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SCIENCE ADVANCES | RESEARCH ARTICLE

NEUROSCIENCE

Physical positioning markedly enhances brain
transduction after intrathecal AAV9 infusion

Michael J. Castle'*, Yuhsiang Cheng’, Aravind Asokan®**!, Mark H. Tuszynski'>*

Several neurological disorders may benefit from gene therapy. However, even when using the lead vector candi-
date for intrathecal administration, adeno-associated virus serotype 9 (AAV9), the strength and distribution of
gene transfer to the brain are inconsistent. On the basis of preliminary observations that standard intrathecal
AAV9 infusions predominantly drive reporter gene expression in brain regions where gravity might cause cere-
brospinal fluid to settle, we tested the hypothesis that counteracting vector “settling” through animal positioning
would enhance vector delivery to the brain. When rats are either inverted in the Trendelenburg position or continu-
ously rotated after intrathecal AAV9 infusion, we find (i) a significant 15-fold increase in the number of transduced
neurons, (ii) a marked increase in gene delivery to cortical regions, and (iii) superior animal-to-animal consistency
of gene expression. Entorhinal, prefrontal, frontal, parietal, hippocampal, limbic, and basal forebrain neurons
are extensively transduced: 95% of transduced cells are neurons, and greater than 70% are excitatory. These
findings provide a novel and simple method for broad gene delivery to the cortex and are of substantial relevance
to translational programs for neurological disorders, including Alzheimer’s disease and related dementias, stroke,
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and traumatic brain injury.

INTRODUCTION

Adeno-associated virus (AAV) vectors mediate safe and long-term
gene transfer to the brains of rodents, monkeys, and humans (1-3).
AAV-based gene therapies have substantial promise for treatment
of neurological disorders such as Alzheimer’s disease (AD), Lewy body
dementia, frontotemporal dementia, Huntington’s disease, stroke,
and traumatic brain injury. However, the extensive surface area of
the human cortex presents a challenging target for gene delivery. AAV
serotype 9 (AAV9) drives widespread central nervous system (CNS)
transduction after intrathecal administration to the cerebrospinal
fluid (CSF) of nonhuman primates (4-6). This is a promising tech-
nique for gene delivery to the CNS, but stronger gene expression
is observed in the spinal cord and dorsal root ganglia (DRGs) than
in the brain (4, 7, 8), and transduction is often variable from sub-
ject to subject. After intrathecal infusion of AAV9 or AAVrh.10
in rodents or marmosets, gene expression is observed in the cere-
bellum, brainstem, olfactory bulb, hippocampus, and entorhinal
cortex, but gene transfer to other cortical regions is limited (9-12).
Novel techniques that improve the extent and consistency of intra-
thecal vector delivery are needed for effective treatment of brain
disorders.

Placing adult macaques for 5 or 10 min in the Trendelenburg po-
sition, in which the body lies supine on a reclining table with the head
approximately 30° below the feet, increases transduction of cervical
relative to lumbar spinal cord after intrathecal infusion of AAV9 (13).
This suggests that gravity affects vector distribution and that posi-
tioning the head below the feet may improve delivery to the brain.
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However, the impact on brain transduction in the macaque was
not quantified (13), and 10 min in the Trendelenburg position did
not increase brain transduction in dogs (8). Ten minutes in the
Trendelenburg position may thus be insufficient to enhance brain
transduction. AAV9 remains detectable in the blood 24 hours after
intravenous injection (14), indicating that vector binding and up-
take occur slowly, and therefore, inversion for longer durations may
increase efficacy.

On the basis of these reports, and our initial observation that intra-
thecal AAV infusion drives gene expression in brain regions where
CSF appears to settle under gravity, we hypothesized that 2 hours in
the Trendelenburg position after intrathecal AAV9 administration
to adult rats would significantly enhance gene delivery to the brain.
Because it appears that AAV9 distribution in the CSF is affected by
gravity, we also hypothesized that rotating the rat continuously for
2 hours after infusion would prevent the vector from settling under
gravity, thereby improving gene transfer to the entire CNS. These
simple methods represent a potential means to control and improve
gene delivery to the brain after intrathecal AAV9 infusion.

RESULTS

Twenty-one adult rats received a cisterna magna (CM) infusion of
1 x 10" vector genomes (vg) of AAV9 containing the chicken B-actin
(CAG) promoter and enhanced green fluorescent protein (eGFP)
transgene, in a total volume of 100 ul. To prevent leakage of vector,
100 pl of CSF was withdrawn from CM before infusion, the infusion
site was sealed with fibrin, the vector was infused at a slow rate of
10 pl/min, and the infusion needle remained in place for 10 min after
infusion. Seven rats were placed in a typical prone upright position after
surgery, with the chin flatly contacting the ground and not tilted to
either side (“upright”) (Fig. 1A). Seven rats were inverted in a modified
Trendelenburg position for 2 hours, with feet 25° above the head and
a pillow supporting the head with the scalp parallel to the ground, to
prevent gravity from concentrating vector at the rostral apex of the
brain (“inverted”) (Fig. 1B). Seven rats were secured in a padded enclo-
sure on a disk-style laboratory rotator and were rotated continuously,
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Fig. 1. Inversion and rotation greatly enhance gene transfer to the brain after intrathecal AAV9 infusion. (A to C) GFP labeling in 40-um-thick sagittal brain sections
in rats that received intrathecal AAV9-CAG-eGFP, and (A) remained upright for 2 hours, (B) were inverted for 2 hours or (C) were rotated for 2 hours after surgery. From left
to right, sections are 0.5, 2.5, and 4.5 mm lateral from bregma. Both inversion and rotation substantially increased gene transfer to entorhinal (e), prefrontal (pf), frontal
(f), parietal (pa), and limbic (li) cortices, as well as hippocampus (hp), basal forebrain (bf), cerebellum (cb), and olfactory bulb (ob). There was minimal gene transfer to
striatum (st), thalamus (th), hypothalamus (hy), and brainstem (bs). Scale bar, 2 mm. (D) The average increase in the number of GFP-positive cells per section in inverted
or rotated animals relative to upright animals is shown for nine brain regions: prefrontal, frontal, parietal, entorhinal, and limbic cortices, as well as hippocampus, subicu-
lum, horizontal diagonal band, and medial septum/vertical diagonal band. Inversion and rotation increased the number of GFP-positive cells by an average of 1520 and
1890%, respectively, relative to upright animals. This increase was highly significant as determined by Friedman test (P = 0.0003) and Tukey’s post tests. Error bars repre-
sent the 95% confidence interval. **P < 0.01. (E) Following inversion for 2 hours, 73.0% of transduced neurons in the entorhinal cortex are excitatory glutamatergic neu-
rons, and 27.0% are inhibitory GABAergic neurons (arrow). The image is a single optical section acquired with structured illumination. (F) In the cholinergic basal forebrain,
inversion for 2 hours induces GFP expression in 22.5% of cholinergic neurons in the horizontal diagonal band and (G) 13.9% of cholinergic neurons in the medial septum/
vertical diagonal band (MS/VDB), based on colocalization with p75. Scale bars, 100 um (E to G).

