in persistent inflammatory and 
 neuropathic pain. Herpes simplex virus (HSV) vector expression of TRPV1 causes cell death in the presence of capsaicin, thereby 
completely blocking virus replication. Here we describe a selection system for negative regulators of TRPV1 based on rescue of 
virus replication. HSV-based coexpression of TRPV1 and a PC12 cell-derived cDNA library identified protein phosphatase 1α (PP1α) 
as a negative regulator of TRPV1, mimicking the activity of “poreless” (PL), a dominant-negative mutant of TRPV1. Vectors express-
ing PP1α or PL reduced thermal sensitivity following virus injection into rat footpads, but failed to reduce the nocifensive responses 
to menthol/icilin-activated cold pain or formalin, demonstrating that the activity identified in vitro is functional in vivo with a 
degree of specificity. This system should prove powerful for identifying other cellular factors that can inhibit ion channel activity.
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However, selection of transformed bacteria for chloramphenicol resis-
tance, specified in the BAC region between UL37 and UL38, yielded 
predominantly defective genomes lacking UL42-UL22 due to recom-
bination between the TRPV1 cDNAs at UL23 and UL41. To allow for 
selection of both regions of the circular BAC genome (UL24-UL40 and 
UL42-UL22), we inserted an ampicillin resistance gene between UL55 
and UL56 (TTA construct, Figure 1a). Bacterial coselection with chlor-
amphenicol and ampicillin eliminated the amplification of defective 
recombinants. vTTA virus produced 1 plaque per 10,000 input pfu 
on Vero cells in the presence of capsaicin, a more acceptable back-
ground level for the cDNA library screen.

A library PP1α cDNA rescues virus growth in the presence of 
capsaicin
We recombined a cDNA library derived from capsaicin-responsive 
PC12 cells10–12 into the GW locus of the TTA BAC and converted bulk 
recombinants into infectious virus, as outlined in Figure 1c. BAC 

cDNA insert sizes ranged from roughly 400 bp to 3 kb (Figure 1c). 
Approximately 500,000 pfu of virus were screened in the presence 
of 1-µM capsaicin (Figure 1d). We isolated 46 candidate plaques, 
amplified the resultant viruses on Vero cells, and retested each for 
capsaicin-resistant plaque formation; approximately 50% of the 
isolated plaques retained a capsaicin-resistant phenotype. Insert 
cDNAs were polymerase chain reaction (PCR) amplified, introduced 
into a fresh TTA BAC backbone, and recombinant viruses were 
retested for capsaicin resistance. One candidate consistently dem-
onstrated the ability to rescue virus replication in the presence of 
capsaicin. Sequencing identified the insert as full-length protein 
phosphatase 1α (PP1α) cDNA.

We compared the growth of vTTA-PP1α on Vero cells at 48 hpi 
(multiplicity of infection (MOI) = 0.01) with that of a negative con-
trol vector (vTTA) and a positive control vector (vTTA-PL) containing 
“poreless” (PL), a dominant negative mutant of TRPV1.13 vTTA pro-
duced no detectable infectious progeny in the presence of capsaicin, 
while vTTA-PP1α  replicated with an efficiency similar to vTTA-PL, both 
yielding approximately 1 × 103 pfu/ml compared with 0.5 to 1 × 106 
pfu/ml produced in the absence of capsaicin (Figure 2a). The yields in 
the absence of capsaicin were comparable between the three viruses, 
indicating that PP1α did not universally improve virus yield.

PP1α inhibits capsaicin-induced calcium influx in vitro
To express PP1α in the absence of viral replication, we chose an 
HSV BAC vector, DBAC-GW, which is deleted for the essential ICP4 
IE gene and has the essential IE gene ICP27 replaced with a GW cas-
sette between the CMV promoter and a polyA region.12 We recom-
bined PP1α, PL, and GFP cDNAs with the GW cassette and produced 
infectious viruses in Vero cells engineered to complement the 
essential genes in trans.14 We compared capsaicin-induced calcium 
influx using Fura-2, a ratiometric Ca2+ indicator, in isolated rat fetal 
dorsal root ganglion (DRG) neurons exposed to the three vectors. 
Figure 2b shows the average increase in the Fura-2 fluorescence 
ratio (F340/F380) following capsaicin application. A depolarization 
(50 mM K+)-induced increase in fluorescence ratio was used as a pos-
itive control. We observed a significant decrease in the magnitude 
of the capsaicin-induced Ca2+ transient in neurons exposed to PP1α 
or PL expression vectors compared with the GFP vector (P < 0.01).

