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Fig. 4. Newly formed vasculature arising from intact intramedullary vasculature adjacent to healing fracture (a) 10 days post fracture, small contrast-filled blood vessels in the
extramedullary fracture callus and endosteal areas of the intramedullary cavity (red arrow) appear to arise from intact intramedullary vessels (white arrow) proximal to the fracture callus
(purple arrowhead indicates fracture site). (b-e) Two dimensional reconstructed sagittal (b, ) and axial (d, e) uCT images illustrate multiple anastomoses (yellow arrowheads) between
the intramedullary (blue asterisks) and extramedullary (#) vasculature (c and e are magnified regions highlighted in b and d, respectively). The purple arrowhead indicates the fracture
site (b). The site of the 23-G fixation pin in the axial image is denoted with a blue arrow (d). Notably, the fixation pin does not occupy the entire intramedullary canal. Macroscopic
dissection of the proximal end of the fracture callus (f) reveals the presence of yellow contrast-filled vessels (yellow arrowhead transgressing the cortical bone (dashed white lines)
and communicating between intramedullary space (blue asterisks) and the extramedullary/subperiosteal hard callus (#, outlined by green dashed line)). Scale bars are given within

the figure. Vessel diameter demarcated by color (0 and 0.18 mm) in all figures.

fracture callus (Figs. 5a, b) in contrast to the observed avascular fracture
callus 7-DPF (data not shown). Histological examination shows a pre-
dominance of vascularity at the leading edge of the invading hard tissue
callus in the transition zone between the hard and soft tissue calluses as
wells as throughout the hard tissue callus. In agreement with macro-
scopic dissections and 2D-uCT reconstructions, no vessels were found
within the avascular cartilaginous soft tissue callus (Fig. 5¢). These find-
ings were also observed 14-DPF however the soft tissue callus was
greatly diminished in size while the hard tissue callus was much more
predominate (data not shown).

Spatial patterns of vascular endothelial growth factor and its type 1 and 2
receptors during fracture healing

Vascular endothelial growth factor-A (VEGF-A) and vascular endo-
thelial growth factor receptor 1 (VEGFR1) and 2 (VEGFR2) expressions
were investigated by immunofluorescence microscopy at distinct foci
along the periosteal surface 10-DPF (Figs. 6a-b). Compared to unreactive
normal periosteum, the immunoreactivity of VEGF-A staining was mark-
edly increased along the periosteum at its junction with uninvolved cor-
tical bone, which was also the site of initial intramembranous ossification
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Fig. 5. Vascular polarity in hard and soft tissue fracture calluses 10 days post fracture. (a) Macroscopic dissection and (b) 2D uCT images from Microfil-injected fracture callus both
demonstrate contrast agent within the extramedullary hard tissue callus, but not in soft tissue callus (see paired Safranin-O stained sections in c for comparison). At higher power mag-
nification, a richly vascularized area with sprouting vessels (#) is seen adjacent to the avascular soft tissue callus (asterisk). (c) Paired sections of fracture callus stained with Safranin-O
confirm the locations of the hard tissue callus (stained blue/green) and soft tissue callus (stained red). A higher power microscopic view of the interface between the hard tissue callus (#)
and the soft tissue callus (asterisk) shows nondescript mesenchymal cells and Microfil-filled small capillaries (yellow arrowheads) replacing areas of soft callus at the interface of the hard
tissue and soft tissue calluses. Scale bars: 500 pum (left) and 50 pm (right). Images are representative sections from 5 animals 10 days after fracture.

during formation of the hard tissue callus (Fig. 6¢, boxes 1 & 4). These
areas align anatomically with the sites at which the intramedullary
vasculature is disrupted (compare with Fig. 3). In contrast, an increase
in immunoreactivity of VEGF-A staining was not observed in the perios-
teum overlying the soft tissue callus and disrupted intramedullary vascu-
lature in the central region of fracture callus (Fig. 6¢, boxes 2 & 3).
Evaluations of multiple anatomic locations representing distinct bio-
logical activities during fracture healing demonstrate the coordinated
spatial expression of VEGFA, VEGFR1 and VEGFR?2 in the subperiosteal
and extramedullary fracture callus 10-DPF (Figs. 7 & 8a). VEGFR1 & 2-
positive cells are seen only in areas of intramembranous ossification
or in hard tissue callus along the interface with soft tissue callus.
These VEGFR1 & 2-positive non-chondrocytic cells are in close proxim-
ity to VEGF-A sources, either the periosteum at the proximal and distal
aspects of the fracture callus or at the interface with soft tissue callus
(Figs. 7 & 8b, box 1). Additionally, we observed that immature
chondrocytes located deep in the soft tissue callus, and superficial to
vascular deficient intramedullary bone did not express either VEGF-A,
VEGFR1 or VEGFR2 (Figs. 7 & 8b, box 2). However, neighboring hyper-
trophic chondrocytes as well as chondrocytes situated at the transition
between soft tissue and hard tissue callus expressed VEGF-A but
not VEGFR1 or 2 (Figs. 7 & 8b, box 3). Juxtaposed to hypertrophic
chondrocytes in the zone of transition, nondescript mesenchymal cells

of the hard tissue callus invading the soft tissue callus were found to
demonstrate immunoreactivity for VEGF-A, VEGFR1 and VEGFR2, dem-
onstrating the dichotomous nature of the VEGFR-positive vascularized
hard tissue callus from the avascular VEGFR1 & VEGFR2-negative soft
tissue callus (Figs. 7 & 8b, box 4).

Discussion

The indispensable role of angiogenesis in fracture repair has been rec-
ognized for over a century [14,25,26]. However, elements of the temporal
and spatial patterns of fracture revascularization have remained elusive.
Employing a high-throughout, cost-efficient model of a displaced/
stabilized fracture model with advanced imaging techniques; our data
clearly supports the unifying theory of revascularization of a displaced
fracture requiring both intramedullary and periosteal angiogenesis.
These findings provide essential data needed to expand upon the current
model of fracture revascularization developed by the pioneers of this field
during the early to mid-20th century (graphical abstract, Fig. 9).

A critical aspect of fracture revascularization unanswered by the clas-
sical reports in this field was the association of intramedullary and peri-
osteal angiogenesis. As stated above, it was thought that angiogenesis
occurred in these anatomically distinct compartments independently.
Trueta and Rhinelander demonstrated that angiogenesis initiated in the
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Fig. 6. VEGF-A is primarily expressed in periosteum overlying intramembranous bone formation in hard tissue callus. (a, b) Radiograph and Safranin-O-stained section of a 10 days post
fracture (10-DPF) transverse femur fracture and its fracture callus (yellow dashed line). VEGF-A staining was examined at various microanatomic periosteal sites, such as the area of initial
intramembranous ossification (box 1), areas overlying the soft chondroid callus (boxes 2 and 3), and an area of unreactive normal periosteumn (box 4). (c) Immunofluorescence demon-
strates increased immunoreactivity of VEGF-A (red) in the periosteum (asterisk) overlying the area of hard callus formation (box 1) compared to minimal levels of immunoreactivity seen
in the periosteumn overlying the soft callus (boxes 2 and 3) and normal unreactive periosteum on intact cortical bone (box 4). Scale bars: 40 pm.

intramedullary space directly from the remaining intact vasculature [28,
30,31]. Less was known regarding the originating source of the periosteal
vasculature and was conventionally believed to originate from the sur-
rounding musculature as succinctly summarized by Kelly [31] in 1968:

... if the fracture is produced violently or is stabilized by intra-
medullary fixation, the needed new vessels originate outside the
bone and the muscle vessels supply the periosteal system with these
necessary new vessels.