alternating between upright and inverted positions, for 2 hours ata  to upright animals, the mean number of GFP-positive cells increased

rate of 20 rpm (“rotated”) (Fig. 1C). After 2 hours, all rats were returned
to housing in an upright position. Rats were euthanized 4 weeks after
surgery, and gene transfer to the brain was examined using immuno-
labeling for GFP (Fig. 1).

Inversion and rotation both markedly enhanced gene transfer to
the brain after intrathecal AAV9 infusion (Fig. 1, A to C). Notably,
after inversion or rotation, gene transfer was strongly biased for the
cerebral cortex and basal forebrain, the brain regions that are primar-
ily affected in dementias, stroke, and traumatic brain injury. Relative

Castle etal., Sci. Adv. 2018; 4 : eaau9859 14 November 2018

by an average of 1520% after inversion and 1890% after rotation in
nine regions of cortex and basal forebrain (Fig. 1D). These increases
were highly significant (Fig. 1D). The olfactory bulb and cerebellum
were also strongly transduced (Fig. 1, A to C). Minimal gene expres-
sion was observed throughout the rest of the brain.

Transduction of cholinergic basal forebrain was extensive: Among
the three inverted rats with gene expression closest to the mean,
22.5% (SD = 14.0%) of cholinergic neurons in the horizontal limb of
the diagonal band were GFP positive, as well as 13.9% (SD = 7.93%)
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in the medial septum/vertical limb of the diagonal band (MS/VDB; Fig. 1,
F and G). In contrast, transduction of dopaminergic and serotonergic
brain regions was minimal: 0.72% (SD = 0.89%) of dopaminergic
neurons in substantia nigra (SN) were GFP positive, 0.49% (SD =0.22%)
in the ventral tegmental area (VTA), and 0.58% (SD = 0.82%) in
hypothalamus. No serotonergic neurons in the raphe nuclei were GFP
positive.

Within cortex, 73.0% of GFP-positive neurons were excitatory and
27.0% were inhibitory (SD = 12.0%; Fig. 1E), as determined by colo-
calization with the excitatory marker vesicular glutamate transporter
1/2 (VGIuT1/2) and the inhibitory marker y-aminobutyric acid (GABA).
A minority of GFP-positive neurons did not colocalize with either
VGIuT1/2 or GABA (19.1%; SD = 8.15%). Although some uncolo-

A Entorhinal cortex

B Entorhinal cortex € Prefrontal cortex

D Frontal cortex

calized GFP-positive neurons were likely GABAergic, as GABA anti-
bodies do not stain every GABAergic neuron (15), others had pyra-
midal morphology, indicating an excitatory transmitter phenotype.
Uncolocalized neurons were therefore not included in the final
counts. These results closely match the population of 70 to 85% ex-
citatory pyramidal neurons and 15 to 30% inhibitory interneurons
in the rat cortex (16), suggesting that AAV9 was not biased for trans-
duction of either cortical neuron subtype.

Gene expression was quite variable among rats that were placed
in an upright position after intrathecal AAV9 infusion. Inversion
and rotation both greatly improved the animal-to-animal consistency
of neuronal gene transfer (Fig. 2). The strongest gene expression
was observed in the entorhinal cortex but was highly variable among
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Fig. 2. Inversion and rotation improve the extent and consistency of gene transfer to cerebral cortex and basal forebrain after intrathecal AAV9 infusion.
(A) GFP labeling in medial entorhinal cortex of every animal in the study after intrathecal infusion. GFP expression among rats that remained upright after intrathecal AAV9
infusion was highly variable and minimal in some animals. Gene expression in rats that were inverted or rotated for 2 hours after surgery was both more extensive and
more consistent, with robust entorhinal transduction in all 14 animals. Rostral is left in all images. Scale bar, 500 um. (B to I) Inversion and rotation significantly and sub-
stantially enhanced gene transfer to all regions of cortex and basal forebrain. n = 7 rats per cohort. ****P < 0.0001, ***P < 0.001, **P < 0.01: significance of comparison to
upright group by one-way analysis of variance (ANOVA) and Tukey's post test. No significant differences were detected between inverted and rotated rats. Error bars

represent SD. Y axes are plotted on a logarithmic scale.
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individual subjects in the upright group (Fig. 2A). In contrast, gene
transfer to entorhinal cortex was consistently strong across all 14 rats
that were inverted or rotated after intrathecal AAV9 infusion (Fig. 2A).
Inversion and rotation increased the average number of GFP-positive
cells in entorhinal cortex more than 10-fold relative to animals that
recovered in an upright position (Fig. 2B).