PP1α reduces thermal sensitivity in vivo
We next asked whether PP1α overexpression affects paw with-
drawal latency (PWL) in vivo. We injected the DBAC-PP1α, -PL, and 
-GFP vectors into the right footpad of male Sprague-Dawley rats 
and measured PWL at 0 and 7 days post inoculation (dpi). At 0 dpi, 
the response was comparable in all animals (data not shown). At 
7 dpi, no difference in PWL was observed between the infected 
and uninfected paws for animals injected with the DBAC-GFP vec-
tor (Figure 2c). In contrast, rats infected with the PP1α or PL vector 
showed increases of 1.7- or 1.8-fold, respectively, in the time to with-
drawal, demonstrating that these animals experienced reduced 
basal thermal sensitivity. A qualitatively similar effect has been 
reported using the selective TRPV1 agonist resiniferatoxin to ablate 
TRPV1-containing C fibers,15 in studies with HSV vectors expressing 
PL16 or dominant-negative PKCε,17 and in TRPV1−/− mice18 or mice 
treated with the selective TRPV1 antagonist JNJ-17203212 (ref. 19). 
However, other studies have observed robust reductions in PWL 
typically only after sensitization by TRPV1 agonist or inflammatory 
insult,20–22 raising the possibility that the reduced thermal sensitivity 
we see is mediated by factors other than TRPV1.

Figure 1 Transient receptor potential vanilloid 1 (TRPV1) vector and 
antagonist screen designs. (a) KOS-37 bacterial artificial chromosome 
(BAC) genome representation (top) with the locations of relevant 
genomic regions indicated. TRL, TRS, terminal repeats of the unique long 
(UL) and unique short (US) segment, respectively; IRL, IRS, internal repeats; 
BAC, loxP-flanked BAC sequences; UL23, tk gene; UL41, vhs gene. The 
TTA BAC genome represented underneath contained a CMV promoter–
driven Gateway (GW) cassette replacing IRL and IRS (∆J); TRPV1 (VR1) 
cDNAs expressed from the early (β) tk promoter in place of (∆) UL23 and 
UL41; and an ampicillin resistance gene (AmpR) between UL55 and UL56. 
(b) Western blots of infected cell lysates. Vero cells were infected with the 
vT-GFP vector (MOI = 3) and processed at the indicated time points for 
immunoblotting with antibodies to TRPV1, GFP, or β-actin. (c) Generation 
of TTA BAC and viral libraries. The range of cDNA sizes recombined into 
TTA BAC was estimated by polymerase chain reaction with flanking 
primers and gel electrophoresis of the products (Library). TTA BAC DNA 
was used as control (TTA). (d) Summary of the library screen.
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To further examine the effect of PP1α on heat sensitivity, we 
observed vector-inoculated animals for alterations in thermal allo-
dynia using a dynamic hot plate where temperature increased from 
30 to 45°C over a 15-minute period. DBAC-GFP-inoculated animals 
showed significant increases in pain-related behaviors at tempera-
tures of 42°C or higher (Figure 2d). In contrast, animals infected with 
DBAC-PL or DBAC-PP1α exhibited substantially reduced pain-related 
responses at all temperatures. Application of capsaicin to the plantar 
surface of the paw previously inoculated with DBAC-GFP caused ther-
mal allodynia, characterized by both a lower temperature at which 
pain behavior was induced, 32°C, and an increase in the number of 
pain-related responses observed in the sensitive range (32°C–45°C) 
(Figure 2e). However, in animals infected with DBAC-PL or DBAC-
PP1α, there was no capsaicin-induced increase in the number of pain-
related responses observed at any temperature tested (Figure  2e). 
These data demonstrated the ability of exogenously expressed 
PP1α to reduce thermal sensitivity. The robust reduction in capsa-
icin-enhanced nociceptive responses suggests that TRPV1 channel 
activity was inhibited, while the reduction in responses seen in the 
absence of capsaicin may indicate an effect on other thermal TRPs.

PP1α does not alter cold allodynia- or formalin-induced 
nociceptive behavior
We next tested the effect of PP1α on cold allodynia. Noxious cold 
responses are reportedly transmitted by both TRPM8 and TRPA1.23,24 

TRPM8 is also activated and sensitized by menthol and icilin. In the 
absence of agonists, rats were largely unresponsive to cold temper-
atures down to 4°C, regardless of the vector with which they had 
been inoculated (Figure 3a). However, treatment of injected animals 
with icilin (Figure 3b) or menthol (Figure 3c) prior to exposure to 
cold triggered pain-related behaviors at temperatures below 10°C. 
No significant difference was observed between the three differ-
ent vector groups, suggesting that PP1α overexpression does not 
modulate TRPM8 activity. As seen with the TRPM8 agonists, no sig-
nificant difference was observed between the three different vector 
groups when the TRPA1 agonists cinnamaldehyde (CA) and AITC 
were applied prior to exposure to cold, suggesting that PP1α over-
expression does not modulate TRPA1 cold-related activity (data not 
shown).

