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Abstract

Gene therapy clinical trials for neurological disorders are ongoing using intrathecal injection of 

adeno-associated virus (AAV) vector directly into the cerebral spinal fluid. Preliminary findings 

from these trials and results from extensive animal studies provides compelling data supporting the 

safety and benefit of intrathecal delivery of AAV vectors for inherited neurological disorders. 

Intrathecal delivery can be achieved by a lumbar puncture (LP) or intracisterna magna (ICM) 

injection, although ICM is not commonly used in clinical practice due to increased procedural 

risk. Few studies directly compared these delivery methods and there are limited reports on 

transduction of the PNS. To further test the utility of ICM or LP delivery for neuropathies, we 

performed a head to head comparison of AAV serotype 9 (AAV9) vectors expressing GFP injected 

into the cisterna magna or lumbar subarachnoid space in mice. We report that an intrathecal gene 

delivery of AAV9 in mice leads to stable transduction of neurons and glia in the brain and spinal 

cord and has a widespread distribution that includes components of the PNS. Vector expression 

was notably higher in select brain and PNS regions following ICM injection, while higher amounts 

of vector was found in the lower spinal cord and peripheral organs following LP injection. These 
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findings support that intrathecal AAV9 delivery is a translationally relevant delivery method for 

inherited neuropathies.
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1. Introduction

Inherited neuropathies result from genetic defects in a variety of genes important for 

neuronal function. Recessively inherited disorders cause loss of function in a variety of 

genes expressed in neurons, supportive glial cells or both. Therapeutic correction can be 

achieved through gene replacement therapy and various techniques have been developed for 

gene delivery. Adeno-associated virus (AAV) has emerged as one of the safest and most 

commonly used vectors for gene delivery due to their ability to infect non-dividing cells, 

high transduction efficiency, long-lasting expression from a single dose, and a relatively low 

host immune response (1). AAV9 has emerged as one of the most frequently used serotypes 

for neurological disorders due to its ability to cross the blood-brain barrier and from its high 

transduction of neural tissue (2). While intravenous injection of AAV9 results in wide-spread 

delivery of vector to the CNS and systemic organs, caveats include a larger viral vector dose 

for treatment and an increased contact of AAV vectors with neutralization antibodies in the 

blood before they can reach the CNS (3–5). Delivery of AAV vectors into the cerebrospinal 

fluid (CSF) can achieve gene transfer to cells throughout the brain and spinal cord, 

potentially making many inherited neurological diseases tractable gene therapy targets.

A lumbar puncture (LP) is the standard approach to do an intrathecal injection in humans. 

However, this route can be technically challenging in some animal models due to anatomical 

differences between humans and other species. Based on work in mice, rats, pigs, and 

nonhuman primates, the LP intrathecal approach was demonstrated to achieve efficient gene 

transfer to motor and sensory neurons in the central nervous system (CNS) and dorsal root 

ganglia (DRG) (5–12). In addition to the initial use of the LP route to deliver AAV9 in a 

clinical trial for Giant Axonal Neuropathy (GAN) in 2015 (clinicaltrials.gov identifier 

NCT02362438), this approach is being used in ongoing clinical trials for Spinal Muscular 

Atrophy, CLN3 Batten Disease, and CLN6 Batten Disease (clinicaltrials.gov identifiers 

NCT03381729, NCT03770572, and NCT02725580) (13, 14). Together these trials provide 

compelling data regarding the safety and potential benefit of CSF delivery of AAV9 vectors 

for treating inherited neuronal disorders and axonopathies.

