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Abstract Intervertebral disc degeneration is the main contributor to low back pain, now the
leading cause of disability worldwide. Gene transfer, either in a therapeutic attempt or in
basic research to understand the mechanisms of disc degeneration, is a fascinating and prom-
ising tool to manipulate the complex physiology of the disc. Viral vectors based on the adeno-
associated virus (AAV) have emerged as powerful transgene delivery vehicles yet a systematic
investigation into their respective tropism, transduction efficiency, and relative toxicity have
not yet been performed in the disc in vivo. Herein, we used in vivo bioluminescence imaging to
systematically compare multiple AAV serotypes, injection volumes, titers, promoters, and
luciferase reporters to determine which result in high transduction efficiency of murine nu-
cleus pulposus (NP) cells in vivo. We find that AAV6 using a CAG promoter to drive transgene
expression, delivered into the NP of murine caudal discs at a titer of 1011 GC/mL, provides
excellent transduction efficiency/kinetics and low toxicity in vivo. We also show, for the first
time, that the transduction of NP cells can be significantly boosted in vivo by the use of small
cell permeabilization peptides. Finally, to our knowledge, we are the first to demonstrate the
use of optical tissue clearing and three-dimensional lightsheet microscopy in the disc, which
was used to visualize fine details of tissue and cell architecture in whole intact discs following
AAV6 delivery. Taken together, these data will contribute to the success of using AAV-mediated
gene delivery for basic and translational studies of the IVD.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Introduction

Low back pain (LBP) is now the leading cause of disability
worldwide, affecting approximately 637 million individuals
worldwide.1 Intervertebral disc (IVD) degeneration (IDD) is
the major contributor to LBP and is the pathologic foun-
dation for almost all degenerative disorders of the spine.2

IDD remains a crippling clinical problem that affects the
global population both physically and socioeconomically,
with the United States alone spending an estimated $200
billion annually to treat IDD and its associated disabilities.3

Despite the scope and magnitude of the problem, a suc-
cessful clinical treatment for IDD does not currently exist.
Accordingly, there is an urgent need for effective IDD
treatments that address the underlying pathophysiology of
the disease early, rather than address only end-stage
symptoms such as LBP.

From a biochemical standpoint, the balance between the
synthesis and degradation of collagen and proteoglycans by
the annulus fibrosus (AF) and the nucleus pulposus (NP) is
critical in maintaining the integrity and functionality of the
disc. To treat the negative imbalance between catabolism
and anabolism in IDD, a variety of biological approaches,
including growth factor injection and cell and gene therapy,
has received considerable attention over the past 20 years
due to the limitations of currently available treatments.4

Recent studies on the mechanisms that underlie the devel-
opment of IDD have created a base of physiological and
genetic information that have identified multiple potential
points of intervention for treatment.5e7 On the basis of
these insights, gene therapy for IDD has shown early success,
both in vitro and in vivo, by producing gene products that
either block catabolism and inflammation or enhance
anabolism in the NP of the IVD.8e13 Moreover, gene therapy
remains an exciting and viable option to treat a chronic
disease like IDD because it can afford a sustained biological
effect with a single injection as opposed to growth factor or
cell-based treatments that require multiple repeated in-
jections. In addition to clinical treatment, the use of virus-
based gene manipulation can be a robust tool to help
dissect basic fundamental questions regarding disc homeo-
stasis and disease progression.7

While gene therapy remains a viable treatment strategy
for IDD, the majority of the studies to-date have used either
lentiviral or adenoviral gene delivery systems. Critical con-
cerns over the use of these delivery systems in clinical ap-
plications remain, however, due to random gene
incorporation and immune reactions.14e21 An alternative
gene delivery strategy is the adeno-associated virus (AAV)
system, which is stable, less immunogenic, and because it
does not express any viral gene, remains the only virus that
has not been conclusively shown to be etiologic in any human
disease to-date.22 As such, recombinant (r)AAV vectors have
been used for gene therapy to treat several human diseases in
a number of Phase I/II clinical trials,23e31 and more recently
have shown promising initial results in the retardation or
reversal of IDD progression.12,13,32 In addition, AAV permits
prolonged transgene expression of therapeutic genes and has
high transduction efficiency in both dividing and non-dividing
cells,33,34 making it a good candidate for gene therapy in the
IVD due to the very low baseline levels of mitosis35 and high
levels of senescence36e38 present even in healthy, non-
degenerated NP cells.