In addition to its reported involvement in the sensation of nox-
ious cold, TRPA1 has a clear role in sensation of noxious chemicals 
such as formalin.23,24 Thus, we tested the effect of our vectors on 
TRPA1 activity by observation of nociceptive behavior induced 
by intradermal formalin.25 We observed a characteristic response 
in control GFP vector-injected animals, i.e., an immediate pain 
response followed by a period of normal behavior, an increas-
ing response and then a decreasing response over a period of 
approximately 60 minutes (Figure 3d).26 PP1α and PL vector-
injected animals responded in a similar fashion, suggesting that 
neither vector influenced TRPA1 channel activity in response to 
noxious chemicals.

Figure 2 Herpes simplex virus vector-mediated protein phosphatase 1α (PP1α) or poreless (PL) expression in vitro and in vivo reduces transient receptor 
potential vanilloid 1 (TRPV1) channel activity. (a) Growth of vTTA, vTTA-PP1α, and vTTA-PL viruses on capsaicin-treated or untreated Vero cells. Cells were 
infected at an MOI of 0.01 and virus yields were determined at 48 hpi. Bars represent the mean ± SD of duplicate experiments; no virus was detected 
in TTA virus-infected, capsaicin-treated cells. (b) Effect of virus-mediated PP1α expression on calcium influx in response to capsaicin. Neurons isolated 
from DRGs of fetal rats were infected with DBAC-PP1α, DBAC-PL, or DBAC-GFP, and the increase in intracellular calcium (mean increase ± SD in the F340/
F380 ratio) after capsaicin treatment is shown (*P < 0.001; Student’s t-test). (c–e) Male Sprague-Dawley rats were injected subcutaneously into the right 
hind paw with 1 × 108 pfu of DBAC-GFP, DBAC-PP1α, or DBAC-PL virus. (c) Thermal latency responses were measured using a Hargreaves apparatus and 
plotted for each group as the mean ± SD of the response times (in seconds) for uninjected left (white) and injected right (black) hind paws. (*P < 0.001, 
**P < 0.0001). (d–e) Thermal allodynia was assessed using a dynamic hot plate in the (d) absence or (e) presence of capsaicin, and the results were 
plotted as the mean ± SD of the number of responses by each animal per group. Student’s t-test was used to compare the control DBAC-GFP group 
with DBAC-PL and DBAC-PP1α (*P < 0.05 and **P < 0.01). BAC, bacterial artificial chromosome.
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DISCUSSION
Afferent nociceptors consist of heterogeneous functional types, 
responsive to different noxious stimuli. HSV-based gene therapy 
vectors that block the activation of individual nociceptors may be 
an attractive strategy for treating specific types of pain. Here we 
searched for genes that inhibit TRPV1 signaling and may function 
to reduce TRPV1-mediated pain. We developed a unique library 
screening methodology based on the differential replication of 
TRPV1-expressing viruses in the presence and absence of the TRPV1 
agonist capsaicin. By introducing a library of cDNAs into the TRPV1 
vector, we could rescue virus growth in the presence of capsaicin 
and identified the gene encoding PP1α as the responsible library 
component.

PP1α is a member of the serine/threonine phosphatase family 
known to regulate a wide variety of biological processes through 
the dephosphorylation of various substrate targets.27 This diverse 
portfolio of activities is regulated by numerous PP1α binding 
partners that affect PP1α subcellular localization, determine PP1α 
substrates, and ultimately control PP1α function.28 TRPV1 activity 
is regulated by many cellular signals, existing at a point of conver-
gence of several second messenger cascades, with phosphorylation 
sensitizing and dephosphorylation desensitizing TRPV1  activation.1 
While a key role for calcineurin (PP3/PP2B) in regulating the activ-
ity of TRPV1 through direct dephosphorylation of the channel 
itself has been clearly demonstrated,8,29 previous studies have not 

excluded PP1α as a regulator of TRPV1 activity.8,30 We show here that 
vector-expressed PP1α reduced capsaicin-induced calcium influx 
in DRG neurons in vitro. Moreover, vector-mediated PP1α expres-
sion reduced thermal sensitivity but not TRPM8 or TRPA1 agonist-
enhanced sensitivity to cold, or formalin sensitivity mediated by 
TRPA1, consistent with a degree of specificity in vivo for channels 
underlying responses to heat, including TRPV1. There remains the 
possibility that HSV vector-mediated overexpression of PP1α may 
modify the heat-activated responses of other thermoTRPs,1,24 such 
as TRPM3, TRPM4, TRPM5, TRPV3, or TRPV4, that were not directly 
assessed. Desensitization of one or more of the thermoTRP chan-
nels, either as a result of dephosphorylation directly by PP1α or as 
part of a PP1α-regulated signaling cascade, may have contributed 
to the reduced thermal sensitivity we observed.