Vector delivery into the CSF can also be achieved by intracisterna magna (ICM) injection, 

although this procedure is not commonly used in clinical practice. Recent studies in animals 

show that ICM vector delivery is a safe and effective method for AAV9 delivery and may 

target the brain to a higher extent than LP delivery (15–18); however, studies directly 

comparing ICM and LP delivery methods are generally limited to the CNS and results 

between groups may vary based on the animal species, vector design and dose used. To 

advance our knowledge of using these two delivery methods for treating neuropathies, we 
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performed a head to head comparison of LP and ICM delivered AAV9 vector in mice. This 

study expands our previous findings in non-human primates (8) and work by others by using 

a 10X higher vector dose in mice and reporting a detailed analysis of biodistribution to the 

CNS, PNS and ANS. Wild-type mice were injected with a high dose of self-complementary 

AAV9/GFP in age, strain and sex-matched mice to enable direct comparison of vector 

distribution and expression following LP or ICM delivery. Overall, we found in mice that 

intrathecal delivery of a high-dose of AAV9 by either route results in efficient CNS 

transduction and that gene transfer of the peripheral nervous system is also achieved to a 

lesser extent. Vector expression was notably higher in select brain and PNS regions 

following ICM injection, while higher amounts of vector was found in the thoracic and 

lumbar spinal cord regions and overall in systemic organs following LP injection.

2. Results

2.1 Study Design.

In this study, 6 to 8 week old C57BL/6 female mice received an intrathecal injection into the 

cisterna magna (ICM) or lumbar subarachnoid space (LP) with an AAV9 vector packaging a 

self-complementary (19) GFP transgene controlled by the CBh promoter (20). The 

ubiquitous CBh promoter will express in both neurons and astrocytes, in addition to other 

cell types. By both routes, we evaluated a high intrathecal dose of 4.15×1011 viral genomes 

(vg) per mouse and compared to untreated littermates. Tissues were collected 4 weeks post-

injection and either frozen for vector biodistribution (n=5 per injection group; n=2 for 

untreated group) or fixed for immunohistochemical (IHC) analysis of transgene expression 

(n=5 per injection group; n=4 for untreated group).

2.2 Vector Biodistribution.

We quantified vector genomes in DNA extracted from CNS, PNS and systemic tissues. 

Averages per injection group are shown in Figure 1. We detected AAV vector genomes in all 

tissues analyzed in all vector-treated animals. Vector was not detected in tissues from 

untreated mice that were analyzed in parallel (data not shown). In the brain, AAV9/GFP 

vector transduction was significantly higher in the cerebellum and hindbrain (pons and 

medulla) following ICM injection as compared to LP injection. All other brain regions had 

similar vector levels. In the spinal cord, vector was significantly higher in the lumbar and 

thoracic cords from LP delivery as compared to ICM delivery. Likewise, LP injected mice 

had significantly higher vector in lumbar DRG than ICM injected mice. Vector was detected 

at low levels in both sciatic and median nerves from both delivery routes. Overall, the 

biodistribution results show that in the CNS, vector copies are highest closest to site of 

injection, which is hindbrain and cerebellum for ICM and lumbar spinal cord for LP.

The vector was distributed to the peripheral organs, especially the liver, with vgs around 3 

copies per mouse genome following ICM injection and around 5 copies per mouse genome 

following LP injection. Vector copies were higher in most of the peripheral tissues tested 

following LP delivery with vgs in the spleen being significantly increased as compared to 

ICM delivery. By both methods, a significant amount of vector escapes to the peripheral 
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circulation as evident by high liver and spleen distribution. In support of this, low levels of 

AAV vectors were also detected throughout the gastrointestinal tissues.

2.3 Central Nervous System Expression.

For analysis of overall vector transduction in the CNS, formalin-fixed brain and spinal cords 

from intrathecal vector injected and untreated mice were analyzed for GFP expression in 

free-floating sections. Although native GFP fluorescence was visible in unstained brain and 

spinal sections (data not shown), we’ve previously shown that GFP IHC combined with a 

Vectastain ABC secondary detection kit provides greater sensitivity with minimal 

background (5). Transduction of all brain areas and spinal cord was evident by both 

intrathecal delivery methods (Figures 2 and 3). In agreement with the biodistribution results, 

GFP transduction was greater in the cerebellum and hindbrain of ICM injected mice as 

compared to LP injected mice. Overall GFP expression shows that ICM AAV9 transduction 

was a gradient with the highest levels of expression in the hindbrain that decreases towards 

the forebrain (Figure 2A). As such, deeper brain structures such as the thalamus and striatum 

were similarly transduced by both ICM and LP delivery at this high dose (Figure 3). In the 

spinal cord, GFP transduction was very high at all levels by both delivery methods and there 

was not a noticeable difference between them (Figure 2B), contrary to what would be 

expected based on the biodistribution results. This difference may be due to saturation of 

GFP signal by this detection method.