Moreover, inversion and rotation markedly improved transduc-
tion of all other examined brain regions (Fig. 2, C to J). In addition
to entorhinal cortex, inversion and rotation also greatly increased
the number of GFP-positive cells in prefrontal, frontal, parietal, and
limbic cortices, as well as hippocampus, subiculum, horizontal limb
of the diagonal band, and MS/VDB (Fig. 2, C to]). This increase was
highly significant in every brain region, and no significant differ-
ences between inverted and rotated rats were detected.

Most GFP-positive cells in the brain were neurons, and transduc-
tion of glia was minimal (Fig. 3): 95.5% (SD = 2.34%) of GFP-positive
cells were neurons (Fig. 3A), while only 0.779% (SD = 1.09%) of GFP-
positive cells were astrocytes and 4.39% (SD = 4.37%) were oligoden-
drocytes (Fig. 3, B and C). No microglia were transduced (Fig. 3D).
Neurons, astrocytes, and oligodendrocytes therefore account for all
transduced cells in the brain, with greater than 95% of GFP-positive
cells being neurons.

Microglia and astrocytes exhibited normal resting morphology
in treated animals, and no infiltration of transduced brain regions
by reactive microglia or astrocytes was observed, preliminarily sug-
gesting that intrathecal AAVY infusion is well tolerated (fig. S1). Daily
animal monitoring also did not detect clinically evident toxicity over
the experimental time period of 4 weeks.

Fewer cells were transduced in spinal cord than in brain (fig. S2A):
11.2 (SD = 12.8) cells per section among all spinal levels in upright
animals, 31.4 (SD = 22.3), in inverted animals, and 35.8 (SD = 22.4)
in rotated animals. Significantly more cervical spinal cord cells were
transduced after inversion (P < 0.001) or rotation (P < 0.01) than
after upright recovery: 56.8 (SD = 22.4) cells per cervical section
in inverted animals, 52.5 (SD = 27.6) in rotated animals, and 18.4
(SD = 15.3) in upright animals.

A Neurons (prefrontal cortex)

eGFP NeuN

Oligodendrocytes (entorhinal cortex

eGFP MBP APC O

Inversion and rotation enhanced cervical gene transfer in distinct
ways: Inversion strongly biased gene transfer for cervical spinal cord,
while rotation distributed gene transfer evenly among spinal levels.
Inverted animals had 56.8 (SD = 22.4) GFP-positive cells per sec-
tion in cervical spinal cord, significantly more than thoracic (27.0
cells per section, SD = 14.3, P < 0.05), lumbar (17.2 cells per section,
SD =10.7, P < 0.001), or sacral spinal cord (24.6 cells per section,
SD =18.8, P<0.01). In contrast, rotated animals had 52.5 (SD = 27.6)
GFP-positive cells per section in cervical spinal cord, which was not
significantly different than thoracic (33.3 cells per section, SD = 19.1),
lumbar (28.6 cells per section, SD = 21.1), or sacral spinal cord (28.9
cells per section, SD = 15.5). The increased homogeneity of gene
transfer throughout the spinal cord following rotation could be bene-
ficial for gene therapies directed at the entire nervous system.

Gene expression in the spinal cord was largely restricted to dorsal
horn layers I and IT and dorsal white matter. A majority of GFP-positive
cells were located in dorsal spinal cord among all conditions (82.5%).
Neurons in the superficial layers of the dorsal horn were preferen-
tially transduced (fig. S2B), which may be due to the proximity of
these neurons to the surface of the spinal cord and greater accessi-
bility to vector in the CSF. Transduction of cells in the ventral horn,
including o motor neurons, was limited in number (fig. S2, C and D).
There was an average of 0.74 (SD = 1.05) GFP-positive ventral neu-
rons per section among all groups and spinal levels, and only 5.7% of
GFP-positive neurons were located in ventral spinal cord. Further-
more, only 36.9% of GFP-positive ventral neurons colocalized with
choline acetyltransferase (ChAT), and only an average of 0.25 (SD =
0.32) ventral neurons per section expressed both GFP and ChAT
(fig. S2D). Transduction of ChAT-positive 0. motor neurons and com-
missural interneurons was therefore rare.

Inversion (P < 0.05) and rotation (P < 0.01) significantly increased
vector distribution to cervical DRGs compared to upright animals
(Fig. 4). Only 4.22% (SD = 6.08%) of cervical DRG neurons and 11.4%
(SD = 12.0%) of lumbar DRG neurons were GFP positive after upright
recovery. In contrast, 24.8% (SD = 13.6%) of cervical DRG neurons
and 30.6% (SD = 26.9%) of lumbar DRG neurons were GFP positive

B Astrocytes (piriform cortex)

Microglia (entorhinal cortex

O eGFP_GFAP Sox9

eGFP |ba1

Fig. 3. AAV9-mediated gene transfer in the brain is predominately targeted to neurons. (A to D) Intrathecal AAV9 infusion and inversion for 2 hours: (A) 95.5% of
GFP-labeled cells are neurons, by colocalization with neuronal nuclei (NeuN); (B) 0.779% of GFP-labeled cells are astrocytes, by colocalization with glial fibrillary acidic
protein (GFAP) and sex-determining region Y-box9 (Sox9); and (C) 4.39% of GFP-labeled cells are oligodendrocytes, by colocalization with adenomatous polyposis coli
(APC). (D) No microglia were transduced by colocalization with ionized calcium-binding adapter molecule 1 (Iba1). Scale bars, 50 um.
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Cervical
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Fig. 4. Inversion and rotation enhance gene transfer to cervical DRG. In rats that
were either inverted or rotated after intrathecal AAV9 infusion, significantly more
cervical DRG cells were transduced than in rats that remained upright. Nearly all
transduced cells were neurons by colocalization with CaMKII (99.5%), including
both small- and large-diameter DRG neurons. Scale bar, 500 um.

after inversion, and 29.7% (SD = 16.4%) of cervical DRG neu-
rons and 28.9% (SD = 31.5%) of lumbar DRG neurons were GFP
positive after rotation. Nearly all GFP-positive DRG cells were neu-
rons (99.5%), as determined by colocalization with Ca**/calmodulin-
dependent protein kinase II (CaMKII), which labels all DRG neurons
(Fig. 4) (17). Efficient gene delivery to DRG neurons can be important
in the development of clinical gene therapies for chronic pain (18, 19).