Application of PP1α expression to pain gene therapy could be 
adapted to minimize potential off-target effects on other TRP chan-
nels or target proteins by the use of transductional or transcriptional 
targeting to limit vector distribution or expression to only those cells 
expressing TRPV1. Moreover, PP1α could be used to treat pain arising 
from specific tissues or organs, such as the urinary bladder,31 where 
local application of the PP1α-expressing vector would further limit its 
action to the specific painful area and provide long-term therapeu-
tic gene expression. This targeted approach to chronic pain therapy 
offers a benefit over many analgesic treatments that are administered 
systemically and can generate widespread side effects.

Figure 3 Herpes simplex virus vector-mediated PP1α or poreless (PL) expression did not significantly alter cold- or formalin-induced pain responses. 
Male Sprague-Dawley rats injected subcutaneously into the right rear hindpaw with DBAC-GFP, DBAC-PP1α, or DBAC-PL virus (n = 4/group). (a) Animals 
were placed on a dynamic cold plate where temperature decreased from 20 to 4°C over a 15-minute period. The total number of pain-related behaviors 
(licking, paw withdrawals) observed for the injected paw during each degree interval are plotted as the mean ± SD. (b) The injected paws were 
treated with icilin, and cold allodynia was assessed as in a. (c) The injected paws were treated with menthol, and responses were assessed as in a. (d) 
Quantitation of nocifensive behavior in the formalin footpad test. A weighted pain score was plotted against time and compared between control and 
treatment groups using one-way analysis of variance. No significant differences were noted between the PP1α, PL, and GFP vector-injected animals in 
any of the above assays. BAC, bacterial artificial chromosome.
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A variety of TRP channels, as well as ligand-gated and voltage-
gated ion channels, are involved in either the detection of pain or 
propagation of the pain signal. Our ability to utilize TRPV1 as a tar-
get to identify a gene that inhibits pain-related thermal channels 
in vivo suggests that our library screening methodology should be 
generally useful to identify negative regulators of other channels 
whose activation causes cell death.32–34

MATERIALS AND METHODS
Cell culture
U2OS and Vero cells (ATCC, Manassas, VA) and Vero-based ICP4/ICP27-
complementing 7B cells14 were grown in 5% CO2 at 37°C in Dulbecco’s 
Modified Eagle’s medium (DMEM) (Lonza, Walkersville, MD) with 5–10% (v/v) 
fetal bovine serum (FBS; Sigma-Aldrich, Saint Louis, MO), 100 units/ml peni-
cillin, and 100 μg/ml streptomycin (ThermoFisher Scientific, Pittsburgh, PA).

Library screen
All infections to test capsaicin resistance were performed in the presence 
of 1 μmol/l capsaicin (Sigma-Aldrich) diluted in Dulbecco’s Modified Eagle’s 
medium (DMEM) + 5% FBS. Media were changed daily to provide fresh cap-
saicin. The viral library was titered on Vero cells in the absence of capsaicin. 
Based on this titer, 500,000 pfu of virus were screened on Vero cells in the 
presence of capsaicin. Cells were infected for 2 hours at 0.01 pfu/cell and 
overlaid with fresh medium containing 1% (w/v) methylcellulose and cap-
saicin. 46 plaque-forming viruses were harvested by scraping and sonicat-
ing infected cells, amplified on Vero cells and retested by infecting dupli-
cate wells of Vero cells +/− capsaicin. Plaques were visualized by brightfield 
microscopy and crystal violet staining. Viruses that formed plaques under 
both conditions were considered capsaicin resistant. DNA was isolated from 
those viruses and insert cDNAs were PCR amplified and introduced into a 
fresh TTA BAC backbone by LR clonase II reaction. Viruses produced by trans-
fection of the resulting BAC DNAs were retested for capsaicin resistance.

cDNA amplification from viral DNA
Viral DNA was isolated from plaques growing on Vero cells in 24-well plates 
by proteinase K digestion (100 mmol/l Tris-Cl pH8, 10-mmol/l ethylene-
diamine tetraacetic acid (EDTA), 100  mmol/l NaCl, 10 μg/ml proteinase K, 

0.5% SDS), phenol:chloroform extraction, and ethanol precipitation. DNA 
was resuspended in 25-μl TE buffer, and PCR was performed in two rounds 
with nested primers in the CMV promoter and bGH polyA (round 1: CMV-
F1 and bGH-R2 and round 2: CMV-F3 and bGH-R1; Table 1). Phusion DNA 
polymerase (New England Biolabs, Ipswich, MA) was used in reactions with 
2-μl template DNA, 0.4 μmol/l of each primer, 0.2 mmol/l of each dNTP in 1× 
GC buffer (New England Biolabs) at the following cycler settings: 98°C for 
30 seconds; 30 cycles of 98°C for 10 seconds, 68°C for 10 seconds, 72°C for 
1 minute; and 72°C for 10 minute. 1 μl of the 50-μl first-round PCR reaction 
was used for the second round, with the same PCR conditions. PCR products 
were resolved on a 1% agarose gel, visualized by ethidium bromide staining, 
and isolated with the Qiaquick gel extraction kit.