Morphologically, GFP positive cells are a mix of neurons and glia throughout the brain 

(Figure 3). In certain regions, such as the hippocampus, cortex and cerebellum, staining 

shows higher transduction of neurons than glia by both delivery methods. Hindbrain regions 

(midbrain, pons and medulla) indicate potentially greater glial transduction by LP delivery 

and cannot be ascertained in ICM injected animals due to the saturation of GFP expression. 

To further analyze cellular transduction by intrathecal AAV9 vectors, we performed 

fluorescent co-labeling studies. Thin brain sections were stained with GFP antibody and 

either NeuN (neurons) or GFAP (astrocytes) and showed that AAV9 efficiently transduced a 

mix of mostly neurons and astrocytes by both delivery methods; representative images from 

an area with moderate transduction (cortex) and high transduction (medulla) are shown in 

Figure 4. No co-labelling was seen with Iba1 (microglia) (data not shown). Brain regions 

with very high GFP transduction, such as the medulla in ICM injected mice, showed an 

increased number of GFAP positive cells (Figure 4B) and Iba1 positive cells (data not 

shown) as compared to LP injected or untreated animals. GFAP is known to be upregulated 

in reactive astrocytes and Iba1 in active microglia, indicating and astrogliosis response to 

high, localized AAV9/GFP transduction in the brain.

2.4 Peripheral Nervous System Expression.

For many inherited neurological disorders it is critical to correct cells located within the 

brain and spinal cord; however, for recessive neuropathies, such as GAN, targeting of 

peripheral and autonomic tissues is also critical for disease treatment (21). We and others 

have shown that intrathecal delivery of AAV9 vectors very efficiently target DRGs and 

components of the autonomic nervous system and enteric nervous systems (6, 8, 22). To 

visualize nerves and ganglia of the autonomic and enteric nervous systems, we performed 
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GFP IHC on paraffin embedded sections (Figure 5). As expected, both ICM and LP 

injection of AAV9 resulted in near complete transduction of lumbar dorsal root ganglia. 

There was not a notable difference in delivery route and transduction efficiency, but this may 

reflect having reached near-saturating levels. Intrathecal delivery of AAV9 resulted in GFP 

expression in longitudinal sections of sciatic nerve. When we assessed components of the 

autonomic nervous system, we found that paravertebral sympathetic chain ganglia were 

transduced by both injection routes, with ICM delivery having greater transduction than LP 

delivery, particularly in the cervical region. In line with previous studies, we found that 

enteric neurons in the myenteric plexus and submucosal plexus within the intestines were 

transduced following intrathecal delivery of AAV9. Overall, these findings support that 

intrathecal AAV9 delivery by ICM or LP delivery can transduce tissues and cells relevant for 

treating many inherited neuropathies.

3. Discussion

Inherited neuropathies are a heterogeneous group of disorders in both causes and clinical 

presentations. These disorders can be broadly characterized by involvement of only the PNS, 

by involvement of both the CNS and PNS or as a neuropathy with multiorgan involvement 

affecting non-neurological organs (23). Having a gene transfer strategy capable of achieving 

high levels of transduction throughout the CNS, PNS and organs could greatly expand the 

applications of gene therapy in inherited neuropathies. There are multiple methods to deliver 

therapeutic genes and here we focus on the use of AAV9. AAV vectors are small with a 

limited packaging capability (~4.7 kb), which may preclude packaging of large genes or 

gene editing systems such as CRISPR/CAS9 into a single vector. Further, the self-

complementary AAV used in this study would limit the genome packaging capacity to ~2.2 

kb of foreign DNA, and if traditional single-stranded AAV vectors were used one would 

expect lower transduction efficiency. For diseases where AAV vectors are suitable, AAV9 

has emerged as the gold standard to target the nervous system given its desirable safety 

profile, strong neuronal tropism and clinical success. To target AAV9 to the brain and spinal 

cord a number of preclinical and clinical trials use intracisternal and lumbar subarachnoid 

injections. To further assess the utility of these methods for targeting components of the 