To the contrary, our results suggest that intramedullary and perios-
teal angiogenesis occur in tandem, not independently. In support of
this conclusion, our model is the first to demonstrate a reproducible
disruption of the diaphyseal intramedullary vasculature following
a fracture and or intramedullary nailing. We further show that the
anatomic site of intramedullary vascular disruption corresponds to the
region of initial periosteal/subperiosteal intramembranous ossification
and revascularization. In 1960, Brookes showed that blood flows in
a centrifugal manner from intramedullary vessels to the periosteal
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Fig. 7. Differential expressions of VEGF-A and VEGFR1 in the subperiosteal space in fracture callus. (a) Safranin-O staining of a fracture callus 10 days post fracture ( 10-DPF) shows a zone of
intramembranous bone formation (box 1), a zone of primitive mesenchymal-appearing cells in the soft tissue callus (box 2), and an area of mature hyaline-type cartilage in the soft tissue
callus (box 3). The interface between the soft tissue callus and the hard tissue callus is denoted in box 4. (b) High power photomicrographs of the 4 regions of interest stained with
Safranin-O and immunofluorescence for VEGF-A (red) or VEGFR1 (yellow). (box 1) Hard tissue callus consisting of intramembranous ossification shows abundant immunoreactivity of
VEGF-A primarily in the overlying periosteum and numerous VEGFR1-positive cells within the sub-periosteal space. (box 2) Safranin-O staining shows a cellular zone of primitive spindle
cells without evidence of matrix deposition, in which VEGF-A or VEGFR1 is not detectable. (box 3) VEGF-A appears to be limited to occasional enlarged, hypertrophic chondrocytes within
this area of hyaline cartilage. No VEGFR1 immunostaining is observed. (box 4) Abundant VEGF-A immunoreactivity is present in the stromal at the interface of the soft and hard tissue
calluses, in addition to hypertrophic chondrocytes at the periphery of the avascular soft tissue callus. VEGFR1-positive cells are also present within the hard tissue callus at the transition

zone. Scale bars: 20 pm.

vasculature through cortical anastomoses [53]. Thus, it is plausible
that periosteal elevation results not only from traumatic hemorrhage
and hematoma formation, but also from shunting the interrupted
intramedullary blood flow to the regional periosteal vasculature. This
theory is strongly supported by our application of novel, state of the
art molecular and imaging approaches which revealed enhanced vascu-
lar anastomosis between the intramedullary vasculature and the areas
of periosteal vascular engorgement during the earlier phases of fracture
healing. Although these findings do not disprove the conventional hy-
pothesis that periosteal revascularization occurs via ingrowth of vessels
from the surrounding soft tissues, it does provide the first evidence that
periosteal vasculature is directly connected to the intact intramedullary
vasculature. Thus, we posit that shunting blood flow from the intact
intramedullary vasculature to the subperiosteal space adjacent to the
fracture site is an initial step displaced fracture revascularization in
our model.

Formation of new bone during healing of a displaced fracture is
achieved through both intramembranous and endochondral ossifica-
tion. During intramembranous ossification, new bone is produced by
direct extension of osteoblasts and endothelial cells [37,54,55]. Previous
investigations have demonstrated that this process is tightly regulated
by chemotactic and proliferative responses of endothelial cells and
osteoblasts to VEGF-A through VEGF receptors including VEGFR1 [32,
56-58]. In our studies, we found that the initial site of intramembranous
ossification occurs at the periosteal region with the most robust expres-
sion of VEGF-A. Also, at this same location there are numerous VEGFR1
& 2-positive cells morphologically consistent with osteoblasts and en-
dothelial cells. Based on these observations, we propose the following
revisions to the current model of fracture repair: 1) the initial site
of intramembranous ossification and revascularization occurs at the
proximal and distal aspects of the fracture site, where periosteum
inserts on adjacent uninvolved cortical bone because this is the
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Fig. 8. Differential expressions of VEGF-A and VEGFR2 in the subperiosteal space in fracture callus. (a) Safranin-O staining of a fracture callus 10 days post fracture (10-DPF) shows a zone of
intramembranous bone formation (box 1), a zone of primitive mesenchymal-appearing cells in the soft tissue callus (box 2), and an area of mature hyaline-type cartilage in the soft tissue
callus (box 3). The interface between the soft tissue callus and the hard tissue callus is denoted in box 4. (b) High power photomicrographs of the 4 regions of interest stained with
Safranin-O and immunofluorescence for VEGF-A (red) or VEGFR2 (green). (box 1) Hard callus consisting of intramembranous ossification shows abundant VEGF-A immunoreactivity
primarily in the overlying periosteum and numerous VEGFR2-positive cells within the sub-periosteal space. (box 2) Safranin-O staining shows a cellular zone of primitive spindle cells
without evidence of matrix deposition, in which VEGF-A or VEGFR2 is not detectable. (box 3) VEGF-A immunoreactivity appears to be limited to enlarged, hypertrophic chondrocytes
within this area of hyaline cartilage. No VEGFR2 immunostaining is observed. (box 4) Abundant VEGF-A immunoreactivity is present in the stromal at the interface of the soft and
hard tissue calluses, in addition to hypertrophic chondrocytes at the periphery of the avascular soft tissue callus. VEGFR2-positive cells are also present within the hard tissue callus at

the transition zone, Scale bars: 20 um.

site where intramedullary blood flow is shunted to the periosteum.
2) Although the initiating signal for VEGF release is not clear, the
immunolocalization of VEGF-A in the periosteum at this site is likely
instrumental for the recruitment and/or activation of VEGFR1 & 2-
positive mesenchymal cells, endothelial cells, and osteoblasts to the
subperiosteal space to support intramembranous angiogenesis and
bone formation.

In contrast to intramembranous ossification, bone is formed on a
pre-existing cartilaginous template during endochondral ossification
[59]. In the central area of the fracture callus that is far from the
disrupted regional vasculature, the initial mesenchymal cell prolifera-
tion differentiates along the chondrocyte lineage, likely due to the low
oxygen tension in this avascular environment. This is supported by
our angiographic and histologic data showing that the soft tissue callus

is composed of avascular hyaline cartilage and primitive fibrocartilage.
In addition, there was minimal detectable periosteal VEGF-A in this lo-
cation and no VEGF-A positive cells were seen within the central soft
callus. Thus, during the initial phases of fracture healing the central,
avascular cartilaginous soft tissue callus abuts areas of richly vascular
intramembranous ossification composed of VEGFR1-positive osteo-
blasts and endothelial cells, thereby recapitulating the primary
spongiosum of the physis. Therefore, we propose that the fundamental
event during fracture repair determining whether bone heals through a
vascular intramembranous or an avascular endochondral pathway is its
proximity to intact intramedullary vascular system and the presence of
VEGFR1-positive cells.

In the active physis, expression of VEGF-A by hypertrophic
chondrocytes recruits VEGFR1-positive endothelial cells and osteoblasts
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Fig. 9. Proposed model of bone revascularization during fracture healing. In a normal long
bone, the intramedullary blood supply communicates with periosteal vessels. Trauma
and resultant hemorrhage after acute fracture lead to regional hematoma formation,
disrupting the intramedullary and periosteal vasculature. As a result of increased centrif-
ugal flow, blood is shunted from the intramedullary vasculature to the periosteal vascula-
ture. Subsequently, cells within the periosteum express VEGF-A and recruit endothelial
cells and osteoblasts to the area. This results in the initial hard tissue callus formation
through intramembranous ossification. Ordered release of VEGF-A by hypertrophic
chondrocytes at the edges of the soft callus directs its replacement by nascent blood
vessels and woven bone through endochondral ossification. As the extramedullary vascu-
lature reunites with intramedullary vasculature, the newly formed blood vessels and hard
callus are remodeled and resemble the original cortical bone. IM = intramembranous &
EC = Endochondral.

to the zone of hypertrophy, where osteoid deposition on the cartilage
matrix results in formation of the primary bone spongiosum. Indeed,
the interface between soft and hard tissue calluses in a fracture site
closely resembles the primary spongiosa of the physis [17,18,59-61).
In support of this, we have shown that hypertrophic VEGF-A-positive
chondrocytes are present in areas of transition from avascular soft tissue
callus to vascularized hard tissue callus, which are rich in VEGFR-
positive cells. The essential nature of VEGF-A during fracture repair is
supported by evidence that inhibiting VEGFR1 & 2 or VEGF-A impairs
ossification and results in a persistent avascular soft tissue callus com-
posed of hypertrophic chondrocytes [15,19,62]. Hence, these results
indicate that 1) the VEGF-A/VEGFR system is an essential component
of the transition from soft-tissue callus to hard tissue callus resulting
in vascular and bone union and 2) chondrocyte hypertrophy and release
of VEGF-A directs polarized bone formation through the recruitment of
the vasculature and mesenchymal osteoprogenitor cells at the periph-
ery of callus.

Our results further suggest that after union of the fracture, angiogen-
esis and vascular remodeling continue. Specifically, we found that frac-
ture remodeling begins around the time at which the intramedullary
vasculature is re-established. From these observations we hypothesize
that fracture remodeling occurs as a result of the restoration of
intramedullary vascular continuity and as normal intramedullary
blood flow is re-established, periosteal shunting is reduced and the
periosteal callus becomes relatively hypo-perfused. In support of this
theory, Rhinelander observed that when fracture fragments are approx-
imated such that the intramedullary vasculature directly communicates
with periosteal vessels, and does not occur until re-establishment of
intramedullary blood flow [31,36].

