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Introduction

The limited capacity of adult mammalian central nervous 
system axons to regenerate following spinal cord injury (SCI) 
leads to substantial functional defects. One likely cause of 
this diminished growth ability is that the expression levels of 
proteins necessary for robust growth is dramatically lower in 
mature neurons than in younger, developing neurons.1,2 One 
tool that can modify gene expression in the mature central 
nervous system, potentially allowing for the overcoming of 
this significant hurdle, is recombinant viral vectors.

Adeno-associated virus (AAV) is one type of viral vector that 
is often used for gene therapy in the central nervous system 
because of its non-pathogenic nature, replication deficiency 
and high neuronal transduction efficiency. This helper-depen-
dent, single-stranded DNA parvovirus has the ability to effec-
tively transduce post-mitotic cells producing prolonged, stable 
gene expression without triggering an inflammatory response 
and toxicity.3,4 Several serotypes of AAV exist, each with dis-
tinct cellular tropisms determined by the surface features of 
the capsid.5 The ability of AAV to transduce fully differenti-
ated neurons makes it an ideal candidate to manipulate gene 
expression in adult, supraspinal neurons to promote axon 
regeneration, synaptic plasticity and neuronal survival follow-
ing the injury of their axons that project to spinal cord.

In various SCI models, application of AAV in the vicinity of 
targeted cell bodies results in their successful transduction.6–8 

Because SCI interrupts many different axon tracts projecting 
from the brain to the spinal cord, promoting regeneration of 
several injured, descending tracts would likely restore more 
interrupted circuitry than regeneration of a specific tract, 
thereby possibly improving functional recovery. Therefore, it 
seems reasonable to imagine that it would be advantageous 
to simultaneously modify a variety of supraspinal neuronal 
pools affected by the injury. Recently, widespread transduc-
tion was achieved by injecting AAV-green fluorescent protein 
(GFP) into multiple sites throughout the brainstem.9 While 
this injection paradigm effectively transduces many neurons 
within the brainstem, it is also very invasive.

Interestingly, another means to transduce neurons using 
AAV is via retrograde transport. Injecting AAV into a target 
muscle10–14 or peripheral nerve15–17 results in the transduc-
tion of motoneurons and dorsal root ganglion neurons that 
innervate the targeted muscle or that send projections via 
the injected nerve. Whether AAV is taken up by central axons 
within the spinal cord after injury and is then retrogradely 
transported to transduce neurons within the brain has not 
been determined.

In these experiments, we sought to assess the effective-
ness of a novel, less invasive approach to transduce mul-
tiple descending populations following SCI. We hypothesized 
that AAV injected into spinal cord tissue immediately rostral 
to an injury site would not only transduce local spinal neu-
rons but would also be taken up by severed, descending tract 
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In the vast majority of studies utilizing adeno-associated virus (AAV) in central nervous system applications, including those 
published with spinal cord injury (SCI) models, AAV has been administered at the level of the cell body of neurons targeted for 
genetic modification, resulting in transduction of neurons in the vicinity of the injection site. However, as SCI interrupts many 
axon tracts, it may be more beneficial to transduce a diverse pool of supraspinal neurons. We determined if descending axons 
severed by SCI are capable of retrogradely transporting AAV to remotely transduce a variety of brain regions. Different AAV 
serotypes encoding the reporter green fluorescent protein (GFP) were injected into gray and white matter immediately rostral 
to a spinal transection site. This resulted in the transduction of thousands of neurons within the spinal cord and in multiple 
regions within the brainstem that project to spinal cord. In addition, we established that different serotypes had disparate 
regional specificity and that AAV5 transduced the most brain and spinal cord neurons. This is the first demonstration that 
retrograde transport of AAV by axons severed by SCI is an effective means to transduce a collection of supraspinal neurons. 
Thus, we identify a novel, minimally invasive means to transduce a variety of neuronal populations within both the spinal cord 
and the brain following SCI. This paradigm to broadly distribute viral vectors has the potential to be an important component of 
a combinatorial strategy to promote functional axonal regeneration.
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axons and retrogradely transported to transduce diverse 
brain neurons that project to spinal cord. Successful retro-
grade transport would allow manipulation of gene expression 
in several remote neuronal populations upon administration 
into one location. In addition, because different AAV sero-
types have dissimilar tropisms18,19 and potential for retrograde 
transport,20 we sought to identify which AAV serotype most 
efficiently retrogradely transduces neurons in brain after SCI.