DISCUSSION

Intrathecal AAV9 infusion followed by 2 hours in the inverted
Trendelenburg position represents a simple, minimally invasive, and
highly effective method for increasing the extent and consistency of
gene delivery to the brain. The number of transduced cells increased
more than 15-fold in most regions of the cortex and basal forebrain.
More than 95% of transduced cells are neurons, and more than 70%
of transduced neurons are excitatory. While standard intrathecal or
systemic delivery of AAV9 also transduces the brain, these approaches
vary from subject to subject and lack the specificity and robustness
of expression identified in this study.

Gene expression in the upright cohort was highly variable. This is
consistent with previous reports of intrathecal AAV9 infusion,
which relied on qualitative description and polymerase chain
reaction-based measurement of vector genomes in limited numbers
of animals, and did not directly quantify the number of transduced
cells in the brain (4-13). To our knowledge, our data represent the
first quantitative analysis of the number of transduced brain cells
after intrathecal AAVY infusion in large cohorts, as well as the first

Castle etal., Sci. Adv. 2018; 4 : eaau9859 14 November 2018

demonstration of a simple positioning method through which the
strength and consistency of gene transfer to the brain can be en-
hanced. Although 10 min of Trendelenburg positioning was previ-
ously reported to increase transduction of cervical spinal cord after
intrathecal AAV9 infusion in macaques (13), this short duration did
not increase transduction of the brain (8). We have shown not only
that a longer duration of 2 hours in the Trendelenburg position en-
hances gene transfer to the brain in addition to cervical spinal cord
but also that the number of transduced brain cells is significantly
increased by more than 15-fold. This has broad importance for on-
going and future clinical trials using intrathecal AAV9 infusion,
which may consider extended-duration Trendelenburg positioning
to improve gene delivery to the brain.

These findings have particular importance for the treatment of
AD and related dementias, as our technique targets the cerebral cortex
and basal forebrain with remarkable specificity. Gene expression among
all groups was strongest in the entorhinal cortex, which is among
the earliest affected brain regions in AD. Gene expression may have
been strongest in entorhinal cortex because this cortical region is
adjacent to the site of CSF absorption from the subarachnoid space
into the venous system. CSF is normally formed in the lateral, third,
and fourth ventricles, flows caudally, and then continues upward
over the cerebral convexities for absorption into the superior sagittal
sinus (20). Vector could accumulate near the entorhinal cortex be-
cause this region represents a “dead end” for CSF flow before absorp-
tion into the venous system and because vector particles settle under
gravity toward the most inferior aspect of the middle cranial fossa
where the entorhinal cortex is located.

Gene expression was consistently strong in the cholinergic basal
forebrain, which is also among the earliest affected brain regions in
AD. In this study, 14.3% of transduced neurons in the diagonal band
of Broca were cholinergic; previous studies demonstrated that 14.5%
of all neurons in the rat diagonal band are cholinergic (21). This sug-
gests that there is not a specific bias for transduction of cholinergic
neurons, and thus, preferential transduction of basal forebrain is not
due to a greater affinity of AAV9 for cholinergic neurons or to a greater
activity of the CAG promoter in cholinergic neurons. It is possible
that the extensive arterial vascularization of the anterior perforated
substance in basal forebrain affords greater accessibility to AAV9
(22), which is hypothesized to enter the brain parenchyma by CSF
flow through the Virchow-Robin spaces surrounding the penetrating
arteries of the brain (9, 10, 12, 23). We observed perivascular clusters
of transduced cells in some cortical regions, as previously described
(5, 12). Clustering of transduced cells is not due to vector tropism:
Gene expression is distributed evenly when this vector is injected
directly into the adult rat cortex (fig. S3).

Intravenous AAV infusion may also transduce the brain and is a
potential alternative to intrathecal AAV9 infusion. However, sys-
temic AAV9 infusion results in extensive gene transfer to non-neural
tissues, is sensitive to preexisting anti-AAV9 antibodies, transduces
more astrocytes than neurons in adults, and requires high AAV9
doses to efficiently transduce the CNS, ranging as high as 1.0 x 10"
vg/kg in rodents and 2.0 x 10" vg/kg in humans (14, 24, 25). While
broad glial, neuronal, and systemic transduction could be useful
for gene replacement in metabolic disorders, broad non-neuronal
gene expression may be undesirable for therapeutic delivery of
nervous system growth factors or neurotransmitter-synthesizing
enzymes (26-29). AAV-PhP.B and AAV-PhP.eB, two vectors pro-
duced by cre-dependent directed evolution, have less systemic

50f10



SCIENCE ADVANCES | RESEARCH ARTICLE

tropism and transduce adult mouse neurons more broadly than AAV9
at reduced intravenous doses of ~4 x 10'* vg/kg (30, 31). However,
AAV-PhP.B is not more effective than AAV9 in macaques, and it
remains to be determined whether these PhP vectors will be clini-
cally practical (32, 33).