In conclusion, we have developed a model that indicates that there
is an intricate interplay between intramembranous and endochondral
ossification during fracture healing in young growing male mice. Perios-
teal intramembranous bone formation is critical in providing a richly
vascularized network of osteoblastic potential that is necessary for sub-
sequent invasion and replacement of soft tissue callus. Hypertrophic
chondrocytes releasing VEGF-A in the avascular soft tissue callus seem
to be required for recruiting the developing vascular network and oste-
oblastic mesenchymal cells to replace the soft tissue callus and form an
ossified callus across the fracture site. By quantification of the phases of
fracture healing over time (Fig. 3 & Table 1), we discovered that fracture
revascularization is inversely proportional to the size of the soft tissue
callus and directly proportional to the size of the hard tissue callus.
Thus, the temporal and spatial development of fracture vascularity is
controlled by the precise orchestration of intramembranous and endo-
chondral processes.

The diseases most commonly associated with delayed fracture
healing or fracture non-union all share a component of vascular dysfunc-
tion. Given this association, several investigations have proposed that ad-
dressing vascular dysfunction may significantly reduce fracture healing
complications in certain patient populations [63-67]. This model of re-
vascularization during healing of displaced/stabilized fractures identifies
the specific temporal and spatial events that will provide future insight
as to the causes of and potential means to prevent and treat delayed
fracture healing and non-union. Additionally, while other investigations
have revealed vasculature emanating from muscle surrounding a fracture
[52,68], our model clearly demonstrate communication between the
intramedullary vasculature and the fracture callus. Future studies are
required to determine the relative significance of the contribution of
intramedullary as opposed to muscle derived angiogenesis on fracture
revascularization. Additionally, future studies designed to determine if
the results regarding the temporal and spatial revascularization of a
healing fracture are altered by the mode of fracture or in conditions
known to affect bone and vascular biology such as age, sex, and chronic
medical conditions such as diabetes or obesity. If so, these findings may
provide insight into novel surgical and medical treatments intended to
restore the normal process of bone revascularization following a fracture.
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Gene therapy for neuropathic pain requires efficient gene
delivery to both central and peripheral nervous systems.
We previously showed that an adenoassociated virus
serotype 9 (AAV9) vector expressing short-hairpin RNA
(shRNA) could suppress target molecule expression in
the dorsal root ganglia (DRG) and spinal cord upon intra-
thecal injection. To evaluate the therapeutic potential of
this approach, we constructed an AAV9 vector encod-
ing shRNA against vanilloid receptor 1 (TRPV1), which is
an important target gene for acute pain, but its role in
chronic neuropathic pain remains unclear. We intrathe-
cally injected it into the subarachnoid space at the upper
lumbar spine of mice 3 weeks after spared nerve injury
(SNI). Delivered shTRPV1 effectively suppressed mRNA
and protein expression of TRPV1 in the DRG and spinal
cord, and it attenuated nerve injury-induced thermal
allodynia 10-28 days after treatment. Our study pro-
vides important evidence for the contribution of TRPV1
to thermal hypersensitivity in neuropathic pain and thus
establishes intrathecal AAV9-mediated gene delivery as
an investigative and potentially therapeutic platform for
the nervous system.

Received 4 March 2013, accepted 17 October 201 3; advance online
publication 10 December 2013. doi:10.1038/mt.2013.247

INTRODUCTION

Neuropathic pain following peripheral nerve injury is character-
ized by a loss of afferent sensory function as well as hyperalgesia
and allodynia,' and available treatments are insufficient because
the underlying mechanisms are poorly understood. Furthermore,
a problem associated with centrally acting drugs is that they target
receptors/channels that are widely expressed and are thus associ-
ated with a higher risk of adverse effects such as sedation, dizzi-
ness, somnolence, or loss of cognitive function.*

An alternative strategy for developing novel analgesics is to tar-
get receptors and ion channels that respond to noxious stimuli at
peripheral terminals of primary sensory neurons, whose cell bod-
ies are located in the dorsal root ganglia (DRG), to produce hyper-
excitability and spontaneous firing in neuropathic pain. These
receptors and ion channels are selectively or primarily expressed
in primary sensory neurons in the periphery,® which reduces the
potential for side effects when they are specifically targeted by
drugs. As a treatment target, vanilloid receptor 1(TRPV1) has
been well characterized as a sensory transducer in nociceptors and
shown to contribute to the development of mechanical and/or heat
hypersensitivity under various acute pain conditions.® However,
how TRPV1 contributes to chronic hypersensitivity induced by
nerve injury (i.e., neuropathic pain) remains unclear, although
various TRPV1 antagonists are under clinical development based
on the hypothesis that TRPV1 is involved in persistent pain, espe-
cially in thermal hyperalgesia in inflammatory pain states.” Further
development of clinical therapeutics will be therefore facilitated by
the elucidation of the role of TRPV1 in neuropathic pain; however,
such an investigation first requires the development of a technol-
ogy to reliably and specifically modulate TRPV1 activity in vivo in
the peripheral nervous system/central nervous system (CNS).

RNA interference has emerged as a potent tool to investigate
the specific effects of proteins by suppressing their expression, and
recent work in the field of drug delivery has addressed the deliv-
ery of synthetic short interfering RNA (siRNA) across the blood-
brain barrier. Nonviral systems including hydrodynamic injection,
cationic liposomes,* nanoparticles,” and lipid conjugation® pro-
vide effective and relatively safe delivery of nucleic acids to the
CNS. In comparison with viral vectors, however, they still show
low transduction efficiency, insufficient inhibition of gene expres-
sion and a short duration of therapeutic effects; therefore, viral
vectors may be preferable for treating chronic pain states. In par-
ticular, viral delivery of short-hairpin RNA (shRNA) expression
cassettes that support efficient and long-lasting RNA interference
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is expected open new frontiers for molecular therapy of the CNS."
We previously reported that intrathecal administration of shtRNA
expressed by an adenoassociated virus serotype 9 (AAV9) vector
produced long-term suppression of target gene expression in both
the DRG and spinal cord without neurologic side effects or toxic-
ity,'> which suggests that this approach can be used to modulate
the expression of genes involved in neuropathic pain states. Thus,
in the present study, we used intrathecal administration of AAV9
encoding shRNA targeting TRPV1 in a mouse model of spared

The American Society of Gene & Cell Therapy

nerve injury (SNI) to test the hypothesis that TRPV1 plays a criti-
cal role in neuropathic pain.

RESULTS

Design, selection, and validation of siRNA sequences
against TRPV1 for construction of AAV9 shTRPV1
Seven candidate siRNA sequences for TRPV1 were designed
from the TRPV1 coding sequence (NM_001001445.1, Figure 1a).
The silencing efficacy of these sequences was determined using
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3’ -TTCCGCGUAGAAGAUGAAGUU- 5
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CATCIGCTIGTATTIGGC TGAAAA

shRNA-A

Figure 1 Selection of siRNA-E sequence for insertion into the AAV9 vector. (a) Small interfering RNA sequences targeting TRPV1. (b) Short-hairpin
RNA (shRNA) sequences targeting TRPV1. (c) Schematic representation of the plasmid vector used in vitro. This plasmid encodes firefly luciferase and
a fusion renilla luciferase and TRPV1. (d) Relative TRPV1 expression level in vitro as determined by renilla/firefly ratio. Data are presented as means +
SEM. (e) The AAV9-shTRPV1 vector, including the shRNA sequence driven by the human polymerase Ill human U6 promoter and hGH inserted down-
stream of the shRNA sequence for the AAV9 genome detection assay, is shown. AAV, adenoassociated virus; hGH, human growth hormone; HSV-TK,
herpes simplex virus-thymidine kinase; ITR, inverted terminal repeat; SC, scramble; SV, Simian virus; TRPV1, transient receptor potential vanilloid 1.
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a luciferase assay in vitro as described below. Subsequently, we
selected the one siRNA sequence out of seven candidates that had
the highest efficiency, and then two sequences were designed for
inclusion in the ShRNA expression vector (Figure 1b).