Results

Immediately following a complete transection of the spinal 
cord at thoracic level 3 (T3), equivalent titers of AAV1-, AAV2-, 
AAV5-, AAV8-, or AAV9-CBA-GFP (GFP transgene under a 

Figure 1  Schematic of intraspinal injection methodology. 
Equal titers and volumes of each of the tested AAV serotypes 
were injected into spinal cord tissue ~1 mm rostral to a fresh 
spinal transection site at T3. Injections of AAV1-, AAV2-, AAV5-, 
AAV8-, or AAV9-GFP were made at (a) four different locations, 
i.e., two lateral locations and two medial locations, and at (b) two 
different depths per location. Thus, there were a total of eight 
injections. AAV, adeno-associated virus; GFP, green fluorescent 
protein.

Thoracic
Tx

AAV
-GFPC R

a b

Figure 2  Intraspinal AAV injection rostral to an SCI site 
transduces spinal cord neurons. (a,d) Transverse sections 
of spinal cord above the injury site were processed for 
immunohistochemistry for the reporter protein GFP (green) 
and the astrocytic marker GFAP (red). One month following 
intraspinal injection of AAV, the reporter gene GFP is expressed 
in neurons within gray matter (a, arrowheads in c) and in 
many axonal profiles (cut in cross-section) throughout white 
matter (a, arrows in b) located rostral to the transection site. 
AAV preferentially transduces neurons as only a few GFAP+ 
astrocytes also express GFP (d, arrows in e). The vast majority 
of GFAP+ astrocytes did not express GFP (d, arrowheads in e), 
even in areas where there was abundant neuronal expression 
of GFP (d, arrowheads in f). AAV, adeno-associated virus; GFP, 
green fluorescent protein; GFAP, glial fibrillary acidic protein; SCI, 
spinal cord injury.
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Figure 3  Quantification of transduced, GFP+ neurons within 
spinal cord following intraspinal injection. GFP+ neurons in 
serially collected spinal cord tissue sections (one section every 400 
µm rostral to the injury site) from animals injected with each of the 
tested AAV serotypes were manually counted. (a) Total numbers 
of GFP+ neurons between groups were compared for statistical 
significance using a one-way analysis of variance test followed 
by post-hoc Tukey’s tests. The number of GFP+ neurons following 
AAV1 or AAV5 was significantly higher than with AAV2, AAV8, or 
AAV9 (*P < 0.05; mean ± SEM, n = 3). There was no significant 
difference between AAV1 and AAV5. (b) With all tested serotypes, 
most of the GFP+ neurons were found fairly close to the injection 
site (within ~5 mm). In AAV5-injected animals, GFP+ neurons were 
found as far as 10 mm away. AAV, adeno-associated virus; GFP, 
green fluorescent protein.
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chicken β-actin promoter; n = 3 per serotype) were injected into 
four different locations rostral to the transection site (Figure 1a) 
at two different depths per location (Figure 1b). This was done 
to “flood” with viral vectors tissue encompassing the intermedi-
ate gray matter and the lateral and ventral funiculi just rostral to 
the injury. One month later, the animals were sacrificed.

Intraspinal injection of AAV rostral to a SCI site 
transduces many spinal cord neurons
Intraspinal injection of all tested AAV serotypes resulted in 
transduction of spinal cord neurons rostral to a SCI site. In ani-
mals from all groups, numerous GFP+ neurons were observed 
in gray matter (Figure 2a,c) above the injury. Moreover, many 
GFP+ axons (visualized as more punctate than linear staining 
in Figure 2a,b because the axons are seen in cross-section) 
were observed in the lateral and ventral white matter rostral 
to the transection site. Most GFP+ cells within the spinal cord 
had a neuronal phenotype (Figure 2a,c,d) but a few GFP+ cells 
colocalized with the astrocytic marker glial fibrillary acidic pro-
tein (Figure 2e, arrows). Nonetheless, the vast majority of glial 
fibrillary acidic protein-positive cells did not coexpress GFP 
(Figure 2e, arrowheads), even in regions containing many 
GFP+ neurons (Figure 2f, arrowheads). These data indicate 
that each serotype transduced more neurons than astrocytes, 
agreeing with literature that AAV with a non-cell–specific pro-
moter preferentially transduces neurons and not glia.21,22