One critical factor determining transduction efficiency
(howeffective a potential gene therapy treatment is going to
be relative to the initial viral dose given) is the cellular
tropism of different AAV serotypes.39,40 Specific to cells of
the IVD, it has been previously shown that AAV serotypes-2
and -6 provide the best tropism in human NP cells in vitro,
while other serotypes had poorer transduction efficiency and
provided little to no transgene expression.41 To our knowl-
edge, however, the transduction efficiency of different AAV
serotypes in NP cells has not been determined in vivo. Also, it
remains unknown what viral titer and injection volume pro-
duce good transduction efficiencywhen injected intomurine
IVDs, which is important because murine IVD models are
widely used and considered a gold standard for the study of
transgenic animals. Herein, we systematically assessed the
transduction efficiency of murine NP cells in caudal IVDs
in vivo using AAV-2 and -6 serotypes, injection volumes, viral
titers, and gene promoters. The kinetics of transgene
expression in the IVD was determined by temporally
measuring the intensity of in vivo bioluminescence following
local injection of AAV-fLuc (firefly luciferase) directly into
the NP of murine caudal IVDs. Finally, we assessed the ability
of a synthetic cell-permeable peptide (CPP) to further in-
crease transduction efficiency, which has never been
assessed in the disc, by performing novel three-dimensional
(3D) imaging of the IVD using optical tissue clearing and
light sheet microscopy (to our knowledge, a first in the IVD
field). This 3D imaging also allowed for assessment of the
tissue architecture of the NP and whole disc 4 weeks
following local delivery ofAAV�CPP to assess for evidenceof
any toxicity or pathologic phenotypes in the IVD.

This is the first study to evaluate how different AAV se-
rotypes, gene promoters, CPPs, and other factors affect the
transduction efficiency of IVD cells in vivo. These findings
will contribute to the success of using AAV-mediated gene
delivery in a variety of applications for basic and trans-
lational studies of the IVD, as well as potentially aid in the
design of more efficient and effective gene therapeutic
approaches for the treatment of IDD.
Materials and methods

All the experiments involving animals were conducted in
accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of the
Atlanta VAMC (#2017e100794). Male and female C57Bl/6
mice were purchased from Jackson Laboratories (Wilming-
ton, MA), while male and female mTmG mice (Stock#
007676) were acquired from Jackson Laboratories (Bar
Harbor, ME).

Transduction of murine caudal IVDs in vivo

The AAV-2 and -6 serotypes used for fLuc-based biolumines-
cence, all with either the CAG (combination of a cytomega-
lovirus early enhancer element, the promoter of chicken
beta-actin gene, and a splice acceptor of rabbit beta-globin
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gene) or EF1-a (human eukaryotic translation elongation
factor 1 alpha) promoter, were custom synthesized from
Vector Biolabs (Fig. 1). AAV-2 and -6 for gLuc-based biolu-
minescence (AAV-CAG-gLuc) was custom synthesized from
GeneCopoeia (Rockville, MD) (not shown). For tissue clearing
and 3D lightsheet microscopy, AAV6-CMV-Cre were custom
synthesized by SignaGen (Rockville, MD). The CPP, LAH4
(sequence: KKALLALALHHLAHLALHLALALKKAC), was custom
synthesized from GenScript (Piscataway, NJ).

At 8e10 weeks of age, either C57Bl/6 or mTmG mice
were anesthetized with 2% isoflurane and oxygen. The Co6/
7 (caudal tail disc 6/7) disc was identified by palpation and
confirmed using fluoroscopic imaging (Fig. S1). When CPP
was used in conjunction with AAV, the virus was pre-
incubated with CPP (final concentration: 100 mmol/L) in
PBS for 30 min at 37 �C. In all cases, after cleaning the tail
with alcohol, a 33G Hamilton (Reno, NV) Neuros� syringe
was used to puncture the AF unilaterally and fluoroscopy
was used to confirm that the tip of the needle was in the
middle of the NP compartment. An injection of 3e5 mL
containing variable concentrations of AAV (106, 109 and
1012 GC/mL), with or without the addition of CPP, was then
slowly injected into the disc (n Z 3, each group). After
leaving the needle in place for 5 s, the needle was carefully
removed without excessive mechanical disruption of the NP
and AF. All mice were then allowed to recover in isolation
prior to being placed back into their cage with other ani-
mals. All mice were allowed to feed and have activity ad
Figure 1 The AAV-2 and -6 serotypes used for fLuc-based biolum
lovirus early enhancer element, the promoter of chicken beta-actin
a (human eukaryotic translation elongation factor 1 alpha) promote
from Vector Biolabs (Malvern, PA).
libitum and were monitored closely for loss of mobility or
any interruption in normal grooming activity.
Bioluminescence imaging of IVDs

The mice were again anesthetized with 2% isoflurane and
oxygen. In experiments in which AAV-fLuc was used, the d-
luciferin substrate (Biotium, Hayward, CA) was injected
intraperitoneally at a dose of 150 mg/g of body weight. In
contrast, when AAV-gLuc was used, either 100 mg of stan-
dard coelenterazine or 100 mg of coelenterazine-SOL
(Nanolight, Pinetop, AZ) was injected intraperitoneally.
The mice were then placed in a dark chamber inside of a
Bruker In Vivo Xtreme system (Billerica, Massachusetts).
Images were generated using a cryogenically cooled
charge-coupling device camera IVIS 100 (Xenogen,
Alameda, CA). For each mouse, bioluminescence images
were taken at either 20 min (fLuc) or 1 min (gLuc) following
substrate injection. Both light and dark images of mice
were collected, and the dark images were then pseudo-
colored using the Bruker software (Molecular Imaging
software v7.5). Visual output was set to represent the
number of photons emitted/second/cm2 as a false color
image, where maximum intensity is colored white and the
minimum is colored violet. All animals were imaged on a
schedule of 3, 7, 14, 21, 28, 35, 42, and 56 days following
injection of AAV into the caudal IVD.
inescence used either the CAG (combination of a cytomega-
gene, and a splice acceptor of rabbit beta-globin gene) or EF1-
r. These custom designed adenoviral vectors were synthesized
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Quantification of luciferase expression in vivo