Intrathecal AAV9 infusion with 2 hours of inversion broadly trans-
duces the cortex at a dose of ~6 x 10'2 vg/kg, less than the maximum
dose of ~1 x 10" vg/kg used in two ongoing phase 1 trials of intra-
thecal AAV9 infusion (34, 35). This technique is therefore readily
scalable for clinical use. Preclinical and clinical studies suggest that
this dose range is safe, and we did not detect toxicity in the rat brain
by immunolabeling of microglia and astrocytes. Intravenous coad-
ministration of mannitol, which may enhance interstitial diffusion
of AAV after intrathecal delivery, could further increase transduc-
tion (10, 36). In humans, transduction may also be increased if the
patient sleeps in an inverted position after recovery from anesthesia
because sleep increases cortical CSF influx (37).

There are several promising gene therapies for AD, including the
neuroprotective growth factor brain-derived neurotrophic factor and
the amyloid-targeted proteolytic enzymes neprilysin-s and apolipo-
protein E2 (27, 38-40). These therapeutic proteins are secreted from
transduced brain cells, further broadening the range of delivery.
Combined with the widespread gene transfer that we report after
intrathecal AAV9 infusion, a secreted protein could treat the cere-
bral cortex and basal forebrain extensively. This simple and novel
intrathecal delivery technique thus represents a potentially import-
ant advance in gene delivery for cortical disorders, including AD,
stroke, and traumatic brain injury.

MATERIALS AND METHODS

Study design

We hypothesized that the number of transduced cells in the brain,
cervical spinal cord, and cervical DRG would be greater in rats that
were inverted or rotated for 2 hours following intrathecal AAV9
infusion than in rats that recovered in an upright position. This hy-
pothesis was tested in 25 adult female Fischer F344 rats (Harlan
Laboratories). Four animals with failed surgeries were excluded and
euthanized at the time of surgery; no other animals were excluded
from this study. The remaining 21 rats were assigned proportional-
ly to one of the following cohorts: upright, rotated, and inverted. All
rats were assigned to their cohort before surgery, and the order was
mixed sequentially among cohorts. Rats were sacrificed 4 weeks after
treatment. The number of transduced cells in the brain, spinal cord,
and DRG was quantified by histology. Brains and spinal cords from all
21 animals were quantified equally, with no exclusions. Cervical DRGs
from 20 animals and lumbar DRGs from 13 animals were quantified:
Animals were excluded if sections containing at least 150 neurons
from three different DRGs were not obtained. For all analyses, the
number of quantified images was determined in advance and was not
altered. All quantified data were included, and no outliers were ex-
cluded. Investigators were fully blinded to the identity of all images
during quantification.

Study approval

Animal experiments conformed to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were performed under
protocols approved by the Institutional Animal Care and Use Committee
of the Veteran’s Administration San Diego Healthcare System.

Castle etal., Sci. Adv. 2018; 4 : eaau9859 14 November 2018

Surgical procedures

Rats were 9 to 12 weeks old at the time of surgery. Rats were anes-
thetized by intraperitoneal injection of KXA [ketamine (50 mg/kg),
xylazine (2.6 mg/kg), and acepromazine (0.5 mg/kg)], followed by
booster injections as needed. Heat support was provided until ani-
mals recovered from anesthesia. Fur was shaved from the occipital
crest to the base of the neck, and animals were mounted in a stereo-
tactic frame (Kopf Instruments), with the head at a 45° angle to pro-
vide a straight needle path into CM. Using a #15 scalpel, an incision
was made along the midline from the occipital crest to the C1 verte-
bra. The incision was held open with a surgical retractor, exposing
the dura overlying CM. Remaining muscle was removed from the
dura using a freer elevator.

A 1-ml plastic syringe with a sterile, single-use 30-g beveled nee-
dle was mounted on a syringe pump (Chemyx #10050) attached to
the stereotactic frame. The needle was inserted through the dura at
midline proximal to the C1 vertebra and then lowered 0.5 mm into
CM. Using the syringe pump, 100 pl of CSF was withdrawn at a rate
of 20 ul/min. The needle was then withdrawn from the animal, and
the plastic syringe was removed from the syringe pump. One hun-
dred microliters of AAV9-CAG-eGFP (1 x 10'* vg/ml) was drawn
into a 100-pl glass syringe with a 30-g blunt needle (Hamilton #7656-01
and #7762-03), and the syringe was mounted on the pump. The
blunt needle was then gently inserted through the hole in the dura
previously made by the beveled needle, using fine forceps to guide
the needle and ensure a tight seal, and lowered 0.6 mm into CM. The
dura was dried with a cotton-tipped applicator, and 20 ul of rat
thrombin (100 IU/ml; MilliporeSigma #T5772) was mixed in a mi-
cropipette with 20 ul of rat fibrinogen (50 mg/ml; MilliporeSigma
#F6755) to form fibrin and then immediately applied to the incision
above the needle hole. Thrombin and fibrinogen were resuspended
in sterile saline before surgery and stored at —80°C. After the fibrin
had set for a least 5 min and was observed to be gelatinous, 100 ul of
AAV9 was infused at a rate of 10 ul/min. The needle was withdrawn
after a 10-min delay to allow pressure to dissipate, minimizing back-
flow during withdrawal. The muscle was sutured, and the skin was
closed with wound clips.