To determine if different AAV serotypes transduce spinal 
cord neurons to disparate degrees, all GFP+ neurons in a 
subset of spinal cord sections rostral to the spinal transection 
site (every 400 μm; Figure 3a) were counted. There were 
2,700 ± 212.3 GFP+ spinal cord neurons in animals injected 
with AAV1 and 3,439 ± 338.3 neurons in animals injected 
with AAV5. Both AAV1 and AAV5 were significantly better at 
transducing spinal cord neurons than the other tested sero-
types (P < 0.05). There were 548 ± 71.3 GFP+ spinal neurons 
in animals injected with AAV2, 848 ± 193.3 in animals injected 
with AAV8 and 1,572 ± 104.5 in animals injected with AAV9. 
All serotypes were able to transduce spinal cord neurons as 
far as 5–6 mm rostral to the injury site (Figure 3b). Moreover, 
neurons as far as 10 mm rostral to the transection site were 
transduced following AAV5 injection.

AAV is retrogradely transported by axons injured by 
SCI and robustly transduces various supraspinal brain 
neurons
To determine if AAV injected immediately rostral to a SCI site 
is taken up by injured axons and retrogradely transported to 
transduce neurons within the brain, GFP+ neurons in brain 
sections every 400 μm apart were counted. Virtually all GFP+ 
neurons were located within the brainstem. We found many 
GFP+ neurons in the reticular formation (Figure 4a, arrows), 
vestibular nucleus (Figure 4b, arrows) and red nucleus 

Figure 4  Retrograde transduction of brainstem neurons following intraspinal AAV injection after spinal cord injury. One month after 
AAV delivery, serially collected transverse sections of brain was processed for immunohistochemistry for GFP (green). Many GFP+ neurons 
were found in different brainstem regions, including the (a) reticular formation (Ret. form.), (b) the vestibular nucleus (Vest. nucl.), and (c) 
the red nucleus (Red nucl.). (d) All GFP+ neurons in a series of tissue sections (one section every 400 µm) encompassing all of the brain 
were counted. Differences in total numbers of GFP+ between AAV serotype groups was analyzed for statistical significance using a one-way 
analysis of variance and post-hoc Tukey’s tests. The most GFP+ neurons were found in the brains of animals injected with AAV5 (P < 0.05; 
mean ± SEM, n = 3). No additional significant differences were found amongst the other serotypes. AAV, adeno-associated virus; GFP, green 
fluorescent protein.
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(Figure 4c, arrows). Moreover, we found many GFP+ pro-
cesses in these same areas (Figure 4, arrowheads), some 
appearing to emerge from GFP+ somas. GFP+ neurons were 
observed in all brains, indicating that each of the tested AAV 
serotypes is capable of being retrogradely transported by 
injured axons to transduce brain neurons (Figure 4d). How-
ever, there was a significantly greater number (P < 0.05) of 
GFP+ neurons in the brains of animals intraspinally injected 
with AAV5 (2,713 ± 186.0) than AAV1 (1,700 ± 229.3), 
AAV2 (943.3 ± 93.8), AAV8 (1,471.7 ± 359.3) or AAV9 
(890.7 ± 262.1). We did not observe any transduced neurons 
within cortex (data not shown).

To determine if the tested serotypes had different tropisms 
for various supraspinal neuronal pools, we assessed where 
each GFP+ neuron in the brain was located. Not unexpectedly, 
we found that different serotypes had regional specificity. Sig-
nificantly more neurons within the reticular formation (Figure 
5a) that project via the reticulospinal tract were transduced 
with AAV5 (1,873 ± 168.7) than AAV1 (743 ± 130.4), AAV2 
(441.7 ± 55.9), AAV8 (844.7 ± 207.8) or AAV9 (378.7 ± 174.5; P 
< 0.05). All AAV serotypes resulted in statistically equal num-
bers of GFP+ neurons in the vestibular nuclei (Figure 5b) that 
form the vestibulospinal tract. AAV1 transduced 436.7 ± 132 
neurons, AAV2 transduced 228.3 ± 51.1, AAV5 transduced 
523.7 ± 70.1, AAV8 transduced 276.7 ± 129.1, and AAV9 