At each of the assessed time-points, a defined region of in-
terest (1.5 mm diameter area that included the peak photon
count) was designated surrounding each of the injected
caudal disc segments using the Bruker Molecular Imaging
software v7.5 in order to quantify the total flux (photons/
sec/cm2/radian), or luciferase activity, being released
following injection of either d-luciferin (fLuc) or coelenter-
azine (gLuc). For each condition tested, the mean flux was
determined for all animals at each time-point (n Z 3).

Tissue clearing of IVDs

In short, each mouse was anesthetized with 5% isoflurane
and oxygen and placed on the operating table on its back on
a warm circulating water pad. After confirming adequate
anesthesia, an incision was made with the scalpel through
the abdomen equivalent to the length of the diaphragm.
With sharp scissors, the connective tissue at the bottom of
diaphragm was cut to allow access to rib cage. With large
scissors ribs just to the left of the midline were cut and two
horizontal cuts were made through the rib cage to open the
thoracic cavity and expose the heart. While holding beating
heart steady with forceps, a needle was inserted directly
into the left ventricle. The needle position was secured by
clamping in place near the point of entry. The infusion of
0.1 M phosphate buffered solution (PBS) that is heparinized
(10 U/mL) was then run for 5e10 min at a flow rate of
20e30 mL/min (VWR 23609-170). After the blood was
cleared from the body, the infusing solution was changed to
4% paraformaldehyde (PFA). Perfusion was determined
complete when reflex spontaneous movement was
observed and the liver exhibited pallor.

At this point, the caudal spine was carefully dissected out
of the body. The PEGASOS method42 of optically clearing
tissue was used in all animals in which 3D lightsheet micro-
scopy was to be performed. To start, each of the dissected
spines was post-fixed in 4% PFA for 1e2 d at 4 �C. Next, fixed
samples were decalcified with 0.5 M EDTA in a 37 �C shaker
(w100 rpm) for 2e4 d with daily medium change. Following
that, samples were decolorized by placement into 25%
Quadrol (SigmaeAldrich, St. Louis, MO) for 1e2 days at 37 �C
under constant shaking (w100 rpm) with daily medium
change. Samples were then immersed in gradient delipida-
tion solutions (tert-Butanol þ Quadrol) for 2 days in a 37 �C
shaker, followed by dehydration solution treatment for 2
days and BB-PEG clearing medium treatment ([75% v/v
Benzyl Benzoateþ 25% v/v PEG-MMA-500]þ 3%w/vQuadrol)
for at least 1 day until reaching transparency.

Three-dimensional lightsheet microscopy

To image the cleared intervertebral disc segment speci-
mens, a LaVision Biotec UltraMicroscope II (Bielefeld, Ger-
many) equipped with an sCMOS camera (Andor Neo), a
2 Åw/0.5 objective lens equipped with a dipping cap, and
an Olympus MV�10 zoom microscope body (magnification
range of Åw0.63 to Åw6.3) was used. The cleared tissues
were mounted on the sample holder and incubated with the
final clearing solution in the sample reservoir. A tiling light-
sheet tiled at multiple positions within the field of view was
used to illuminate the sample, and the sample was scanned
with a 3.2 � /0.25NA objective axially at a w2 mm step size
to image the selected region of interests in 3D. Imaging
processing and 3D rendering was performed on a Dell Pre-
cision T7600 workstation with dual Xeon 2670 processor,
128 GB RAM, and AMD Radeon 480 graphic card.

All raw image data were collected in a lossless 16-bit
TIFF format. Blind deconvolution processing was performed
using Autoquant X3 (Media Cybernetics, Rockville, Mary-
land). Tiling of multiple image stacks were performed using
Image J (NIH).43 3D reconstruction images and movies were
generated using Imaris v.9.5 (Bitplane, Zürich,
Switzerland). Stack images were generated using the “vol-
ume rendering” function and optical slices were obtained
using the “orthoslicer” function. 3D pictures were gener-
ated to calculate the number of transduced NP cells using
the “snapshot” function, which was calculated by dividing
the number of GFP þ cells (indicating successful Cre
recombination via AAV transduction) by total number of NP
cells.

Statistics and calculations

For statistical analysis, the data were evaluated for sig-
nificance by performing a one-way analysis of variance
(ANOVA) with Bonferroni Post Hoc test (equal variances
assumed) or Dunnett’s T3 Post Hoc test (equal variances not
assumed) using Statistical Products for Social Sciences
Version 16.0 (SPSS 16.0) for Windows (SPSS, Chicago, IL).
Interobserver agreement for IDD grading of lightsheet im-
ages was calculated by using Fleiss’ Kappa.44 Probability
values of P < 0.05 were considered to be statistically sig-
nificant. Data are expressed as means � standard error of
the mean (SEM).