Western blotting
Vero cells were infected with vT-GFP vector (MOI = 3), and infected cell lysates 
were prepared by incubating the cells in 1× RIPA lysis buffer (Millipore, 
Billerica, MA) with protease inhibitors (cOmplete, Mini; Roche, Indianapolis, 
IN) for 30 minutes on ice. Lysates were boiled for 5 minutes and resolved 
on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
gel at 100 V. Proteins were transferred onto a polyvinylidene fluoride (PVDF) 
membrane (Millipore). The membrane was blocked with 5% nonfat dry 
milk/TBS-T and probed overnight at 4°C with 1:500 diluted primary anti-
body followed by incubation for 1 hour at room temperature (RT) with HRP-
conjugated secondary antibodies (Sigma-Aldrich) diluted to 1:50,000 in 5% 
nonfat dry milk/TBS-T. After washing with 1× TBS-T, proteins were visualized 
with ECL reagents (ThermoFisher).

Calcium imaging
Dissociated fetal rat primary DRG neurons were plated on poly-d-lysine-
coated coverslips in 24-well dishes.35 Cover slips with populations of DRG 
cells were exposed to DBAC-PP1α, DBAC-PL, or DBAC-GFP (4 × 104 pfu/ 
coverslip; three coverslips per virus), and cells were studied at 3 hpi. GFP 
expression on control coverslips indicated high efficiency of infection and 
expression from the CMV promoter at this time point (data not shown). 
DRG cells were loaded with Fura-2AM (2 μmol/l; Molecular Probes, Grand 
Island, NY) for 30 minutes at 37°C. Cover slips were then placed on an epi-
fluorescence microscope and continuously superfused (3–4 ml/minute) with 
hanks’ balanced salt solution. Fura-2 was excited alternately with ultravio-
let light at 340 and 380 nm, and the fluorescence emission was detected at 