transduced 239 ± 127.5. Injecting AAV1 into the spinal cord 
transduced significantly more neurons in the raphe nuclei 
(18.4 ± 2.2) that form the raphespinal tract than AAV5 (9 ± 5.5; 
P < 0.05; Figure 5c). We did not observe any GFP+ neurons in 
the raphe after injecting AAV2, AAV8 or AAV9 rostral to the spi-
nal transection. All AAV serotypes were transported by injured 
rubrospinal tract axons to result in GFP expression in neu-
rons within the red nucleus (Figure 5d). In the subset of sec-
tions analyzed, there were 211 ± 14 GFP+ neurons in the red 
nucleus of animals injected with AAV1, 273.3 ± 16.5 injected 
with AAV2, 307.3 ± 53.5 injected with AAV5, 350.5 ± 61.2 
injected with AAV8 and 273 ± 48.1 injected with AAV9. There 
were no significant differences between groups in this region.

These data demonstrate that multiple supraspinal neuronal 
pools that project to spinal cord are effectively retrogradely 
transduced when AAV is intraspinally injected after SCI. 
Moreover, these data indicate all AAV serotypes tested are 
capable of being retrogradely transported by injured axons.

Discussion

While various treatments have successfully promoted some 
axonal regeneration after SCI, gene therapy may help sur-
mount the decreased expression of regeneration-associated 
genes in adult neurons to significantly enhance their intrinsic 

Figure 5  Brain regional differences in retrograde transduction efficiencies. Using the same brain tissue sections used for the analysis 
depicted in Figure 4, the location of each GFP+neuron was assessed and totaled. (a) AAV5 resulted in the most GFP+ neurons in the reticular 
formation (*P < 0.05; mean ± SEM, n = 3). All tested serotypes transduced statistically equivalent numbers of neurons in (b) the vestibular 
nuclei and (d) the red nucleus. (c) Animals intraspinally injected with AAV1 had the most GFP+ neurons within the raphe nuclei (P < 0.05). 
AAV, adeno-associated virus; GFP, green fluorescent protein.
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growth potential.23–25 We chose to focus on AAV because it 
is non-pathogenic, able to transduce post-mitotic cells, pref-
erentially transduces neurons rather than glia and does not 
trigger an immune or gliotic response.3,4,26

Because multiple descending populations are affected by 
SCI, it is plausible that increasing the expression of growth-
promoting genes in a wide population of supraspinal neurons 
that project to spinal cord could further improve functionally 
relevant axonal regeneration. One means of accomplishing 
an extensive transduction of brain neurons in a SCI model 
is to inject AAV into multiple locations throughout the brain-
stem,9 which is home to many neuronal pools that project to 
spinal cord. While this method is effective, it is very invasive 
and involves 19 separate injections.

While AAV effectively transduces neurons when applied to 
the cell body, it also can be retrogradely transported following 
injection into peripheral nerve10–13 or muscle (after uptake at 
synaptic terminals) 15–17 to transduce neurons remote from 
the injection site. Retrograde transport of AAV appears to be 
dependent upon interaction with the motor protein dynein 
that, in turn, binds to and travels along microtubules.27 
Indeed, colchicine, which inhibits microtubule polymerization 
and induces microtubule disassembly,28 prevents the trans-
duction of spinal motoneurons following AAV injection into 
peripheral nerve.17

In this study, we sought to determine if we could take 
advantage of the ability of AAV to be retrogradely transported 
to transduce a large and diverse population of neurons whose 
axons are injured by SCI while concurrently minimizing addi-
tional trauma due to delivery of viral vectors. To this end, AAV 
was intraspinally injected immediately rostral to a fresh SCI 
site. As one would expect, thousands of GFP+ neurons were 
found within the spinal cord itself. While this is likely primarily 
due to the transduction of spinal neurons by virus that dif-
fused within the parenchyma away from the injection sites, 
the fact that some GFP+ neurons were located 10 mm away 
(Figure 3b) suggests that some propriospinal neurons were 
also retrogradely transduced.