The selected seven siRNA and two shRNA molecules were
tested individually for knockdown efficiency in cultured human
embryonic kidney (HEK)293T cells that were transfected with
a plasmid vector encoding of renilla luciferase with TRPV1 in its
3’ untranslated region as well as firefly luciferase as a transfection
control (Figure 1c). Among the seven siRNA sequences, siRNA-6
reduced renilla luciferase activity (used as a proxy for TRPV1
expression) by ~90% relative to firefly luciferase activity, whereas
the other sequences reduced renilla luciferase activity by ~70-80%.
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Renilla luciferase activity was not significantly altered by transfec-
tion with siRNA containing a scrambled sequence. Two putative
shRNA sequences were therefore designed based on the siRNA-6
sequence. Between the two shRNA sequences, shRNA-A was more
effective, as it reduced renilla luciferase activity by ~95% relative
to firefly luciferase activity (Figure 1d) and was thus selected for
further experiments and inserted downstream of the human poly-
merase IIT U6 promoter in the AAV9 vector (Figure le).

TRPV1T mRNA expression is significantly increased in
the lumbar DRG and spinal cord following SNI

We first confirmed the development of hypersensitivity in the
hindpaw of SNI mice (Figure 2a).!* Behavioral testing was
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Figure 2 Time course of mechanical, cold, and heat sensitivity following spared nerve injury. (a) Schematic representation of the spared nerve
injury model showing ligation of the tibial and common peroneal nerves distal to the trifurcation. Spared nerve injury resulted in immediate mechani-
cal (b) and cold (c) hypersensitivity. Latencies to heat stimulation at 50 and 55 °C decreased gradually and were significantly lower at 3 weeks after
nerve injury than at (d and e) baseline. (f) Quantitative reverse transcription polymerase chain reaction analysis showed that trpvT expression at 3
weeks after nerve injury was 179+ 23% (P < 0.05) in the DRG and 147 +10% (P < 0.05) in the spinal cord relative to tissues from uninjured mice. Data
are presented as means + SEM (n = 6-18 mice per group; P < 0.05). trpv1, transient receptor potential vanilloid 1.
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performed on the lateral side of the plantar hindpaw, which is
completely innervated by the spared sural nerve.

Within 3 weeks after nerve injury, the mice exhibited tactile
hyperalgesia in response to probing by Von Frey filaments, cold
hyperalgesia in response to acetone, and thermal hyperalgesia in
response to contact with a hotplate (50 or 55 °C; Figure 2b-e). The
behavioral hypersensitivity lasted until 8 weeks after SNI. However,
there was no decrease in the latency of withdrawal to radiant heat
stimulation, as reported previously (data not shown)."

The expression of trpv] was investigated in the ipsilateral L5 and
L6 DRGs and the ipsilateral L1-L2 spinal cord (which receives input
from the L5 and L6 spinal nerves), before and after SNI by quan-
titative reverse transcription polymerase chain reaction (RT-PCR)
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analysis. Three weeks after SNI, the relative trpvI expression as a
percentage of gapdh expression was 179+23% in the DRG and
147 +10% in the spinal cord relative to tissues from uninjured mice
(Figure 2f), which indicates that trpv1 was upregulated by SNI.

Thermal analgesic effect of AAV9 encoding shRNA
against TRPV1 in mice with SNI

AAV9 vectors targeting TRPV1 (AAV9-shTRPV1) or superox-
ide dismutase 1 (AAV9-shSODI1), or phosphate-buffered saline
(PBS) in the vehicle-only group, were injected intrathecally at the
second lumbar vertebra of mice 3 weeks after SNI (Figure 3a).
Because we previously demonstrated that intrathecal injection
of AAV9-shSOD1 did not produce behavioral changes in mice,"

b
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Figure 3 TRPV1 knockdown via intrathecal delivery of AAV9-shTRPV1 partially attenuates spared nerve injury (SNI)-induced thermal hyper-
algesia. (a) Three weeks after injury, a PE-10 catheter was inserted into the subarachnoid space caudally between the L2 and L3 vertebrae following
fenestration, and AAV9 or phosphate-buffered saline (PBS) was injected using a Hamilton syringe connected to the catheter. (b) One week after
intrathecal injection of AAV9 at the lumbar spine level, high levels of AAV9 genomic DNA were detected in the upper thoracic and lumbar DRGs and
lower thoracic and lumbar spinal cord, whereas low expression was observed at other levels. (¢) Withdrawal threshold for von Frey filaments, (d)
response to acetone application and latency of response to (e) 50 °C and (f) 55°C heat stimulation. No significant differences were observed among
the three groups for withdrawal thresholds in response to (¢) mechanical, (d) cold, and (f) 55 °C heat stimulation. (e) However, a partial but signifi-
cant attenuation of thermal hyperalgesia in response to 50 °C heat stimulation was observed for animals injected with AAV9-shTRPV1 from day 10
to day 28 relative to the other two groups. Data are represented as means + SEM (n = 9 mice per group; P < 0.05). AAV, adenoassociated virus; Cs,
cervical; ITs, lower thoracic; Ls, lumbar; PBS, phosphate-buffered saline; SOD1, superoxide dismutase 1; TRPV1, transient receptor potential vanilloid
1; uTs, upper thoracic.
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AAV9-shSOD1 was used as a negative control vector in this study.
To analyze the distribution of AAV9 in the DRG or spinal cord
after intrathecal injection, we performed genomic PCR to detect
human growth hormone cassette (Figure le), whose sequence
had been inserted into the AAV9 genome. Based on the detection
of the human growth hormone sequence, higher levels of AAV9
genomic DNA were present in the upper thoracic and lumbar
DRGs and lower thoracic and lumbar spinal cord than in other
regions (Figure 3b).

To determine whether the knockdown of TRPV1 alleviated
neuropathy-induced hindpaw hypersensitivity, the Von Frey, ace-
tone, and hot plate assays were performed at various time points
after intrathecal injection of the AAV9 vector. The paw withdrawal
thresholds in response to mechanical (Figure 3¢), cold (Figure
3d) and 55 °C thermal stimuli (Figure 3f) showed no obvious
change in each group after treatment, and there were no signifi-
cant differences among the three groups except for in the response
to thermal stimulation at 50 °C. In the 50 °C thermal hot plate test,
the latency to hindpaw withdrawal in the AAV9-shTRPV1 group
was significantly increased from day 10 to day 28 after treatment,
relative to the other two groups (Figure 3e).

TRPV1 expression in the spinal cord and DRG,

and treatment efficacy after lumbar intrathecal
administration of AAV9 shRNA against TRPV1
Quantitative RT-PCR analysis showed that the expression of
trpvl in the AAV9-shTRPV1-treated group was ~55% lower in
the DRGs and 95% lower in the lumbar spinal cord relative to
PBS-treated animals at 4 weeks after injection (Figure 4a). The
knockdown effect appeared to be specific for the target gene trpv1,
given that the mRNA levels of gapdh and transthyretin (ttr) did
not change (Figure 4b). Furthermore, a western blot analysis con-
firmed significantly decreased TRPV1 protein levels in the lum-
bar DRGs and spinal cord of AAV9-shTRPV 1-treated mice at the
same time point (Figure 4c).

To evaluate the efficacy of the AAV9-shTRPV1 treatment, we
analyzed the relationship between the analgesic effect and the expres-
sion of trpvl in the AAV9-shTRPV1 group. There was a significant
correlation between the analgesic effect and trpvI expression in the
lumbar DRGs (Figure 4d; Y = —36.64X+32.70; R: 0.94, P < 0.01) and
spinal cord (Figure 4e; Y = ~17.2X+11.91; R% 0.79, P < 0.01).

Duration of silencing by shRNA against TRPV1 in the
lumbar DRGs and spinal cord

We evaluated the duration of TRPV1 suppression by the AAV9-
shTRPV1 vector by measuring the mRNA and protein levels of
TRPV1 in the lumbar DRG and spinal cord. Quantitative PCR
showed that trpvI was reduced by 55 and 95% at 28 days, 36 and
5% at 56 days, and 37 and 0% at 84 days, respectively (Figure 5a).
TRPV1 protein expression in both the lumbar DRGs and spinal
cord was obviously inhibited at 28 days but returned to the base-
line by 56 days after AAV9-shRNA injection (Figure 5b). These
results indicate that the AAV9-shTRPV 1 vector provides signifi-
cant suppression of trpyv] mRNA and protein expression in the
DRG and spinal cord for at least 1 month, but trpvl mRNA and
protein expression in the spinal cord return to baseline levels
within by 2 months.

Molecular Therapy vol. 22 no. 2 feb. 2014
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Body weight and laboratory data

To assess the general health of our mice after the therapeutic
injection, we observed them for 16 weeks after treatment. The
body weight was similar among the three groups (Figure 6a). In
addition, biochemical analysis of serum components including
albumin, aminotransaminases, alkaline phosphatase, blood urea
nitrogen, and creatinine did not show any marked abnormalities
at both 24 hours and 16 weeks after AAV9 injection (Table 1).