Table 1. PCR primers

Name Sequence

3′Joint/CMV CCGCCCCCCGCCGCCCGGGC CCGCCCCCGGGGCCGGCG CGGAGTCGGGCACGATG TACGGGCCAGATATACGCG

5′Joint/bGHpA GCCTTTTATAACCCCG GGGGTCATTCCCAACGATCACA TGCAATCTAACTGGCTAT CCCCAGCATGCCTGCTATTGTC

CS_UL23F GTGGCGTGAAACTCCC GCACTCTTCG GCCAGCGCCTGTAGAAGC GCGTATAGGGCCTGGTGATCAT GGCGGGATCG

VR1_UL23R TTATTCGGCT CATCGCGCGGGT TCCTTCCGGTA TTGTCTCCTT CCGTGTTTCAGAA GAACTCGTCAA GAAGGCG

VR1_UL23F GTGGCGTGAAA CTCCCGCACTCTTCGGC CAGCGCCTGTAGA AGCGCGTATGGAACA ACGGGCTAGCTTAGAC

VR1_UL23R TTATTCGGCTC ATCGCGCGGGTTCCT TCCGGTATTGTCT CCTTCCGTCTTT TATTTCTCCCCT GGGACCATGG

CS_UL41F GCAGGGTGCTGC ACCAATCCGCGTGGAG TTGGGCCATCGA AATTATAAAGAG GGCCTGGTGATCA TGGCGGGATCG

CS_UL41R ATTGGTGGGTCGTT TGTTCGGGGACAAGCGCGCTC GTCTGACGTTTG GGCTCA GAAGAACTC GTCAAGAAGGCG

VR1_UL41F GCAGGGTGCTGCACCA ATCCGCGTGGAGTTGGG CCATCGAAATTATAAAGAG AGTTCTATGATGACACA AACCCCG

VR1_UL41R ATTGGTGGGT CGTTTCTTCGGGGACAA GCGCGCTCGTCTGA CGTTTGGGCTTATT TCTCCCCT GGGACCATGG

UL55/56_AmpF TAAAGAGC CGTAACCCAACCAA ACCAGGCGTGGTGT GAGTTTGTGGACC CTGGAACGAAAA CTCACGTTAAGG

UL55/56_AmpR TAAAAGTATCACG GTCCATACTGGCC TGTCGCGTTGTCT CTGAGGGCTTTGAC GTCAGGTGGCAC TTTTCGGG

CMV-F1 CGCAAATGGGCGGTAGGCGTG

CMV-F3 GAGAACCCACTGCTTACTGGCTTA

bGH-R2 GACACCTACTCAGACAATGCGATGC

bGH-R1 TAGAAGGCACAGTCGAGG

Italicized sequences indicate homology arms.
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510 nm using a computer-controlled monochromator. Image pairs were 
acquired every 1–30 seconds using illumination periods between 20 and 
50 ms. Wavelength selection, timing of excitation, and the acquisition of 
images were controlled using the program C-Imaging (Compix, Cranberry 
Township, PA) running on a personal computer. For each coverslip, baseline 
ratios were measured for 2 minutes (values between 0.2 and 0.3). Cells were 
then stimulated with 0.5-μmol/l capsaicin for 10 seconds, and after return to 
baseline, these were treated with 80-mmol/l KCl for 10 seconds. Only neu-
rons showing both a KCl and a capsaicin response were chosen for analysis. 
For each neuron, the change in intracellular calcium after capsaicin treat-
ment was calculated as the peak response minus the average baseline value. 
The results were plotted as the mean value (±SD) for all KCl responsive neu-
rons (PP1α, n = 29; PL, n = 19; GFP, n = 19).

Animal studies
All housing and experimental manipulations of animals were performed 
in BSL-2 facilities approved by the Association for the Accreditation of 
Laboratory Animal Care (AALAC). All protocols were in agreement with 
procedures approved by the University of Pittsburgh Institutional Animal 
Care and Use Committee (IACUC) in accordance with the guidelines of the 
Committee for Research and Ethical Issues of the International Association 
for the Study of Pain (IASP).

Virus injections.  Male Sprague-Dawley rats (200–250 g) (Jackson Labs, Bar 
Harbor, ME) were injected subcutaneously into the right hindpaw with 
1 × 108 pfu of DBAC-GFP (n = 4), DBAC-PP1α (n = 4), or DBAC-PL (n = 4). The 
animals were subjected to the following series of behavioral tests, and all 
responses were recorded by a blinded observer.

Thermal latency response.  At 7 dpi, each rat was placed in a plexiglass 
enclosure on a glass surface maintained at 30°C (Hargreaves apparatus, 
IITC, Woodland Hills, CA). After a 15-minute accommodation period, a 
light beam was focused on the midplantar area of each hindpaw, and the 
amount of time to paw withdrawal from the heat source was measured. 
Three determinations per hindpaw were used for each animal to determine 
its thermal latency response. Light beam intensity was chosen such that the 
average paw withdrawal times for the contralateral paws and the DBAC-
GFP-injected ipsilateral paws ranged from 7 to 10 seconds.

Capsaicin-induced thermal allodynia. At 14 dpi, animals were placed on a dy-
namic hot plate (IITC) where temperature increased from 30°C to 45°C over 
a 15-minute period. During each degree interval, the total number of pain-
related behaviors (licking, paw withdrawal) was counted for the injected paw 
and the average number of nocifensive responses per animal was plotted over 
the temperature range (mean ± SD). At 15 dpi, 100 μl of capsaicin (10 mmol/l in 
50% ethanol) was applied to the plantar surface of the right hindpaw and after 
15 minutes, pain behaviors were scored on the heat ramp.

Cold-induced pain. At 16 dpi, animals were placed on a dynamic cold plate 
where temperature decreased from 20°C to 4°C over a 15-minute period. 
During each degree interval, the total number of pain-related behaviors 
(licking, paw withdrawal) for the injected paw was counted. At 14 dpi, the vi-
rus-injected hindpaw was injected subcutaneously with 50 µl of 10-mmol/l 
AITC (Sigma) or 50 µl of 20% trans-cinnamaldehyde (CA; Sigma).36 At 
15-minute post injection, behavior was observed on the cold ramp. At 17 
dpi, the injected hindpaw was treated with 50 µl of 100-µmol/l icilin (Tocris, 
Avonmouth, Bristol, UK) and behavior was again observed on a cold ramp. 
At 18 dpi, the injected hindpaw was treated with 50 µl of 100-µmol/l men-
thol (Sigma-Aldrich) and behavior was observed 15 minutes later on a cold 
ramp. For each test, the average number of responses per animal (mean ± 
SD) was plotted over the temperature range.