Results

AAV titer and injection volume for murine IVDs

We first determined the kinetics for in vivo biolumines-
cence using a fLuc reporter in a murine IVD, which to our
knowledge has not been previously reported. AAV6 parti-
cles were chosen to deliver the fLuc reporter because this
serotype has previously been shown to show strong tropism
for NP cells in vitro41 and expression was driven by the
cytomegalovirus early enhancer/chicken b-actin, or CAG,
promoter. Seven days following local delivery of AAV6-CAG-
fLuc particles, an IP injection of D-luciferase was adminis-
tered into C57Bl/6 mice (n Z 10). Whole-body in vivo
bioluminescence imaging (BLi) was then acquired at 5, 10,
15, 20, 25, and 30 min post-injection to determine how long
it would take the substrate to diffuse from the peritoneal
cavity, enter systemic the vasculature system, diffuse
across the cartilaginous endplates of caudal IVDs, and
interact with the fLuc protein now being expressed in the
NP cells. It was found that 20 min provided an optimal time
to perform BLi in this setting, as this time point provided a
good balance between near maximal intensity, decreased
variability between animals, and efficient time from sub-
strate injection to image acquisition (Fig. 2A). Therefore, a
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time period of 20 min between administration of d-luciferin
and BLi was used in all subsequent experiments reported
hereafter.

Next, we wanted to determine the appropriate volume
of AAV to deliver locally into murine caudal IVD, which is a
simple but currently undefined experimental variable in the
literature. We therefore injected Co6/7 (caudal disc # 6/7)
with AAV6-CAG-fLuc at a titer of 1011 GC (genome copies)
per mL using a 33G needle and an injection volume of either
3 or 5 mL (nZ 6 each). A volume of 5 mL was chosen because
it is the most commonly reported in the literature for mu-
rine caudal IVD injections.45 Likewise, the titer of 1011 GC/
mL was chosen here based off of previous reports.45 Of
note, one of the first things we noticed when performing
the injections in the 5 mL group was that a subtle loss of
resistance was noted on the plunger of the syringe in >80%
of the animals after about 4 mL were injected, possibly
indicating loss of annular integrity from the volume being
injected. This was not appreciated in the mice receiving an
injection volume of 3 mL. There were no adverse signs
visually apparent and no signs of pain or distress in any of
the animals following injection, however. BLi was then
performed 3, 7, 14, 21, 28, 42, and 56 days following local
delivery of AAV into the disc. At all timepoints, a 3 mL
Figure 2 Kinetics of firefly luciferase-based bioluminescence in N
fLuc particles, an IP injection of D-luciferase was administered int
imaging (BLi) was then acquired serially. It was found that 20 min pr
a good balance between near maximal intensity and efficient time
of AAV particles affects transduction efficiency and kinetics. AAV6-
copies) per mL using a 33G needle and an injection volume of eithe
timepoints, a 3 mL injection volume provided superior BLi intensity
Furthermore, all mice that received a volume of 5 mL had their BLi
volume mechanically disrupts the integrity of the AF. In contrast, a
BLi from the center of the injected disc. Error bars show SEM.
s Z seconds.
injection volume provided superior BLi intensity and better
kinetics compared to the animals receiving 5 mL (Fig. 2B). In
addition, all mice that received a volume of 5 mL had their
BLi intensity eccentrically placed to the side of the disc in
which the injection was performed, whereas all of the mice
who received an injection volume of 3 mL had their biolu-
minescence centered directly in the center (NP) of the
injected disc (Fig. 2C, D). This further suggests that even
the larger, more proximal caudal IVDs, such as Co6/7,
cannot tolerate an injection volume of 5 mL because it
mechanically disrupts the integrity of the AF. Therefore, an
injection volume of 3 mL was used in all subsequent
experiments.

Additionally, we sought to determine how the titer of
delivered AAV particles would affect the transduction effi-
ciency and the kinetics of transgene expression in murine
caudal IVDs in vivo. Mice received a local injection (3 mL) of
AAV6-CAG-fLuc particles into their Co6/7 disc at a titer of
either 106, 109, or 1011 GC/mL. BLi was then performed at
3, 7, 14, 21, 28, 35, 42, and 56 days following injection of
AAV6-fLuc to determine the transduction efficiency and
kinetics for each titer in vivo. The titer of 106 GC/mL
produced no BLi signal at any of the timepoints tested,
while a titer of 1011 was found to provide superior results
P cells in vivo. Seven days following local delivery of AAV6-CAG-
o C57Bl/6 mice (n Z 10). Whole-body in vivo bioluminescence
ovided an optimal time to perform BLi in this setting, providing
from substrate injection to image acquisition. Injection volume
CAG-fLuc was injected into Co6/7 at a titer of 1011 GC (genome
r 3 or 5 mL (n Z 6 each). BLi was then performed serially. At all
and better kinetics compared to the animals receiving 5 mL (A).
intensity eccentric to the injected disc (B), suggesting that this
ll of the mice who received a 3 mL injection showed maximum
‘*’ represents statistical significance, P < 0.05. P Z photon,
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compared to 109 (Fig. 3). The mean peak intensity on BLi of
AAV6 was 52 P/s/mm2 and occurred earlier at 21 days,
compared to the mean peak intensity on AAV2 (16 P/s/
mm2, P < 0.05), which occurred later at 6 weeks (Fig. 3A).
Representative BLi pictures for the 109 and 1011 titers (42-
day timepoint) are shown in Figure 3B and C, respectively.
Taken together, a titer of 1011 GC/mL was used in all sub-
sequent experiments.