The infusion was monitored continuously to ensure that leakage
did not occur. In two rats, the dura did not seal tightly around the in-
fusion needle, and leakage was observed. In two additional rats, the
dura was torn during surgery, and infusion was not attempted. These
four rats were excluded from the study and euthanized. After sur-
gery, rats in the upright cohort were placed on their stomach in a prone
position and were monitored for at least 2 hours to ensure that up-
right posture was maintained and that the head did not tilt to either
side. Rats in the inverted cohort were placed on their back on a soft
platform with feet 25° above the head for 2 hours. The head was
supported parallel to the floor by cotton padding. The platform was
housed in an incubator for heat support. Rats in the rotation cohort
were placed in a padded enclosure on a disk-style laboratory rotator
(Glas-Col #099ARD4512) and were held securely in place by a re-
movable cotton pillow. Reusable hand warmers were added to the
enclosure to provide heat support. Rats were rotated at 20 rpm for
2 hours, alternating between upright and inverted positions. All ani-
mals were continuously monitored to ensure adequate anesthesia
and warmth throughout the above procedures.

AAV vectors
Recombinant AAV9 vectors were generated as described (23).
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Tissue dissection and processing

Four weeks after surgery, all rats received a terminal dose of KXA
anesthesia and were transcardially perfused with 300 ml of ice-cold
0.1 M phosphate-buffered saline (pH 7.4). Brains were severed from
the spinal cord at the level of the C1 vertebra, removed completely
from the skull, drop-fixed for 48 hours in 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer at 4°C, and cryoprotected for at least
72 hours in 30% sucrose at 4°C. Vertebral columns were dissected,
drop-fixed for 48 hours in 4% PFA at 4°C, and cryoprotected for at
least 72 hours in 30% sucrose at 4°C. Half-inch segments of cervical,
mid-thoracic, and lumbar/sacral spinal cord, as well as cervical and
lumbar DRGs, were dissected from the vertebral columns and stored
in 30% sucrose. Brains were sectioned sagittally, and spinal cords were
sectioned transversely on a sliding microtome set to a thickness of
40 pm. Free-floating sections were serially collected. Each brain series
comprised every 12th section from one hemisphere, and each spinal
cord series comprised every 24th section from one segment. Three
DRGs from each spinal level were blocked in optimal cutting tempera-
ture compound, sectioned on a cryostat set to a thickness of 20 um, and
mounted on gelatin-coated slides. Slides comprised every sixth section
from cervical DRGs and every fourth section from lumbar DRGs.

Immunohistochemistry

For light-level immunohistochemistry, free-floating brain sections
were washed in tris-buffered saline (TBS), incubated in 50% meth-
anol in TBS for 5 min, incubated in 100% methanol for 30 min, in-
cubated in 50% methanol in TBS for 5 min, washed in TBS, blocked
in 5% donkey serum and 0.25% Triton X-100 in TBS for 1 hour, and
incubated in rabbit polyclonal anti-GFP primary antibody (1:10,000;
Invitrogen Thermo Fisher Scientific #A11122) diluted in blocking
solution overnight at 4°C. The next day, sections were washed in
TBS, incubated in donkey anti-rabbit biotinylated secondary anti-
body (1:200; Jackson ImmunoResearch #711-065-152) in blocking
solution for 2 hours at room temperature, washed in TBS, incubated
in VECTASTAIN ABC peroxidase (Vector Laboratories #PK-6100)
for 1 hour at room temperature, and washed in TBS. Sections were
then developed for 7 min in TBS containing 3,3-diamino-benzidine-
HCI (0.25 mg/ml; MilliporeSigma #5637), 0.04% NiCl,, and 0.015%
H,0,, washed in TBS, dehydrated, and coverslipped in DPX mounting
medium (MilliporeSigma #06522).

For fluorescent immunohistochemistry, free-floating brain or spi-
nal cord sections were washed in TBS, blocked in 5% donkey serum and
0.25% Triton X-100 in TBS for 1 hour, and incubated in primary anti-
body diluted in blocking solution overnight at 4°C. The next day, sec-
tions were washed in TBS, incubated in donkey Alexa Fluor 488, Alexa
Fluor 555-, or Alexa Fluor 647-conjugated secondary antibodies (1:500;
Invitrogen Thermo Fisher Scientific and Jackson ImmunoResearch),
incubated for 10 min in 4',6-diamidino-2-phenylindole (DAPL; 0.5 pug/ml;
Invitrogen Thermo Fisher Scientific #D1306) in TBS, washed in TBS,
and coverslipped in Mowiol mounting medium prepared as described
(41). The following antibodies were used for fluorescent staining of
brain: chicken polyclonal anti-GFP (1:1000; Aves Labs #GFP-1020), rab-
bit polyclonal anti-GFP (1:1000; Invitrogen Thermo Fisher Scientific
#A6455), goat polyclonal anti-Sox9 (1:500; R&D Systems #AF3075),
chicken polyclonal anti-GFAP (1:2000; EnCor Biotechnology #CPCA-
GFAP), mouse monoclonal anti-APC (1:400; MilliporeSigma #OP80),
mouse monoclonal anti-myelin basic protein (MBP; 1:1000; EnCor
Biotechnology #MCA-7G?7), rabbit polyclonal anti-Ibal (1:800; Wako
#019-19741), rabbit polyclonal anti-NeuN (1:500; Biosensis #R3770),

Castle etal., Sci. Adv. 2018; 4 : eaau9859 14 November 2018

guinea pig polyclonal anti-VGIuT1 (1:1000; MilliporeSigma #AB5905),
guinea pig polyclonal anti-VGIuT2 (1:1000; MilliporeSigma #AB2251),
rabbit polyclonal anti-GABA (1:500; MilliporeSigma #A2052), mouse
monoclonal anti-rat endothelial cell antigen-1 (RECA-1) (1:100; Abcam
#ab9774), mouse monoclonal anti-tyrosine hydroxylase (TH) (1:1000;
MilliporeSigma #MAB318), rabbit polyclonal anti-serotonin [5-
hydroxytryptamine (5-HT)] (1:500; ImmunoStar #20080), and mouse
monoclonal anti-p75 (1:1000; MilliporeSigma #MAB365). The fol-
lowing antibodies were used for fluorescent staining of spinal cord:
chicken polyclonal anti-GFP (1:1000; Aves Labs #GFP-1020), goat
polyclonal anti-ChAT (1:500; Genetex #GTX82725), and mouse
monoclonal anti-NeuN (1:500; MilliporeSigma #MAB377).