Formalin footpad test. At 18 dpi, a dilute solution of formalin (2.5%) was 
injected subcutaneously in the plantar aspect of the virus-injected paw, 
and the rats were placed in a 48 × 27 × 20 cm plastic box positioned over 
a mirror tilted at a 45° angle. Beginning 30 seconds after the injection of 
formalin, and once every 10 minutes thereafter, nocifensive behaviors were 
recorded for 3 minutes. A weighted pain score was derived based on the 
number of times the animal exhibited a specific behavior during the 3-min-
ute  observation period (0 = plantar surface of paw flat against surface; 1 = 
paw cupped with only toes touching surface; 2 = paw lifting from surface; 
3 = complete paw withdrawal with licking). The weighted pain score was 
plotted against time and compared between control and treatment groups 
using one-way analysis of variance.

GW recombination
Reactions were performed using LR clonase II (ThermoFisher Scientific). 
Individual cDNAs were cloned between the attL recombination sites of 
plasmid pENTR1A (ThermoFisher Scientific). BAC DNAs containing an attR-
flanked GW cassette were maintained in HerpesHogs (HH8) bacteria.12 
Reactions were performed with 200 ng of BAC DNA, 100 ng of pENTR1A 
plasmid DNA, and 2 μl of enzyme for 1 hour at RT and were inactivated with 
Proteinase K. DNA was spotted on 0.025-μm MF-Membrane Filters (EMD 
Millipore, Darmstadt, Germany), dialyzed for 1 hour against 0.5× TE, and 
introduced into electrocompetent DH10B-T1 Phage Resistant Escherichia 
coli (ThermoFisher Scientific) by electroporation (1650 V, 25 μF, 150 Ω). 
Colonies were plated on LB agar plus chloramphenicol (15 μg/ml).

BAC constructs
DBAC vectors. PP1α, PL, and EGFP cDNAs in pENTR1A were recombined 
with DBAC-GW DNA12 maintained in and purified from HH8 bacteria. 
 Recombinants were screened by PCR across the GW cassette and confirmed 
by field inversion gel electrophoresis (FIGE) analysis (FIGE mapper, BioRad, 
Hercules, CA) of restriction enzyme digests.

TTA BAC. KOS-37 BAC, containing the complete strain KOS HSV-1 genome 
on a BAC,37 was kindly provided by David Leib (Dartmouth Medical School, 
NH). The HSV unique short (US) region in this BAC is in the reverse orienta-
tion relative to the published sequence (positions 132,503–145,393) of 
HSV-1 KOS38 (GenBank Accession number JQ673480). All modifications of 
this vector were introduced by Red/ET-mediated Recombination using 
the Gene Bridges Counter-Selection BAC modification kit with primers 
 designed to generate homology arms for recombination into the BAC 
(Table 1).

First, KOS-37 BAC was modified by replacement of the internal repeat 
region of the HSV genome (117,078–131,902 of JQ673480) with a modified 
GW cassette. An EcoRV fragment containing the GW cassette from Gateway 
conversion plasmid A (ThermoFisher) was cloned into the EcoRV site of 
pcDNA3.1 (ThermoFisher Scientific) between the CMV promoter and bGH 
polyadenylation region. The CMV-GW-bGHpA fragment was PCR amplified 
with primers containing homology arms targeting the KOS-37 joint region 
(3′Joint/CMV and 5′Joint/bGHpA). The resultant targeting fragment was 
recombined into the BAC genome by Red/ET recombination (Gene Bridges, 
Heidelberg, Germany) using zeocin selection (25 μg/ml). Next, the coding 
sequence for rat TRPV12 (NM_031982.1) was substituted for the UL23 (thy-
midine kinase, tk) coding sequence (positions 46,613–47,743 of JQ673480), 
leaving the tk promoter intact. A counter-selection cassette (kanamycin 
resistance and streptomycin sensitivity) was PCR amplified with 5′ homol-
ogy arms targeting UL23 (CS_UL23F and VR1_UL23R) and inserted using 
the protocol described by the manufacturer (15 μg/ml kanamycin selec-
tion). The counter-selection cassette was replaced with a TRPV1 cDNA 
that had been PCR amplified with primers containing the same homology 
arms (VR1_UL23F and VR1_UL23R) using streptomycin sensitivity (50 μg/
ml streptomycin selection). The final recombinant BACs were referred to as 
T-GW. A second tk promoter (47,976–47,744 of JQ673480) and TRPV1 coding 
sequence were inserted in place of the UL41 (host shut-off, vhs) promoter 
and coding sequence, replacing positions 91,088–92,699 of JQ673480, 
using the technique described above. The counter-selection cassette was 
PCR amplified using primers CS_UL41F and CS_UL41R; the tk promoter-
driven TRPV1 cDNA was amplified from the previously described T-GW BAC 
using primers VR1_UL41F and VR1_UL41R. Finally, the ampicillin resistance 
gene from pcDNA3.1 was recombined into the BAC genome between UL55 
and UL56 (after position 116,070 of JQ673480). The targeting fragment was 
amplified with primers UL55/56_AmpF and UL55/56_AmpR, and selection 
was done with ampicillin (30 μg/ml). All PCR reactions for BAC recombina-
tion were carried out with Accuprime PFX DNA polymerase: 10-ng template 
DNA and 0.3 μmol/l of each primer at the following cycling conditions: 94°C 
for 2 minutes; 25 cycles of 94°C for 15 seconds, 58°C for 30 seconds, 68°C for 
1 minute per kb; and 68°C for 10 minutes. PCR products were resolved on a 
1% agarose gel, visualized by ethidium bromide staining, and gel isolated 
using the Qiaquick gel extraction kit (Qiagen, Germantown, MD).