Comparison of AAV serotypes

It has previously been found that AAV2 and AAV6 have the
highest tropism for NP cells compared to other AAV sero-
types in vitro.41 To determine their effectiveness for in vivo
applications, we injected each of these serotypes (3 mL,
1011 GC/mL) into caudal IVDs (Co6/7) of C57Bl/6 mice and
performed longitudinal BLi at 3, 7, 14, 21, 28, 35, 42, and 56
days to determine the relative transduction efficiency and
kinetics for each serotype. As shown in Figure 4A, AAV6
showed better transduction efficiency (greatest biolumi-
nescence intensity, 46.2 P/s/mm2) and kinetics (earliest
Figure 3 Viral titer affects transduction efficiency and kinetics.
into their Co6/7 disc at a titer of either 106, 109, or 1011 GC/mL. B
efficiency and kinetics for each titer in vivo (A). Representative BL
shown in B and C, respectively. Error bars show SEM. ‘*’ represent
signal after injection and quickest rise to maximal
intensity) compared to AAV2. Moreover, AAV6 hit near
maximal BLi intensity 7 days following local injection into
the NP (46.19 P/s/mm2) and was able to maintain a similar
amount of fLuc expression up to 56 days, while AAV2 took at
least twice as long to reach maximal intensity. Mean peak
intensity with AAV2 was also significantly less than what
was achieved with AAV6 (22.34 P/s/mm2, P < 0.05). This
demonstrates that, similar to what was reported by Mern
and colleagues in vitro,41 AAV6 provides a relatively high
amount of tropism for NP cells in vivo. Because of the high
transduction efficiency and favorable kinetics, AAV6 was
chosen for all subsequent experiments conducted
hereafter.

Comparison of gene promoters

Previous studies have demonstrated that, in a variety of
settings, different constitutive promoters used in AAV
vectors can demonstrate variable kinetics with respect to
transgene expression that is tissue specific. For example,
Mice received a 3 mL local injection of AAV6-CAG-fLuc particles
Li was then performed serially to determine the transduction

i pictures for the 109 and 1011 titers (42-day timepoint) are also
s statistical significance, P < 0.05. P Z photon, s Z seconds.



Figure 4 Comparison of AAV serotypes and gene promoters in NP cell transduction efficiency in vivo. Both AAV2 and AAV6 se-
rotypes (3 mL, 1011 GC/mL) were injected into Co6/7 of C57Bl/6 mice and BLi was serially performed (A). AAV6 showed better
transduction efficiency and kinetics compared to AAV2. Moreover, AAV6 hit near maximal BLi intensity 7 days following local in-
jection into the NP and was able to maintain a similar amount of fLuc expression up to 56 days, while AAV2 took significantly at least
twice as long to reach maximal intensity and mean peak intensity was also significantly less than what was achieved with AAV6. In
separate experiments, both AAV6-CAG-fLuc and AAV6-EF1a-fLuc particles (3 mL, 1011 GC/mL) were injected into Co6/7 of C57Bl/6
mice and BLi was performed serially (B). While AAV-CAG worked well, the EF1a promoter provided very little BLi at all timepoints.
Error bars show SEM. ‘*’ represents statistical significance, P < 0.05. P Z photon, s Z seconds.
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the human elongation factor-1a (EF1a) promoter and the
CAG promoters have been found to direct varying amounts
of transgene expression within AAV vectors both in vitro46

and in vivo47 depending on the context. Therefore, while
AAV6-CAG constructs had been demonstrating good effec-
tiveness in the NP in vivo thus far, we next wanted to
determine whether another widely studied constitutive
promoter for in vivo use, EF1a, would provide superior
transduction efficiency or kinetics of transgene expression.
Both AAV6-CAG-fLuc and AAV6-EF1a-fLuc particles (3 mL,
1011 GC/mL) were injected into caudal IVDs (Co6/7) of
C57Bl/6 mice and longitudinal BLi was performed at 3, 7,
14, 21, 28, 35, 42, and 56 days to determine any differ-
ences. Interestingly, while the AAV-CAG combination
continued to work very well in vivo with good reproduc-
ibility, the EF1a comparatively provided very little BLi at all
timepoints (Fig. 4B). This was somewhat surprising given
that the EF1a promoter has been shown to provide consis-
tent expression in vitro and in vivo in a variety of cell
types.48e52 To be sure, a repeat experiment was conducted
with a separate batch of AAV6-EF1a-fLuc, but similar re-
sults were found (data not shown). Therefore, AAV-EF1a
may not be the best choice when designing experiments to
drive transgene expression in NP cells in vivo.
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Comparison of bioluminescence reporters

While fLuc was determined to perform well for BLi of NP
cells in vivo, we next wanted to investigate whether other
bioluminescence reporters may perform even better. One
concern with fLuc in the IVD is that it requires an abun-
dance of ATP for bioluminescence,53 and since the NP is
known to be relatively hypoxic and NP cells get most of
their energy via anaerobic glycolysis,54 we decided to also
test another bioluminescence reporter, gLuc (Gaussia
luciferase), that does not require ATP to achieve biolumi-
nescence. In addition, GLuc is the smallest known lucif-
erase (19kD) and its catalytic properties make it one of the
“brightest” known luciferases,55 so it was hypothesized
that it might provide a stronger BLi signal when used
in vivo.