In addition, we found thousands of GFP+ neurons in brain 
regions far distant from the injury and injection sites in upper 
thoracic spinal cord. These data indicate that acutely injured, 
descending axons are capable of retrogradely transporting 
intraspinally-delivered AAV to effectively transduce neurons 
within the brainstem that project to spinal cord. This process 
is likely due (at least partly) to active endocytosis because 
axonal membranes typically seal up within 30 minutes after 
injury29 and the injections took about an hour to complete. 
If uptake of virus into injured axons was merely passive, it 
seems likely that we would have noticed more GFP+ neurons 
in tissue on the side that was injected into first, before mem-
brane sealing, which we did not observe (data not shown). It 
is important to note that only a fraction of all brain sections 
were analyzed (one section every 400 μm). Thus, it is pos-
sible and likely that our GFP+ neuron counts underestimate 
the absolute number of neurons that were transduced in 
this fashion. In addition, using higher titers of virus may also 
increase the number of transduced neurons.

We are confident that the expression of the reporter gene 
GFP in the brain resulted from transport of AAV and not 
from uptake by cell bodies of excess viral vector circulating 

in cerebral spinal fluid because we found no evidence of 
GFP+ neurons surrounding the ventricles (data not shown). 
We only observed GFP+ neurons within the spinal cord or 
in brain regions that project down to spinal cord. In the latter 
case, GFP+ neurons were found in the reticular formation, 
the vestibular nuclei, the red nucleus and, to a lesser extent, 
the raphe nuclei. This indicates that AAV was taken up and 
transported by axons forming the reticulospinal, vestibulospi-
nal, rubrospinal and raphespinal tracts present in the lateral 
and ventral funiculi.

While other groups have found that transport of several dif-
ferent AAV serotypes within the brain is possible,30–32 to our 
knowledge, these data are the first to demonstrate that ret-
rograde transport of AAV after SCI can remotely transduce 
neurons. While the direction of transport (retrograde versus 
anterograde) is not always clear,31 we are confident that in 
this study, transduction in the brainstem is due to retrograde 
transport. Neurons residing within the spinal cord do not proj-
ect to the red nucleus or the raphe,33 so anterograde trans-
port of AAV to these regions is not likely. Furthermore, while 
some spinal neurons project via the spinoreticular tract to 
the reticular formation and via the spinovestibular tract to the 
vestibular nuclei, the vast majority of these neurons reside 
in cervical (for spinoreticular and spinovestibular tracts) and 
lumbar spinal cord (for spinoreticular tract only),33 far from 
the injury and injection site within thoracic spinal cord. Fur-
thermore, we did not observe GFP+, transduced neurons 
within the dorsal column nuclei (data not shown), which is 
where ascending dorsal column axons terminate, providing 
additional support that transduction within the brain is due to 
retrograde and not anterograde transport.

While we observed many GFP+ neurons within brainstem, 
we did not find any evidence that neurons within primary 
motor cortex that project to spinal cord via the corticospinal 
tract were transduced. This is a bit surprising given that these 
neurons are well-transduced following intracortical injections 
of AAV122 and AAV8,34 two of the serotypes tested in this 
study. While it is not entirely clear if the lack of transduction 
in this study is due to a poor ability of these axons to take up 
and retrogradely transport the vectors or virus not diffusing 
to the dorsal funiculus, Figure 2a suggests that there was 
sufficient vector present in the dorsal funiculus, where the 
primary component of the corticospinal tract is present in the 
rat. Furthermore, when a mixture of horseradish peroxidase 
and adenovirus encoding for lacZ was injected into lumbar 
spinal cord of naive mice, there were many more horserad-
ish peroxidase-positive than β-galactosidase+ neurons in 
motor cortex, indicating that corticospinal tract axons either 
endocytosed or transported horseradish peroxidase and the 
adenovirus at different rates.35 These data along with the lack 
of transduction of primary motor cortical neurons in our study 
suggest that corticospinal tract axons may inherently be dif-
ficult to transduce via retrograde transport of viral vectors, 
be it AAV or adenovirus. It also indicates that transduction 
efficiencies following delivering virus to the cell body can be 
quite different from after delivering virus to the axon.