Immune response to AAV9-shTRPV1

To evaluate potential inflammatory reactions in the lumbar DRGs
and spinal cord after intrathecal injection of the AAV9-shTRPV1
vector, we measured the expression of interferon using quantita-
tive RT-PCR 24 hours after injection. Injection of AAV9-shTRPV1
did not result in increased expression of interferon B (ifnf)) mRNA
relative to the PBS-treated group in either DRG or spinal cord
(Figure 6b). To further evaluate potential immune responses to
repeat injection of AAV9-shTRPV1, ifufi mRNA was also mea-
sured 24 hours after the second intrathecal injection, which was
performed 28 days after the first injection. The repeated injection
did not lead to a significant increase in ifn mRNA levels in either
the lumbar DRGs or spinal cord (Figure 6¢). In addition, we eval-
uated CD8 expression in the DRG and spinal cord to determine
whether a cellular immune response to AAV9-shTRPV1 occurs
after single or repeated injection. Immunohistochemistry indi-
cated a lack of CD8* cells in the lumbar DRG and spinal cord after
either single administration (Figure 6d-i) or repeat administra-
tion of either AAV9-shTRPV1 or AAV9-shSOD1 (Figure 6j-0).

DISCUSSION

It is well known that several members of the transient receptor
potential (TRP) family function as sensory transducers in noci-
ceptive neurons and play important roles in the development of
pathological hypersensitivity under various pain conditions. In
particular, TRPV1, which is activated by various exogenous stim-
uli such as capsaicin, heat, protons, and spider toxins, is expressed
in most small-diameter sensory fibers, ie, unmyelinated C
fibers and finely myelinated Ad fibers, whose physiological role
is to detect noxious stimuli.' Several inflammatory conditions
increase the expression of TRPV1 and even increase the density of
TRPV1-positive axons.”® Conversely, in neuropathic pain states,
the role of TRPV1 is controversial, even though analgesic effects
of TRPV1 antagonists have been reported. Although the total
expression level of TRPV1 in the DRG tends to decrease in most
neuropathic pain models, e.g., chronic constriction injury,'® par-
tial nerve ligation,'” and spinal nerve ligation," TRPV1 is upregu-
lated in surviving DRG somata after partial nerve ligation'” and L4
DRG neurons after L5 spinal nerve ligation surgery.” In human
neuropathic pain states, TRPV1 expression increases in spared
peripheral nerves after injury.?”

In the present study, we found that trpvl mRNA expression
increased by 79 and 47% in the lumbar DRGs and spinal cord,
respectively, at 3 weeks after SNI relative to the uninjured condi-
tion (Figure 2f). Our observations are consistent with previous
findings that activation of TRPV1 in spared DRG neurons after
nerve injury results in hyperalgesia.”! In addition to the periph-
eral axons of primary neurons, TRPV1 is also found in the central
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Figure 4 Intrathecal administration of AAV9-shTRPV1 specifically suppresses trpv1 mRNA and TRPV1 protein expression in vivo. (a) Quantitative
reverse transcription polymerase chain reaction (RT-PCR) analysis of trpvl mRNA expression in lumbar dorsal root ganglia (DRG) and spinal cord
in mice 4 weeks after intrathecal injection of phosphate-buffered saline (PBS) (control), AAV9-shSOD1 or AAV9-shTRPV1. trpv1 mRNA expression
was significantly (*P < 0.05) inhibited in the lumbar DRG and spinal cord of the AAV9-shTRPV1-treated group relative to the two other groups.
(b) Quantitative RT-PCR analysis of the expression of non-targeted ttr and gapdh mRNA in the lumbar DRG and spinal cord at 4 weeks after the
treatment. No significant differences were found in the expression of ttr and gapdh mRNA among the three groups. Data are presented as means +
SEM (n =4 or 5 mice per group; *P < 0.05). (c) TRPV1 protein levels in the lumbar DRG and spinal cord of two mice from each group, as assessed
by Western blot analysis 4 weeks after treatment. A robust reduction of TRPV1 protein levels in both the DRG and spinal cord was observed in the
AAV9-shTRPV1-treated group. (d) and (e) Relationship between thermal analgesia and trpvl mRNA expression in the lumbar DRG and spinal cord.
Analgesia in response to 50 °C thermal stimulation was significantly correlated with trpvT mRNA expression in the lumbar DRG (Y = -36.64X+32.70;

R?:0.94, P < 0.01) and spinal cord (e, Y=-17.2X+11.91; R%: 0.79, P < 0.01).

terminals of nociceptive neurons that synapse on neurons in the
dorsal horn of the spinal cord.” Activation of presynaptic TRPV1
in the dorsal horn by peripheral nerve injury results in increased
synaptic release of glutamate and neuropeptides.”** Furthermore,
postsynaptic TRPV1 in GABAergic spinal interneurons mediates
neuropathic mechanical allodynia and disinhibition of nociceptive
circuitry including spinothalamic projections to the ventral poste-
rior lateral nucleus of the thalamus.” Because neuropathic TRPV1
upregulation occurs in both the DRG and spinal cord, downregu-
lation of TRPV1 in the peripheral nervous system and CNS may
provide effective treatment of persistent pain. In the present study,
intrathecal AAV9-mediated delivery of shRNA provided signifi-
cant silencing of TRPV1 not only in the peripheral nervous sys-
tem but also in the CNS, thereby alleviating nerve injury-induced
hyperalgesia in a mouse model of peripheral neuropathic pain.
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The excitation, desensitization, and neurotoxicity produced by
capsaicin, which is a ligand for the TRPV1 receptor, are known
to have analgesic effects. Additionally, systemic administration of
resiniferatoxin, which is an ultrapotent TRPV1 agonist, to adult
rats desensitizes TRPV 1-positive fibers to produce long-lasting
relief of thermal hyperalgesia in a neuropathic pain model.*
However, it has also been shown that genetic knockout of TRPV1
does not affect hypersensitivity following nerve injury,”” even
though TRPV1 antagonists have been shown to reduce hypersen-
sitivity in neuropathic pain models.” Accordingly, given the con-
flicting findings in the literature and lack of consensus in the field,
we pursued the AAV-mediated knockdown of TRPV1 via RNA
interference to confirm the contribution of TRPV1 to neuropathic
pain behavior, particularly pain produced by noxious heat and
also to develop a platform for potential therapeutic intervention.
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pression of trpvl mRNA lasted for 3 months with a reduction of ~35% in
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level observed in phosphate-buffered saline (PBS)-treated mice by 2
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cord trpvl mRNA expression, P < 0.05). (b) TRPV1 protein expression
analysis based on western blot. TRPV1 protein expression in both the
lumbar DRGs and spinal cord was obviously decreased at 28 days after
AAV9-shTRPV1 injection but returned to the baseline by 56 days after
injection. AAV, adenoassociated virus; P, PBS-treated mice; A, AAV9-
shTRPV1-treated mice; TRPV1, transient receptor potential vanilloid 1.

Several previous studies reported that RNAi-mediated sup-
pression of TRPV1 in sensory afferent components including the
DRG and spinal cord alleviated both mechanical and thermal
hyperalgesia in animal models of neuropathic pain;** however,
the present study showed that specific knockdown of TRPV1
reversed thermal hyperalgesia but did not affect mechanical or
cold hyperalgesia. The discrepancy between our findings and
those of previous studies may be the result of differences in the
nerve injury models, as different animal models of neuropathic
pain have been found to yield different degrees of hypersensitiv-
ity.* Our findings suggest that tactile and cold hypersensitivity are
mediated by molecules other than TRPV1, which is logical given
the specific physiological role of TRPV1 as a heat sensor.”