We therefore injected either AAV6-CAG-fLuc or AAV6-
CAG-gLuc (3 mL, 1011 GC/mL) into caudal IVDs (Co6/7) of
C57Bl/6 mice and performed longitudinal BLi up to 56 days
to determine the relative transduction efficiency and ki-
netics of transgene expression for each luciferase. While
fLuc again provided consistently strong signal and favorable
kinetics, we could not achieve any BLi signal with the use of
gLuc in any of the animals tested (data not shown). To
ensure that this lack of signal wasn’t somehow due to the
AAV serotype being used, we repeated this experiment two
more times using both AAV2-CAG-gLuc and AAV3-CAG-gLuc.
Again, we found no BLi signal at any of the timepoints
tested (3e56 days, data not shown). This was true even
with the use of two different substrates for the gLuc re-
porter: (1) the conventional substrate for gLuc, coelenter-
azine, and (2) a water-soluble version called
coelenterazine-SOL (Nanolight Technology, Randolph, VT)
that is less toxic and safer for repeated injections.56 To
make sure that we weren’t missing the quick flash of
bioluminescence inherent with gLuc, we also performed BLi
in each of these conditions at varying timepoints after de-
livery of substrate: 30 sec, 1 min, 2 min, 4 min, 6 min,
8 min, and 10 min. Again, we found no bioluminescence at
any of these timepoints. Due to the fact that we could not
get gLuc to provide BLi under any of these conditions, we
concluded that gLuc is not an appropriate bioluminescent
reporter in NP cells in vivo and recommend that fLuc be
used instead.
Off-target transgene expression

We next wanted to determine, in any of the conditions
tested above using the fLuc reporter, if there were any
signs of off-target transgene expression. In other words,
even after local injection of each viral construct into the NP
of a caudal IVD, did the virus migrate either through the
cartilaginous endplate via diffusion or out of the annular
puncture defect and cause expression of fLuc anywhere
else in the body? This would be particularly important in
studies using gene engineering in vivo, as these off-target
effects could have unknown deleterious effects on the
animals.

Upon review of the whole-body images of each mouse
from all of the experiments described above (20 min after
injection of luciferin), we did not find any evidence of off-
target effects outside of the immediate area surrounding
the injected Co6/7 IVD (data not shown). This held true
even when larger injection volumes (5 mL) or titers
(1013 GC/mL) were used. The farthest signal outside of each
injected disc was found in the mice receiving the 5 mL in-
jections (Fig. 2B), but again, that BLi was just slightly
eccentric and felt to be due to mechanical disruption of the
AF from the larger volume delivered. Using our described
method, there was no evidence that any appreciable
amount of AAV traveled anywhere else in the body via the
systemic circulation (within the limits of our detection
method). For achieving good transduction of NP cells
in vivo, we therefore recommend injecting 3 mL of the AAV6
serotype at a titer of 1011 GC/mL, as it appears to be
effective at achieving transgene expression without signif-
icant off-target effects.
Evaluation of transduction efficiency and toxicity
in vivo

While BLi allows for the assessment of the kinetics of
transgene expression over time and an approximation of
transduction efficiency (based on the relative intensity of
signal), we next wanted to more accurately quantify the
exact number of murine NP cells successfully transduced
in vivo following the local injection of AAV6 � CPP into the
disc. We therefore performed high-resolution 3D lightsheet
microscopy of whole intact IVDs four weeks following local
injection of 3 mL of AAV6-CAG-Cre (Cre recombinase), with
or without the addition of a CPP, into caudal IVDs of mTmG
mice (Co6/7). These mTmG mice were chosen because
when the ‘Cre’ recombinase protein is expressed as part of
the delivered transgene, it converts the baseline red fluo-
rescent signal (tdTomato) in the cell membranes of these
mice’s cells to a green (EGFP, enhanced green fluorescent
protein) color, thereby acting as a convenient indicator of
successful viral transduction, transgene expression, and Cre
recombination in vivo. Four weeks following injection, the
mice were euthanized and their spines were carefully
dissected and subjected to the PEGASOS method42 of
optically clearing tissue. Following optical tissue clearing of
whole intact disc segments (the IVD with both adjacent
vertebral bodies attached), these segments (Fig. 5A) were
imaged three-dimensionally using a lightsheet microscope
(Fig. 5B, C).