An identical protocol was used to perform fluorescent immuno-
histochemistry on DRGs. Washes and solutions were applied to DRG
slides using a Sequenza immunostaining system (Electron Micros-
copy Sciences #71407-01). The following antibodies were used for
fluorescent staining of DRG: chicken polyclonal anti-GFP (1:1000;
Aves Labs #GFP-1020) and rabbit monoclonal anti-CaMK2 (1:500;
Genetex #GTX61641).

Microscopy

All microscopy was performed using a Keyence BZ-X710 all-in-one
fluorescence microscope. Images of brain sections stained with
light-level immunohistochemistry were acquired using a 10x Plan-Apo
objective and bright-field microscopy. Images of DRG sections were
acquired using a 20x Plan-Apo objective and fluorescent microscopy.
Z-stacks of brain sections fluorescently stained against TH, p75, or
5-HT were acquired using a 10x Plan-Apo objective and a slice inter-
val of 1.5 pum. Z-stacks of all spinal cord sections, and of brain sec-
tions fluorescently stained against GFAP, Sox9, APC, MBP, Ibal, NeuN,
GABA, VGIuT1/2, or RECA-1, were acquired using a 20x Plan-Apo
objective, a slice interval of 0.4 um, and structured illumination
(one-dimensional slit; width, 10). Maximum intensity projections were
used for display and analysis of all z-stacks, except for brains stained
against GABA and VGIluT1/2, for which single optical sections were
used. Keyence BZ-X Analyzer software was used to generate maxi-
mum intensity projections and perform automated stitching.

Quantification

Investigators were fully blinded to the identity of all quantified im-
ages. Quantification was performed by M.J.C. and Y.C.: Experiments
quantified by M.J.C. were blinded by Y.C., and experiments quanti-
fied by Y.C. were blinded by M.J.C. Image] with Cell Counter plugin
was used for all quantification.

Brain transduction after intrathecal infusion of AAV9 was quan-
tified in 40-um sagittal brain sections stained against GFP (Figs. 1D
and 2, B to J). Brain regions were identified using a rat brain atlas
(42), and an equivalent sagittal brain section from each animal was
used for quantification. Entorhinal cortex was quantified using sec-
tions 5 mm lateral from bregma; hippocampus and parietal cortex
were quantified using sections 4 mm lateral from bregma; frontal
cortex, prefrontal cortex, HDB, and subiculum and subiculum were
quantified using sections 2.5 mm lateral from bregma; and limbic
cortex and MS/VDB were quantified using sections 0.5 mm lateral
from bregma. The total number of GFP-positive cells in one 40-pum
section of each brain region was counted for each rat (n = 7 rats
per cohort) (Fig. 2, B to J). The mean number of GFP-positive cells
in each brain region was determined for each cohort, and the
percent increase in the mean relative to the upright cohort was
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calculated for the inverted and rotated cohorts in each brain region
(n =9 brain regions; Fig. 1D).

Spinal cord transduction was quantified in 40-um transverse
sections stained against GFP, NeuN, ChAT, and DAPI (Fig. 4A).
Cervical, thoracic, lumbar, and sacral spinal cord were analyzed. The
number of GFP-positive cells in dorsal spinal cord was counted in
three randomly selected sections from each spinal level. The num-
ber of GFP-positive cells in ventral spinal cord was counted in all
sections from a 1-in-24 series of tissue sections at each spinal level.
Animals frequently exhibited less than one GFP-positive ventral
neuron per three sections, and thus, the entire series was quantified
to obtain an accurate count. Neurons were identified by colocalization
with NeuN; motor neurons and motor interneurons were identified
by colocalization with both NeuN and ChAT; and glia were identified
by colocalization with DAPI but not with NeuN. From these counts,
the number of GFP-positive cells, neurons, and motor neurons in
dorsal or in ventral spinal cord per 40-um transverse section was
calculated at each spinal level for each rat (n = 7 rats per cohort).

DRG transduction was quantified in 20-um sections stained against
GFP, CaMK2, and DAPI (Fig. 4B). For each animal, sections from
three different cervical DRGs and three different lumbar DRGs were
quantified. The most central section from each DRG, defined as the
section with the most CaMK2-positive neurons, was used for anal-
ysis. In each section, the number of CaMK2-positive neurons, the
number of GFP-positive/CaMK2-positive transduced neurons, and
the number of GFP-positive/CaMK2-negative/DAPI-positive trans-
duced glia were counted. From these counts, the average number of
total neurons, transduced neurons, and transduced glia per 20-pm
section was quantified for each rat (n = 7 rats per cohort), and the
average percentage of neurons transduced was calculated. Rats
were excluded from analysis if sections containing at least 150 neu-
rons from three different DRGs were not obtained. Cervical DRGs
from n = 6 and lumbar DRGs from n = 4 upright rats, cervical
DRGs from #n = 7 and lumbar DRGs from n = 5 inverted rats, and
cervical DRGs from # = 7 and lumbar DRGs from 7 = 5 rotated rats
were quantified.