BAC library production
The pENTR-based cDNA library derived from a mixture of NGF-differentiated 
and undifferentiated PC12 cells was previously described.12 TTA BAC DNA 
was purified using the Qiagen Large Construct Kit (Qiagen). The library 
was recombined with the TTA BAC Gateway cassette by incubation of 2 μg 
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of BAC DNA and 200 ng of library plasmid DNA with clonase enzyme for 
4  hours. Following electroporation into DH10B-T1 bacteria, recombinants 
were titered by serial dilution on LB plates containing 15 μg/ml of chloram-
phenicol and 30 μg/ml of ampicillin, demonstrating a total yield of ~200,000 
colony forming units. En masse bacterial amplification was performed by 
overnight incubation at 30°C under shaking in 500 ml LB supplemented 
with 15 μg/ml of chloramphenicol and 30 μg/ml of ampicillin, with BAC DNA 
purified using the Qiagen Large Construct Kit. PCR across the GW cassette 
to assess the diversity of cDNAs recombined into TTA BAC was performed 
with Taq DNA polymerase and primers CMV-F1 and bGH-R1 (Table 1) using 
100 ng BAC DNA, 0.2 μmol/l of each primer, and 0.2 mmol/l of each dNTP 
(Promega, Madison, WI) at the following cycling conditions: 94°C for 3 min-
utes; 30 cycles of 94°C for 30 seconds, 58°C for 30 seconds, 72°C for 3 min-
utes; and 72°C for 10 minutes. PCR products were resolved on a 1% agarose 
gel and visualized by ethidium bromide staining.

Transfection of individual BAC DNAs
All transfections were performed with Lipofectamine LTX (ThermoFisher 
Scientific). DBAC-based recombinants were transfected into 7B cells. All 
TTA-derived BAC DNAs were transfected into Vero cells. DNA was diluted in 
500 μl of Opti-MEM (ThermoFisher Scientific), incubated with 3 μl of Plus 
Reagent for 5 minutes at RT, 9 μl of LTX reagent was added and the mixture 
was incubated for 30 minutes at RT. The transfection mix was added to cells 
and the combination was incubated at 37°C for 6 hours before the super-
natant was removed and fresh media (Dulbecco’s Modified Eagle’s medium 
(DMEM) + 5% FBS) was added. Following transfection, cells were cultured 
at 37°C overnight, shifted to 33°C, and monitored for cytopathic effect for 
virus collection. Virus was collected from the supernatant by the addition of 
0.45 M NaCl (final concentration), incubation at RT with shaking for 60 min-
utes, removal of cells by centrifugation at 3,000g for 10 minutes at 4°C, and 
final filtration through a 0.8 μm filter.

BAC library transfection
U2OS cells were seeded at 3 × 105 cells per well in a six-well dish and grown 
overnight. Purified BAC library DNA was introduced by transfection with 
Lipofectamine LTX, as follows. For each well, 2 μg of DNA was diluted in 
500 μl of Opti-MEM and incubated with 2.5 μl of Plus Reagent for 5 minutes 
at RT. 6.25 μl of LTX reagent was then added and the mixture was incubated 
for 30 minutes at RT, added to the cells, and the combination was incubated 
at 37°C for 4 hours before removal of the transfection mix and addition of 
fresh Dulbecco’s Modified Eagle’s medium (DMEM) + 10% FBS. A total of 24 
μg of BAC DNA was used to generate the virus library.

Virus titration
Vero cells were seeded in 24-well dishes (1 × 105 cells/well) and confluent 
monolayers of cells were infected 24 hours later (MOI = 0.01). Supernatants 
were collected at 48 hpi, the cells were scraped and sonicated, and the two 
fractions were combined and titered by 10-fold serial dilution on Vero cells. 
Titers were calculated from the averages of duplicate experiments.

Statistics
Data were analyzed using Microsoft Excel software, and the data sets were 
statistically compared by using Student’s t-test (two-tailed), assuming 
unequal variances for the two sets (heteroscedastic).
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