In contrast to the improvement observed at 50 °C, we found
that AAV9-shTRPV1 injected intrathecally did not ameliorate
thermal hyperalgesia at 55 °C, possibly because the response at 55
°C may rely on a different population of ion channels. Consistent
with these findings, TRPV1 has been shown to be essential for the
development of sensitization to thermal stimuli during inflamma-
tion but not for the normal sensation of noxious heat.” The detec-
tion of noxious heat has been proposed to be mediated by several
ion channels in addition to TRPV1, including TRPV2, TRPV3,
TRPV4, TRP melastatin 2 (TRPM2), and TRPM3.%*-* Heat-evoked
TRPV1 currents in vitro are activated at a threshold of >40 °C,
increase linearly up to 50 °C, and decrease at temperatures higher
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than 50 °C. Although only a few receptors other than TRPV 1, such
as TRPM3 and ANO1,%¥ contribute to heat sensation in the tem-
perature range of 43-50 °C, even a partial reduction of TRPV1
expression would be expected to decrease the nocifensive response
to heat in this temperature range. However, it remains unclear what
molecules are involved in heat sensation, thermal nociception and
hyperalgesia at temperatures higher than 50 °C, although it is possi-
ble that TRPV1 plays a minimal role because TRPV1-independent
inflammatory hyperalgesia at 56 °C was previously observed in rats
treated with resiniferatoxin and shown to be mediated by TRPV2.3
Although that study and others”showed that TRPV2 was activated
by noxious heat at temperatures higher than 50 °C in vivo, TRPV2
was recently shown not to be essential for heat hypersensitivity in
a study using TRPV2 knockout mice.”” Other possible candidate
channels include TRPV3 and TRPM3, which were individually
shown in knockout mice to contribute to thermal hypersensitiv-
ity at >52 °C but not 50 °C.**" Thus, our findings shed light on
the currently controversial role of TRPV1 in neuropathic pain by
demonstrating that nerve injury-induced overexpression of TRPV1
indeed plays an important role in persistent pain but only in ther-
mal hyperalgesia in response to moderate heat. Our findings also
indicate that a single administration of AAV9-shTRPV1 leads to
robust and relatively long-lasting suppression of TRPV1 in SNI
mice (in which TRPV1 expression is significantly increased), thus
resulting in a significant antinociceptive effect.

Gene therapy using AAV vectors has been increasingly applied
to treat refractory neurologic disorders, and human clinical trials
have suggested that recombinant AAV vectors are safe and well
tolerated.”-** We previously reported that intrathecal delivery of
AAV9 in mice was associated with little or no immunogenicity,
inflammation or toxicity in terms of neurologic dysfunction or
micro-RNA maturation.”? In the current study, the interferon-p
mRNA expression profile and lack of CD8" inflammatory cells sug-
gests a relative lack of inflammation in the DRGs and spinal cord
after either a single or repeated intrathecal injection of the AAV9-
shTRPV1 vector. This finding is consistent with previous reports in
which AAV9 was reported to lower immunoreactivity than other
AAV serotypes.* However, the lack of an immune response in mice
does not necessarily exclude the potential for immunogenicity in
humans. Therefore, future investigations of the immune response to
AAVY are necessary in primates to validate the safety of the AAV9
vector for human clinical trials, and it may be necessary to engineer
capsid sequences to prevent potential immune responses.”

In the present study, we did not observe adverse side effects
on liver function or deterioration of the general condition after
viral vector injection. However, in situations where side effects of
shRINA expression or gene suppression are suspected or expected,
strategies for tuning shRNA expression, such as the use of a tet-
racycline-inducible promoter for regulated expression, may be
applied to increase safety.® Such approaches allow expression
of the shRNA to be switched on temporarily through the sys-
temic addition of doxycycline and switched off when necessary
(e.g., when the silencing effect is excessive or shRNA toxicity is
observed) by withdrawal of doxycycline. Thus, the silencing effect
on the target gene after intrathecal injection of ShRNA-AAV9 may
be adjusted on demand through the use of an inducible promoter.
In the present study, we did not assess the therapeutic window of
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Figure 6 Assessment of body weight, inflammation, and immune response in phosphate-buffered saline (PBS), AAV9-shSOD1, and AAV9-
shTRPVI-treated mice. (a) Throughout the 16-week experimental period, the body weight remained similar in the three treatment groups. Data are
presented as means + SEM (n = 9 mice per group). (b) Quantitative reverse transcription polymerase chain reaction analysis of ifn3 mRNA expression
in lumbar dorsal root ganglia (DRG) and spinal cord in mice at 24 hours after intrathecal injection of PBS, AAV9-shSOD1, or AAV9-shTRPV1. There
were no significant increases in ifn MRNA expression in the lumbar DRS and spinal cord of AAV9-shTRPV1-treated mice relative to PBS-treated mice.
(c) Similarly, ifn mRNA expression after repeated injection of AAV9-shTRPV1 did not increase relative to that in PBS- or AAV9-shSOD1- injected mice.
(d-0) Immunohistochemistry of CD8 expression in the lumbar DRG and spinal cord after either single (d-i) or repeated injection (j-o) of PBS, AAV9-
shSOD1, or AAV9-shTRPV1. Few or no CD8* cells were observed in the lumbar DRG or spinal cord after either single or repeated administration of
AAV9-shTRPV1. Bar = 20 pm for d—f and j-I; bar = 100 pm for g-i and m-o.

the shRNA encoded by the viral vector, although we confirmed
that the gene-silencing effect in the DRG and spinal cord persisted
for as long as 4 weeks in our mice; we therefore expect that this
technique could be used for stable, long-term analgesia. Given our
demonstration of AAV9’s high affinity for central and peripheral
nervous systems, effective transduction to drive long-term stable
expression of transgenes in the DRG and spinal cord and appar-
ent lack of systemic immunogenicity, we propose that intrathecal
administration of AAV9 can be developed for clinical applica-
tion to various neurologic disorders such as neurodegenerative
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diseases and cancer pain as well as neuropathic pain after nerve
injury.

Although further studies are needed for optimization, our
findings therefore establish that TRPV'1 overexpression is respon-
sible for a subset of thermal hyperalgesia in neuropathic pain that
can be reversed by minimally invasive intrathecal AAV9-mediated
RNA interference. Moreover, we believe that this technique can be
developed as a platform technology to treat various other neu-
ropathic pain conditions by modifying the shRNA sequence to
target other molecules, including neurotrophic factors (e.g., nerve
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Table 1. Laboratory data in each group at 24 hours and 16 weeks after injection

Attenuation of Thermal Allodynia by AAV9-shRNA

Group Alb (g/dl) AST (1U/h ALT (1U/1) ALP (1U/1) BUN (mg/dl) Cre (mg/dl)
24 hours after injection

PBS 2.8+0.09 68.8+7.3 27.6+4.6 202+22.0 25.6%2.7 0.14x0.01
AAV9-shSOD1 29+0.1 78.0£15.9 40.3+9.8 193+50.0 264+1.9 0.13£0.01
AAV9-shTRPV1 3.0+0.1 71.0%2.9 30.2£3.1 214+18.4 259+1.9 0.13+0.01
16 weeks after injection

PBS 2.4+0.03 87.3+25.2 27.3£6.0 203x41.0 275+1.7 0.19+0.02
AAV9-shSOD1 ' 23x0.1 79.7+£17.7 373+104 225194 23.6+2.4 0.22+0.02
AAV9-shTRPV1 2.6+0.3 69.3£2.6 31.3%35 225+26.4 25.1+0.7 0.18+0.01

The values shown are mean values + SEM (n = 3).

Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; PBS, phosphate-buffered saline.

growth factor, neurotrophin-3, or brain-derived neurotrophic
factor), inflammatory cytokines (e.g., tumor necrosis factor, inter-
feron, or interleukin), ion channels (e.g.,, voltage-gated sodium
channels and calcium channels), and neurotransmitters (e.g., cal-
citonin gene-related peptide or substance P), which may prove to
be more attractive therapeutic targets than TRPV1 in the treat-
ment of neuropathic pain. The present study thus demonstrates
the power of intrathecal AAV-mediated gene transfer as an inves-
tigative and potentially therapeutic tool in the nervous system.

MATERIALS AND METHODS

Plasmid construct. The TRPV1 coding sequence was subcloned in-frame
from a TRPV1 plasmid, which was a kind gift from Dr. Michael Xi Zhu,
into the HinDIII-Xbal sites of the pBluescriptIl KS (+) vector (Stratagene,
La Jolla, CA). The pBluescriptll KS (+)-TRPV1 product was then sub-
cloned in-frame into the Xhol sites of psiCHECK-2 (Promega, Madison,
WC). We confirmed based on quantitative PCR and a luciferase assay that
HEK293T cells stably expressed both dual luciferase and TRPV1 after
transfection of the psiCHECK-2 TRPV1 plasmid (Figure ic).