Relative transduction of neurons, astrocytes, oligodendrocytes,
and microglia in the brain was quantified in 40-pum sagittal brain sec-
tions stained against GFP and DAPI, as well as NeuN for neurons,
Sox9 and GFAP for astrocytes, APC and MBP for oligodendrocytes,
and Ibal for microglia (Fig. 3). Astrocyte and microglia images were
quantified by M.J.C,, and oligodendrocyte and neuron images were
quantified by Y.C., with each blinded to the other’s results. The three
rats in the inverted cohort with total GFP expression closest to the mean,
as quantified above, were used for analysis. For each cell type, six dif-
ferent brain regions were quantified from each animal (18 images
in total). Neurons, oligodendrocytes, and microglia were quantified in
entorhinal cortex, frontal cortex, temporal cortex, hippocampus,
subiculum, and HDB. Astrocytes were quantified in the same brain
regions, but prefrontal cortex was used instead of frontal cortex. The
percentage of GFP-positive cells that colocalized with each antigen
was quantified, as well as the percentage of GFP-positive cells that were
astrocytes by morphology, and averages were calculated. In GFAP/Sox9
images, 22.2% of GFP-positive cells that colocalized with GFAP did
not have a Sox9-positive/DAPI-positive nucleus in the plane of sec-
tion and thus were not counted as astrocytes. The number of astro-
cytes identified by morphology in NeuN and MBP/APC images was
thus corrected for astrocytes with out-of-plane cell bodies by de-
creasing the count by 22.2%.
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Relative transduction of excitatory and inhibitory cortical neu-
rons was quantified in 40-um sagittal brain sections stained against
GFP, VGIuT1/2, GABA, and DAPI (Fig. 1G). The three rats in the
inverted cohort with total GFP expression closest to the mean were
used for analysis. Z-stacks of thin optical slices acquired with struc-
tured illumination were used for quantification. All GFP-positive
cells with a DAPI-positive nucleus in the stack were quantified. One
z-stack from frontal, parietal, temporal, and entorhinal cortex was
quantified for each animal (12 stacks in total). Within each stack, the
number of GFP-positive cells that colocalized with VGIuT1/2, colo-
calized with GABA, or colocalized with neither antigen was counted. Cells
with astrocytic morphology were not counted. Because oligoden-
drocytes and neurons could not be distinguished by morphology,
the number of GFP-positive oligodendrocytes in each stack was es-
timated to be 4.39% of all GFP-positive cells (see above). This num-
ber was subtracted from the number of uncolocalized GFP-positive
cells to obtain the number of uncolocalized GFP-positive neurons.
From these counts, the average percentage of GFP-positive neu-
rons that colocalized with VGIuT1/2, GABA, or neither antigen was
calculated.

Transduction of dopaminergic or cholinergic neurons was quan-
tified in 40-pum sagittal brain sections stained against GFP, NeuN,
and DAPI, as well as TH for dopaminergic neurons or the low-affinity
nerve growth factor receptor (p75) for cholinergic neurons (Fig. 1,
E and F). The three rats in the inverted cohort with total GFP ex-
pression closest to the mean were used for analysis. Dopaminergic
transduction was quantified in SN, VTA, and the arcuate nucleus of
hypothalamus. Cholinergic transduction was quantified in HDB and
MS/VDB. Brain regions were identified using a rat brain atlas (42),
and the number of cholinergic or dopaminergic neurons was counted
within the entire brain region, as well as the number of GFP-positive
neurons that did or did not colocalize with TH or p75. Every section
containing the brain region of interest from a single series was quan-
tified: two sections per series for SN, two for VTA, one for hypo-
thalamus, two for HDB, and one for MS/VDB. The average percentage
of cholinergic or dopaminergic neurons that were GFP-positive in
each brain region was quantified for each animal, and the average
among the three rats was calculated.

Statistics
It was hypothesized that gene transfer to the brain would be greater
in rats from the inverted and rotated cohorts than in rats from the
upright cohort. To test this hypothesis, a Friedman test was per-
formed, comparing the mean number of GFP-positive cells in each
brain region as a repeated measure across the three cohorts (n = 9 brain
regions), followed by Tukey’s post hoc tests. The Friedman test was
used because the D’Agostino-Pearson normality test indicated that
the data were nonparametric. Further, it was hypothesized that gene
transfer to the following brain regions would be greater in rats from
the inverted and rotated cohorts than in rats from the upright co-
hort: entorhinal, prefrontal, frontal, parietal, and limbic cortices, as
well as hippocampus, subiculum, HDB, and MS/VDB. To test these
hypotheses, a two-tailed one-way ANOVA was performed for each
brain region, comparing the number of GFP-positive cells in one
40-pm section among n = 7 animals per group, followed by Tukey’s
post hoc tests. Data were confirmed to be normally distributed by the
Shapiro-Wilk normality test.

It was also hypothesized that rats from the inverted and rotated co-
horts would exhibit greater gene expression in cervical and thoracic
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spinal cord than rats from the upright cohort, and that rats from the
inverted cohort would exhibit greater gene expression in cervical spi-
nal cord than in lumbar and sacral spinal cord. To test these hypotheses,
a two-tailed two-way ANOV A was performed comparing the average
number of GFP-positive cells within three 40-pum spinal cord sections
among four different spinal levels and three groups (n = 7 animals
per group), followed by Tukey’s post hoc tests.

Last, it was hypothesized that rats from the inverted and rotated co-
horts would exhibit greater gene expression in cervical DRGs than rats
from the upright cohort. To test this hypothesis, a two-tailed one-way
ANOVA was performed comparing the average percentage of DRG neu-
rons that were GFP positive within three 20-um DRG sections among
n =7 animals from the inverted and rotated groups and n = 6 animals
from the upright group, followed by Tukey’s post hoc tests. One ani-
mal was excluded from the upright group because sections with at least
150 neurons from three different DRGs were not obtained (see above).
Data were confirmed to be normally distributed by the Shapiro-Wilk
normality test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/11/eaau9859/DC1

Fig. S1. Intrathecal AAV9 infusion does not cause microglial activation or astrogliosis.

Fig. S2. Inversion and rotation increase gene transfer to cervical spinal cord but not to other
spinal levels.

Fig. S3. Transduced cells are evenly distributed after intracortical AAV9 injection.
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