After 3D reconstruction of the imaging data, the number
of successfully transduced NP cells were calculated using
Imaris (Fig. 5D). It was found that 1011 GC/mL of AAV6
without the addition of CPP resulted in a mean transduction
efficiency of only 2.3 � 0.8%. With the addition of CPP,
however, a titer of 1011 GC/mL achieved a mean trans-
duction efficiency of 13.3 � 1.8% (P < 0.05). Finally, when
AAV6 was locally delivered at a higher titer of 6 � 1011 GC/
mL, transduction efficiency significantly increased to
81.7 � 9.8%. Lightsheet images of AAV6 alone and
AAV þ CPP are shown in Figure 5B and C, respectfully.
Moreover, Figure S2 shows representative images of the 3D
analysis (performed in Imaris) used to accurately determine
exactly how many individual NP cells were successfully
transduced and had transgene (Cre recombinase)
expression.



Figure 5 Assessment of NP cell transduction and whole IVD tissue architecture using 3D lightsheet microscopy. Caudal spines of
mTmG mice were carefully dissected after euthanasia and then subjected to the PEGASOS method42 of optically clearing whole
intact tissue (A). These tails were then imaged using high-definition 3D lightsheet microscopy (B, C) and the number of successfully
transduced NP cells were calculated for reach condition (D). The addition of CPP significantly increased the amount of NP cell
transduction in vivo. In the 2D representative lightsheet images of the 3D dataset of AAV6 alone (B) and AAV6þCPP (C), the green/
red fluorescence of mTmG mice have been changed to cyan/pink with pink representing cells that have been transduced and cyan
cells having no transgene expression. Finally, a representative mid-sagittal two-dimensional picture of a non-punctured control IVD
is shown (E). Compared to traditional histologic sections, a very accurate assessment of the cellular and tissue architecture can be
achieved with this imaging method. Error bars show SEM. ‘*’ represents statistical significance, P < 0.05.
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Finally, because lightsheet microscopy allows fine de-
tails of the tissue structure to be assessed in intact, unin-
terrupted tissue three-dimensionally, we used it to assess
for any signs of toxicity or pathologic cellular or tissue
phenotypes following delivery of AAV6 � CPP. To do this,
we utilized a previously validated histologic grading system
for IDD in mouse discs that takes into account five separate
domains: (1) NP structure, (2) annulus fibrosus (AF) struc-
ture, (3,4) NP and AF clefts/fissures, and (5) the NP/AF
boundary.57 Overall, we found that 3D lightsheet microcopy
could easily and accurately assign scores to each of these
scoring domains from the histology-based grading system.
As can be seen in Figure 5E, when turning off the software
filters for fluorescence and looking at two-dimensional sli-
ces as opposed to 3D renderings (i.e., Fig. 5C, D), a very
accurate assessment of the cellular and tissue architecture
can be achieved with this imaging method. This is
particularly true given the ability to scroll through each disc
at w2 mm intervals. Compared to a set of non-punctured
controls (no AAV, n Z 3), the discs that had AAV6 alone
(n Z 5) injected and the discs that had AAV6þCPP (n Z 5)
were scored independently by two experienced spine sur-
geons (CHK and SP). After thorough evaluation in 3D, there
were no significant adverse effects on the cellular or tissue
architecture of either the NP or AF following injection of
AAV alone (P Z 0.09) or AAV þ CPP (P Z 0.06). A summary
of the grades is shown in Table S1.
Discussion

Recent advances in molecular biology have made the clin-
ical application of gene therapy increasingly feasible and its
potential to favorably alter the course of IDD is under
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rigorous investigation. Gene transfer through the use of AAV
vectors, either in a therapeutic attempt or in basic and
translational research, is a fascinating and promising tool to
manipulate both the complex physiology of NP cells and the
IVD as a whole in vivo. To our knowledge, however, the
ability of different AAV serotypes to transduce NP cells
in vivo, and the experimental conditions to optimize
transduction efficiency, have not been systematically
compared. Herein, we assessed the transduction efficiency
and kinetics of transgene expression in murine NP cells of
caudal IVDs in vivo using the AAV-2 and -6 serotypes, in-
jection volumes, viral titers, gene promoters, and biolu-
minescence reporters. Between these two serotypes, which
are the serotypes that have been previously shown to have
the highest tropism for NP cells in vitro compared to
others,41 AAV6 clearly performed best in vivo with respect
to transduction efficiency, quick onset of transgene
expression, and prolonged expression through 8 weeks.
Moreover, we found that an injection volume of 3 mL and a
titer 1011 GC/mL provided optimal transduction efficiency
and kinetics while showing no appreciable off-target
transgene expression. In addition, because no evidence of
toxicity was found using high-definition 3D lightsheet im-
aging under these conditions, we recommend these pa-
rameters be considered for use in future studies using AAV
vectors to transduce NP cells in vivo. Moreover, given the
physical disruption of the AF in >80% of the animals
receiving an injection volume of 5 mL, an injection volume
of 3 mL is recommended for any injection of caudal murine
discs in basic/translational studies, regardless of the
application or goal.