Cell culture and dual luciferase assay for selecting the shRNA sequence.
HEK293T cells were transfected with both the psiCHECK-2 vector encod-
ing TRPV1 and each siRNA sequence using Lipofectamine Plus reagent
(Life Technologies, Rockville, MD) in Opti-MEM (Invitrogen, Carlsbad,
CA). After 48 hours, cells were maintained in D-MEM (Invitrogen) sup-
plemented with 10% fetal bovine serum (Invitrogen), penicillin (100 units/
ml) and streptomycin (100 pg/ml; Invitrogen). Seven siRNA sequences
targeting TRPV1 were designed: siRNA-1 (nucleotide 604-624), siRNA-2
(nucleotide 1,229-1,249), siRNA-3 (nucleotide 1,295-1,315), siRNA-5
(nucleotide 1,727-1,747), siRNA-6 (nucleotide 1,734-1,754), siRNA-7
(nucleotide 1,868-1,888) were newly designed. siRNA-4 was previously
published.® Cells were washed two times in PBS and harvested using
Passive Lysis Buffer (Promega), followed by freezing at 80 °C for 15 min-
utes. The lysate was processed to measure firefly and renilla luciferase activ-
ity, and relative luminescence units were determined using a luminometer
(GL-200: Standard type, Microtec, Chiba, Japan) and Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s instruc-
tions. Among the seven candidate siRNAs, the sequence showing the
highest suppression of renilla luciferase activity (siRNA-6) was selected.
Subsequently, referring to the construct of siRNA-6, two shRNA sequences
were designed (Figure 1b) and investigated based on luciferase assay in
order to select for the shRNA to be expressed from AAV9 vector. We also
investigated which shRNA is most silencing efficiency.

Construction, production, and titration of AAV9-shTRPVT1. The shRNA-
A cassette and anti-SOD1 shRNA cassette as a negative control sequence
were prepared as previously described.'>” Each shRNA cassette was cloned
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downstream of the human polymerase I1I U6 promoter in the AAV9 vector
plasmid (Stratagene). The recombinant AAV9 vector was produced and puri-
fied as previously reported (Figure le).'? HEK293 cells at ~70% confluence
were transfected with the AAV9 packaging plasmid pRep2/Cap9 (gift from
Dr. James M Wilson, University of Pennsylvania, Philadelphia, PA) and ade-
novirus helper plasmid (Stratagene) at a ratio of 1:1:1. At 6 hours after trans-
fection, the culture medium was replaced with fresh medium, and the cells
were incubated for 48 hours. The cells were then harvested from the culture
dishes and pelleted by centrifugation, resuspended in PBS, and subjected to
three rounds of freeze thawing. Cell debris was then pelleted by centrifuga-
tion at 1,200g for 15 minutes. AAV vectors were purified using ammonium
sulfate precipitation and iodixanol (Axis-Shield) continuous gradient cen-
trifugation. Size-exclusion chromatography was performed using an AKTA
Explorer 100 HPLC system (GE Healthcare, Japan Corporation, Tokyo, Japan)
equipped with a 2-mL sample loop. A Superdex 200 10/300 GL column (GE
Healthcare) was equilibrated with minor histocompatibility antigen buffer
(3.3 mmol/l Mes, 3.3 mmol/l Hepes, 3.3mM NaOAc, 50 mmol/l NaCl, pH
6.5). The vector-containing fractions were loaded onto the column at a flow
rate of 0.5ml/minute, and the eluate was collected as 0.5ml fractions over
the duration of one column volume (23 ml). AAV peak fractions were identi-
fied by 280/260 nm absorbance and real-time quantitative polymerase chain
reaction using vector-specific primers. The purified AAV's were then concen-
trated further by using Amico Ultra-4 tubes (Ultracel-30k; Merck Millipore
Japan, Tokyo, Japan) to a final concentration of 2x 10'> genome copies/ml,
as determined by quantitative polymerase chain reaction. The genome copy
number was calculated by TagMan PCR (Applied Biosystems, Foster City,
CA). The vectors were treated with Benzonase and digested with proteinase
K (Wako Pure Chemical Industries, Osaka, Japan) for 1 hour and purified
by phenol-chloroform extraction. The TaqMan primers and probe were
designed as follows: forward primer: 5'-CAGGCTGGTCCAACTCCTA-3,
reverse primer: 5-GCAGTGGTTCACGCCTGTAA-3, and probe:
5'-TACCCACCTTGGCCTC-3". The designed TaqMan PCR fragment was
located in the human growth hormone poly A site in the vector.

Animals. Eight-week-old female Institute of Cancer Research mice weigh-
ing 25-35g were used. Animals were kept under standard laboratory con-
ditions with free access to standard laboratory food and tap water. The
body weight of the mice was measured every week. All animal experiments
were performed in accordance with the Ethical and Safety Guidelines
for Animal Experiments of Tokyo Medical and Dental University and
approved by the Animal Experiment Committee of Tokyo Medical and
Dental University (#81213).

Animal model of neuropathic pain. Mice underwent surgery involving
ligation of the tibial and common peroneal nerve according to the SNI
model."* Animals were anesthetized by intraperitoneal injection of chloral
hydrate (0.5mg per g body weight). The surgical site (left leg) was shaved
and disinfected. An incision was made on the lateral mid-thigh, and the
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underlying muscles were separated to expose the sciatic nerve. The com-
mon peroneal and tibial nerves were then tight-ligated with 8.0 silk and
sectioned distal to the ligation to remove 2-4 mm of the distal nerve stump
(Figure 2a). Greal care was taken to avoid any contact with or stretching of
the intact sural nerve, The muscles and skin were closed in two layers using
4.0 monofilament nylon sutures. After the operation, animals were allowed
to recover in their own cages.

Intrathecal treatment after SNI. Three weeks after nerve injury, when obvi-
ous behavioral hypersensitivity was observed, all mice were given intrathe-
cal injections of AAV9-shTRPVL, AAV9-shSODI1, or PBS. After induction
of anesthesia using intraperitoneal injections of chloral hydrate (0.5 mg per
¢ body weight) and ketamine hydrochloride (0.05mg per g body weight),
cach animal was shaved and disinfected. The mice were placed in the prone
position, and a partial laminectomy of the caudal portion of the second
lumbar vertebra and the rostral portion of the third lumbar vertebra were
performed. The dura mater was exposed and punctured using a 27-gauge
needle. Subsequently, a 10-mm PE-10 catheter was connected to a 10-ul
Hamilton syringe, Hamilton Company (Watertown, MA) and inserted
caudally into the subarachnoid space between the second and third lumbar
vertebrae (Figure 3a). The tip of the catheter was located approximately at
the level of L4. A volume of 10 pl (2 10" vector genomes per microliter) of
AAVI-shTRPV1, AAV9-shSOD1, or PBS was injected slowly over a 2-min-
ute period. After the catheter was removed, the incision was sutured, and
the mice were maintained in the head-up position and allowed to recover
on a heating pad. Four weeks after the injection, all of the mice were euth-
anized, and the lumbar spinal cord and ipsilateral L5 and L6 DRGs were
harvested for analysis.

AAV vector genomic DNA PCR. The spinal cord was obtained in separate
segments from C6 to C8, T2 to T4, T10 to T12, and L1 to L3. The DRGs
were also collected from bilateral C6 to C8, bilateral T2 to T4, bilateral T10
to T12, and bilateral L1 to L3. Whole genomic DNA was extracted from
the harvested tissues. Vector genomic DNA was amplified using primers
and probes targeting the human growth hormone cassette and yielding a
84-bp [ragment. Forward 5'-CAGGCTGGTCCAACTCCTA-3, reverse
5-GCAGTGGTTCACGCCTGTAA-3" served as the primer set, and
5-TACCCACCTTGGCCTC-3" served as the probe.

Measurement of mRNA expression by quantitative RT-PCR. Total RNA
was extracted from the harvested tissues, including the lumbar DRG and
the lumbar segment of the spinal cord, using Isogen (Nippon Gene, Tokyo,
Japan). The RNA samples obtained from the lumbar spinal cord were col-
lected from the lumbar region located at the first to second vertebral level,
The RNA samples obtained from the DRG were obtained from the L5
and L6 DRG. DNase I-treated total RNA (0.5 pg) was reverse transcribed
using SuperScript Il Reverse Transcriptase (Invitrogen). The cDNA was
amplified using the quantitative TagMan system on a Light Cycle 480
Real-Time PCR Instrument (Roche, Basel, Switzerland), according to the
manufacturer’s protocol. As an internal control, gapdh cDNA was also
quantitatively amplified using a TagMan primer and probe set (Applied
Biosystems). Primer and probe sets for mouse trpvl and mouse ifnf3 were
also designed by Applied Biosystems. The ratio of frpvl mRNA expression
to gapdh mRNA expression was calculated to estimate the shRNA silenc-
ing efficiency.