Because our protocol entails injecting AAV into the spi-
nal cord, we are able to more specifically target descending 
tracts than if we were to inject virus throughout brainstem, 
which will transduce neurons that project to spinal cord as 
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well as other areas within the brain. Interestingly, retrograde 
transport of AAV has been reported in nonhuman primate,31,36 
suggesting that retrograde transport of AAV is not specific 
to small animal models and is likely possible in the human. 
Another potential advantage of this paradigm for future clini-
cal application is that as surgical intervention in the lesion 
vicinity is already likely in people who sustained SCI,37 it is 
foreseeable that AAV could be injected into tissue immedi-
ately rostral to the injury site during this surgical procedure, 
negating the need for an additional surgery.

Although it is beyond the scope of the present study, which 
was focused on ascertaining whether AAV was transported 
by injured axons, at all, it would be interesting to determine 
if injury itself affects transport or transduction efficiency. Fur-
thermore, while we found that our injection paradigm results 
in robust neuronal transduction of brainstem neurons in an 
acute SCI model, it would be very important to assess if AAV 
is also taken up and retrogradely transported by chronically 
injured axons, as studies have demonstrated retrograde 
transport in long-injured axons is impaired.38–40 This informa-
tion would allow us to better understand if this AAV injection 
paradigm could possibly be used to treat the millions of peo-
ple within the United States alone already living with some 
form of SCI.41

As alluded to above, one potential application of this AAV 
injection paradigm is to enhance axonal regeneration after 
SCI. Our labuses a well-established grafting model in which 
segments of peripheral nerve are transplanted to fill the 
lesion cavity with a growth-supportive environment.42 Some 
axonal tracts, including the populations that we found to be 
well-transduced in this study (e.g., reticulospinal, vestibulo-
spinal, rubrospinal, and propriospinal pathways) regenerate 
fairly well into these peripheral nerve grafts.43 A significant 
challenge has proven to be getting axons to emerge from the 
graft to reinnervate spinal cord tissue. This step is necessary 
if these axons are to reform functionally relevant synapses 
upon target neurons.43–46 Injecting AAV rostral to a SCI site 
could be one means to overexpress regeneration-associ-
ated genes1,47 or knockdown genes that negatively regulate 
growth48–50 specifically in neurons that regenerate into the 
graft (e.g., those originating from the reticular formation, ves-
tibular nuclei, and red nucleus) to enhance their axons’ ability 
to traverse the distal graft–host interface.

We also found that there were transduction efficiency 
differences between the tested serotypes, with AAV1 and 
AAV5 transducing the most neurons within spinal cord and 
AAV5 transducing the most neurons within brain. It is not yet 
known if this is due to distinct, capsid-dependent5,51 neurot-
ropisms of the various AAV serotypes18 or differential abil-
ity of AAV serotypes to be retrogradely transported.20 Thus, 
for SCI, AAV5 seems like the best viral vector to use since 
it results inefficient transduction of a diverse population of 
both descending neurons and propriospinal neurons, whose 
regeneration and/or plasticity can also potentially mediate 
functional recovery.52,53 However, with continued improve-
ments in our understanding of AAV capsids, it is possible 
that another serotype will be discovered or developed that 
will surpass AAV5 in usefulness for our very specific applica-
tion (i.e., retrograde transduction after SCI). In addition, the 
further refinement of inducible promoter systems to better 

control transgene expression in specific neuronal popula-
tions will greatly affect the potential of using AAV to promote 
axonal regeneration in the clinic.

Overall, we have identified a novel, minimally invasive 
method to effectively transduce a variety of neuronal popula-
tions within both the spinal cord and the brain following SCI. 
While the field is still in the nascent stages of using gene 
therapy as a means to help repair the injured spinal cord, 
our findings demonstrate the ability to simultaneously and 
specifically affect multiple neurons after injecting AAV5 into 
one location, i.e., intraspinally into tissue just rostral to a SCI 
site. This paradigm to broadly distribute viral vectors has 
the potential to be an important component of an eventual 
“bench-to-bedside” combinatorial strategy to promote func-
tional axonal regeneration.