In addition to finding these experimental parameters,
which led to high transduction efficiency of NP cells in vivo,
we found that a fLuc bioluminescent reporter works very
well in NP cells in vivo. We have also defined, for the first
time, the optimal window to perform BLi in mice after an
intraperitoneal injection of d-luciferin. Interestingly, while
the fLuc reporter worked well in the IVD, the gLuc reporter
did not. Again, this was surprising given that gLuc is known
to be much less dependent on ATP and the IVD heavily relies
on anerobic metabolism. Therefore, when designing plas-
mids containing bioluminescent reporters for use in the IVD
during the design phase of experiments, the fLuc reporter
should be used in place of a gLuc reporter.

One important factor in determining the success of using
viral-mediated gene therapy in NP cells of the IVD in vivo is
the duration of transgene expression. In most gene transfer
studies, there is a decline in transgene expression over time,
and this can certainly be a significant limitation to effective
gene therapy. Some evidence suggests that the duration of
gene expression after adeno-associated viral transfer is
limited because of an immune response to the injected
virus.18,58 This was not found to be the case up to 8 weeks,
however. We hypothesize that this may be the case because
the IVD is mostly avascular and encapsulated, conferring
protection from the systemic immune system. This immune-
privileged character of the disc may therefore serve to pre-
vent immune reactivity, permit prolonged gene expression,
and even protect the animal or patient from local or systemic
illness resulting from injected AAV vectors.

We also showed for the first time that a CPP, in this
instance the histidine-rich peptide LAH4, can be used to
significantly increase AAV-mediated transduction efficiency
of NP cells in vivo without any apparent toxicity or adverse
effects on tissue or cellular architecture. CPPs, small poly-
basic peptides, are known to be able to penetrate cell
membranes and have been used to deliver biologically
active materials, including viruses,59 into various cell types
and tissues. CPPs show promise as an alternative strategy to
chemical reagents that promote endosomal membrane
disruption60,61 because CPPs can promote the destabiliza-
tion of the endosomal membrane upon acidification of the
endosomal compartment without significant toxicity.62

While only one CPP was tested in this study, LAH4, our
promising results suggest that further study of CPPs in the
IVD is warranted. In addition to LAH4, other CPPs should
also be investigated as they may also further enhance
transduction percentages or even allow for similar trans-
duction efficiencies of NP cells at even lower viral titers. In
addition to viral-based transduction methods, CPPs may aid
in other gene engineering approaches in the IVD such as
RNAi (RNA interference) or with the use of CRISPR (clus-
tered regularly interspaced short palindromic repeats)-
based technologies.

Finally, we investigated two novel applications of a
relatively new and exciting technique called optical tissue
clearing and 3D lightsheet microscopy. Herein, we applied
this powerful technique to the IVD for the first time. First,
it was used to aid in the accurate assessment of trans-
duction efficiency in vivo (i.e., how many NP cells were
successfully transduced compared to entire NP population).
Secondly, the use of this imaging technique was explored as
a potential complement to, or even novel replacement for,
traditional two-dimensional histology in visualizing cell-
and tissue-level architecture. As opposed to histologic
sections, which are notoriously prone to sectioning artefact
in the IVD due to the soft NP as well as limited to assess-
ments in serial two-dimensional pictures, lightsheet mi-
croscopy allows for single-cell resolution of all cells in 3D in
whole, intact tissue without the need for sectioning.
Compared to histology, the 3D nature of the imaging
dataset uniquely allows for the assessment of uninter-
rupted tissue structures such as collagen fibers, blood
vessels, nerve fibers, etc. While it was not the primary
focus of this paper, lightsheet microscopy may therefore be
particularly well-suited to aid in the assessment of disc
degeneration in a variety of basic and translational studies.
We are therefore actively investigating this imaging tech-
nique following annular puncture and tail-looping models of
disc degeneration while validating a grading system to as-
sesses cellular and tissue architecture in three-dimensions.

Despite these encouraging results, several limitations of
this study merit mention. First, the use of BLi provides only
an indirect assessment of transduction efficiency, and
therefore, many of the parameters studied herein, such as
titer, volume, etc., were not assessed directly at an indi-
vidual cellular level. That being said, the use of lightsheet
microscopy with AAV6 confirms the BLi findings, including
high levels of NP cell transduction in vivo without evidence
of toxicity (including when CPPs were used). A second
limitation is that only two AAV serotypes were tested. While
other serotypes may provide further benefits in terms of
higher transduction efficiencies, etc., the two serotypes
tested were shown previously to be two of the serotypes
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with some of the highest amounts of tropism for NP cells
in vitro.41 Of course it is possible that differences exist
between the in vitro and in vivo environments, however.
Similarly, there are many other gene promoters and biolu-
minescent reporters that could possibly outperform what
was investigated here. Taken together, further studies
systematically comparing other AAV serotypes, promoters,
and reporters in this setting are warranted.

Conclusions

The IVD seems to be a superb site for AAV-mediated
transfer of therapeutic genes, because the cells of the NP
can be transduced efficiently, there is a low possibility of
immune reaction, and longer-term gene expression is
possible given the relatively quiescent character of NP
cells. These findings presented herein will contribute to the
success of using AAV6-mediated gene delivery in a variety
of applications for basic and translational studies of the
IVD, as well as potentially aid in the design of more efficient
and effective gene therapeutic approaches for the treat-
ment of IDD.
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