Western blotting. The lumbar spinal cord located between the first and sec-
ond vertebrae and ipsilateral L5 and L6 DRGs were isolated carefully from
treated mice. The tissues were homogenized in cold homogenization buf-
fer containing 0.1% sodium dodecylsulfate, 1% sodium deoxycholate, 1%
Triton X-100, and 1 mmol/l phenylmethylsulfonyl fluoride together with
a protein inhibitor cocktail (Roche, Penzberg, Germany). Five micrograms
of extracted protein from each sample were mixed with Laemmli sample
buffer (BioRad, Hercules, CA), denatured at 37 °C for 60 minutes, and sepa-
rated on a 15% sodium dodecylsulfate-polyacrylamide gel electrophoresis.
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The separated proteins were transferred to a polyvinylidene difluoride
membrane (BioRad) and then incubated with specific primary antibodies,
including a rabbit anti-TRPVT antibody (1:1,000; Transgenic, Kumamoto,
Japan) and a mouse anii-glyceraldehyde-3-phosphate dehydrogenase
monoclonal antibody (Biodesign, Saco, ME). After incubation, the mem-
branes were rinsed and incubated with a 0.1% solution of horseradish per-
oxidase-conjugated secondary antibodies, including goat anti-rabbit HRP
1gG and goat anti-mouse HRP IgG (Thermo Science, Rockford, 1L), The
protein-antibody interactions were visualized using the SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Science).

Immunohistochemistry. Mice were sacrificed at 24 hours after single or
repeated injection of AAVI-shTRPV1, AAV9-shSOD1, or PBS by trans-
cardiac perfusion of PBS for 5 minutes at room temperature, followed by
4% paraformaldehyde in PBS for 15 minutes at 4 °C. After perfusion, the
lumbar spinal cord and DRG were immediately removed and postfixed in
4% paraformaldehyde in PBS at 4 °C overnight. After postfixation, the sam-
ples were transferred to PBS containing 30% sucrose and dehydrated for 3
days. The tissues were then embedded in low melting temperature agarose
(BM Equipment, Tokyo, Japan) in PBS. Frozen sections ~20 um thick were
sectioned from the L5 DRG and the spinal cord at the first lumbar vertebral
level from mice in each group and then incubated for 30 minutes at room
temperature in a blocking solution (5% normal goat serum). The sections
were then incubated with a rabbit polyclonal anti-CD8 antibody (1:500,
Abcam, Tokyo, Japan) for 24 hours at 4 °C. Following incubation, the sec-
tions were washed and incubated for 30 minutes at room temperature with
a biotinylated secondary antibody (1:200, Vector Laboratories, Ontario,
Canada) in 0.5% horse serum. The sections were then incubated with ABC
reagent (Vector Laboratories) for 30 minutes, followed by incubation with
a peroxidase substrate solution for 2 minutes. After washing, the tissue sec-
tions were counter stained with hematoxylin for 1 minute.

Sensory behavioral tests. Animals were placed in Plexiglas boxes with
dimensions of 9.5 x 21 x 25 cm and allowed to acclimate to the testing envi-
ronment. The boxes were then placed on an elevated perforated plastic
surface for a minimum of 30 minutes prior to all behavioral tests.® Two
observers who were blind to the experimental group assignments per-
formed the behavioral testing once a week and at specific time points for
16 weeks in total.

Tactile threshold. Mechanical sensitivity was measured by applying a series
of calibrated von Frey filaments (0.02-8 g) to the plantar aspect of the hind-
paw. Each filament was applied once to each mouse. Beginning with the 1-g
filament, each filament was applied perpendicular to the hind paw for 4-6
seconds. A brisk withdrawal of the hind paw indicated a positive response,
and a lack of withdrawal indicated a negative response. The filament testing
was repeated two times, and at least two responses to the filament out of
the three trials indicated an overall positive response. If the mouse demon-
strated an overall positive response, the filament with the next lower force
was applied as described above. If no overall positive response was observed
(0/3 or 1/3 responses), the filament with the next higher force was applied
as described above. Once the threshold was determined (i.e., from response
1o no response, or vice versa) the responses to the next five filaments were
recorded to determine the median withdrawal threshold.

Response to acetone. Using a plastic tube connected to a 1-ml syringe, and
without touching the skin, 100 pl of acetone were applied to the plantar
surface of the hindpaw. Acetone was applied five times to each paw at an
interval of at least 30 seconds, and the number of brisk foot withdrawals in
response to the acetone application was recorded.

Response to noxious heat stimulus. Responses to noxious heat were deter-
mined using a hot plate (NISSIN, Saitama, Japan). The mice were placed
in a transparent plastic chamber on a 50 or 55 °C metal hot plate to mea-
sure the latency of paw flinching, licking or withdrawal. A maximum cut-
off of 30 seconds was used to prevent tissue damage. A 5-minute interval
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between consecutive stimulations of the same hind paw was employed.
Testing was performed three times on left lateral plantar hindpaw, and the
withdrawal latencies were averaged. In addition, we defined analgesia as a
change in the latency of withdrawal from the 50 °C hot plate after injection
of AAV9-shTRPV 1, relative to the preinjection latency.

Statistical analyses. All data are presented as the mean + standard error
of the mean (n = 3-9). We performed the statistical analysis using two-
way analysis of variance with repeated measures for comparisons among
the three groups for all experiments. In case of a significant treatment
effect, pairwise comparisons were performed in a post hoc analysis with
Bonferroni adjustment. The group size was n = 6-12. Significance was
defined as P < 0.05.
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CERVICAL SPINE

Dynamic Changes in Spinal Cord Compression by
Cervical Ossification of the Posterior Longitudinal
Ligament Evaluated by Kinematic Computed

Tomography Myelography
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Study Design. A prospective clinical study.

Objective. To investigate the dynamic causative factor in the
pathogenesis of myelopathy in patients with cervical ossification
of the posterior longitudinal ligament (OPLL) using kinematic
computed tomography (CT) myelography.

Summary of Background Data. Kinematic CT myelography
is useful for dynamically evaluating the cervical spine with high-
resolution images, particularly in bony compressive lesions.
However, no studies have evaluated the dynamic factors in patients
with OPLL using kinematic CT myelography.

Methods. From 2008 to 2013, 51 consecutive patients with OPLL
who presented with myelopathy were prospectively enrolled in
this study. The patients were examined with kinematic (flexion-
extension) CT myelography using a multidetector CT scanner. The
range of motion at C2-C7 from flexion to extension was measured in
the sagittal view. The segmental range of motion, anterior-posterior
diameter and cross-sectional area (CSA) of the spinal cord were
measured at the level where the spinal cord was most compressed
by OPLL.

Results. The neurological condition of the patients evaluated by
Japanese Orthopaedic Association scores were 10.8 * 2.4 points.
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The mean range of motion at C2-C7 and at the most compressed
segment were 23.1 = 11.7 and 7.0 = 4.4°, respectively. Both the
anterior-posterior diameter and the CSA atthe most compressed levels
were significantly decreased during neck extension compared with
flexion. Interestingly, the anterior-posterior diameter and the CSA
were decreased during neck flexion in 13.7% (7/51) of the patients.
All 7 of these patients had massive OPLL with an occupying rate
60% or more. The dynamic change rate of CSA (flexion/extension)
was significantly smaller in patients with an OPLL occupying rate
60% or more compared with patients with an occupying rate less
than 60%.

Conclusion. Although spinal cord compression was increased
during neck extension in most of the patients, greater levels of
compression could be placed on the spinal cord during neck flexion
when the patients had OPLL with a high occupying rate.

Key words: ossification of the posterior longitudinal ligament,
computed tomography myelography, kinematic study, compressive
myelopathy.
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=ervical spondylosis and ossification of the posterior
longitudinal ligament (OPLL) are common degenera-
..~ tive spine diseases that cause progressive neurological
dysfunction in middle-aged and elderly patients.* Static fac-
tors, such as congenital canal narrowing, degenerative inter-
vertebral discs, osteophyte formation, and thickening of liga-
mentum flavum, are important in the pathogenesis of cervical
myelopathy. However, dynamic factors induced by cervical
spinal motion, such as anterior or posterior translation of
vertebrae, disc protrusion, and buckling of the flavum,’ are
known to contribute to the development and progression of
neurological symptoms in cervical spondylotic myelopathy
(CSM)*S and cervical OPLL.** Various radiological exami-
nations, including plain radiograph, computed tomography
(CT), and magnetic resonance imaging (MRI), have been
performed to evaluate the static structural abnormality of the
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