Materials and methods

AAV vectors. All single-stranded AAV vectors were obtained 
from the University of North Carolina’s Gene Therapy Center 
(Chapel Hill, NC) and encoded for the reporter gene GFP under 
the control of a chicken β-actin promoter. AAV serotypes used 
were AAV1, AAV2, AAV5, AAV8, and AAV9. All viral vectors 
used were hybrids in that the replication gene was from AAV2 
and the capsid gene was specific to the particular serotype.

Surgical procedures. All procedures complied with Drexel 
University’s Institutional Animal Care and Use Committee 
and National Institutes of Health guidelines for experimenta-
tion with laboratory animals. Adult female Sprague–Dawley 
rats (225–250 g; Charles River, Wilmington, MA) were anes-
thetized with isoflurane inhalation. The dorsal surface of tho-
racic level 3 (T3) spinal cord was exposed by laminectomy. 
The dura was incised and one vertebral body length (2–3 mm) 
of spinal cord was removed via aspiration. Hemostasis was 
achieved with Gelfoam pledgets placed into the cavity. The 
dura was closed using a 10-0 suture. To target lateral and 
ventral funiculi and gray matter 1 μl of AAV1-, AAV2-, AAV 5-, 
AAV8-, or AAV9-GFP (n = 3 per group, 109 transducing unit) 
was slowly injected into four different site locations at two dif-
ferent depths ~1 mm rostral to the transection using a glass 
micropipette attached to a Hamilton syringe44 (Figure 1a). 
Specifically, AAV was bilaterally injected just medial to the 
lateral edge of the spinal cord at a depth of 1 and 2 mm and 
1 mm lateral to midline, and 2.5 and 1.5 mm deep (Figure 1b). 
Thus, there were a total of eight sites. The laminectomy site 
was covered with a silastic membrane (BioBrane; UDL Labo-
ratories, Rockford, IL). The overlying musculature was closed 
using 4-0 sutures, and the skin was closed using wound clips. 
One month later, animals were perfused using 4% parafor-
maldehyde. All animals were administered lactated Ringer’s, 
buprenorphine (0.05 mg/kg) for postoperative pain manage-
ment, and cephazolin (160 mg/kg) for 7 days to prevent infec-
tion. In addition, bladders were expressed manually two- to 
three-times a day until the voiding reflex returned (~14 days).

Histology. The brain and spinal cord rostral to the transection 
were dissected and post-fixed overnight in 4% paraformal-
dehyde at 4 °C. The tissue then was cryoprotected in 30% 
sucrose before sectioning on a cryostat. Transverse sections 
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(50 µm) were serially cut. Every eighth section (every 400 
µm) was mounted onto glass slides and coverslipped using 
FluorSave (EMD Millipore, Billerica, MA).

In addition, some sections were blocked in 5% normal 
goat serum, 1% bovine serum albumin, 0.1% Triton X-100 
in phosphate-buffered saline for 1 hour at room temperature 
before incubation in the appropriate primary antibody over-
night at room temperate. The primary antibodies used were 
against GFP (1:1,000; Millipore, Billerica, MA) and glial fibril-
lary acidic protein (1:1,000; Millipore). Sections were rinsed 
in phosphate-buffered saline and incubated in the appropri-
ate secondary antibody for 2 hours at room temperature. 
Secondary antibodies used were conjugated to Alexa 488 or 
594 (1:500; Life Technologies, Grand Island, NY). Sections 
were rinsed in phosphate-buffered saline, mounted onto 
glass sides, and coverslipped. Slides were imaged using an 
Olympus BX51 and a Leica DM5500B microscope (Leica 
Microsystems, Wetzlar, Germany).

Quantification of GFP+ transduced neurons. To quantify 
transduced spinal cord neurons, all GFP+ neurons in sec-
tions 400 µm apart were manually counted. Differences in 
the number of GFP+ neurons amongst AAV serotype groups 
was assessed for significance using a one-way analysis of 
variance and post-hoc Tukey’s tests.

To quantify transduced neurons within the brain, all GFP+ 
neurons in sections 200 µm apart were counted and their 
location noted. Statistical significance was determined using 
one-way analysis of variance and post-hoc Tukey’s tests 
(GraphPad, La Jolla, CA). All quantification is presented as 
averages ± SEM.
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