CNS, PNS and ANS, we performed a direct comparison of ICM and LP delivery of an 

AAV9 reporter vector. In agreement with previous studies, we found that intrathecal AAV9 

delivery is an attractive strategy due to its direct access to the CSF, which enabled high 

transduction of nervous tissues and escaped to the periphery to transduce multiple organs. 

Importantly, we show that vector distribution and expression is highest in the CNS closest to 

the site of injection and report an expanded distribution profile of the whole body and 

nervous system, including components of the CNS, PNS and ANS that are critical to a 

number of neuropathies.

In mice we found that the level of CSF access had a significant effect on vector distribution 

in the CNS. This agrees with the a head to head comparison study of ICM and LP delivery 

in cynomolgus macaques (15), but where they reported that intercisterna delivery of AAV9 

vector was more efficient than lumbar puncture delivery for gene transfer to both the brain 

and spinal cord, we found this to only be true for the brain. We also found that vector 

transduction in deep brain regions, such as the striatum and thalamus, was equivalent 
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between intracisterna and lumbar subarachnoid injections in mice. Differential results in our 

study and the Hinderer et al study could be in part from 1) inherent differences in vector 

transduction between primates and rodents, 2) lower animal numbers in primate studies; 3) 

use of a less-efficient single-stranded vector compared to our self-complementary vector 

(24); 4) differences in dose resulting in reduced spread; or 5) Assessing native GFP which 

may underestimate GFP levels in cells with low expression. Further, anatomical differences, 

particularly at the lumbar cistern, can create technical challenges that will vary considerably 

across species. In a recent study by Ohno et al, 2/3 of NHPs administered AAV9 showed 

extensive leakage of the injection solution out of the CSF following an LP while all of the 

NHPs receiving an ICM injection retained the injection solution within the CSF (25). In the 

Ohno study where the infusion was monitored by MRI, the poor biodistribution of AAV9 

following an LP could be explained by this technical caveat, but this type of injection 

fidelity monitoring is rarely done in preclinical biodistribution studies. Regardless of 

differences, results from both studies suggest that the site of injection can be leveraged to 

fine-tune expression in the CNS as essential for a given disease.

In this study we maximized potential vector spread and detection by using a self-

complementary vector with the strong, ubiquitous CBh promoter at the highest feasible dose 

as delineated by the vector titer and volume allowed for LP injections. Self-complementary 

vectors have higher transduction efficiency than single stranded AAV vectors (5, 19) and the 

CBh promoter provides robust expression of our reporter protein (20), allowing us to readily 

track those cells infected by AAV9 from each delivery method. While the design of the 

vector in this study facilitates high transgene expression in a maximal number of cells, 

promoter selection for therapeutic vectors should take into account the packaging limitation 

of AAV vectors, desired transgene expression level and whether expression should be cell-

type restricted given the precise genetic mechanisms underlying a given disorder. A high 

intrathecal dose of 4.15×1011 vg may have contributed to the vector distribution gradient we 

found from the site of injection by both routes as well as to the wide-spread brain expression 

of scAAV9/GFP following LP delivery. Notably, we saw increased astrogliosis in the 

hindbrain following ICM injection that was absent in areas with lower transduction, such as 

the cortex and in LP injected or untreated mice. In a study by Samaranch et al, they report a 

similar finding in cynomolgus macaques that received an ICM injection of AAV9/GFP and 

not in animals that received an AAV9/hAADC vector (26). The Samaranch study showed 

that AAV9-mediated expression of a non-self protein (GFP) in the brain of non-human 

primates triggers widespread neuroinflammation. This could explain our findings in 

AAV9/GFP ICM injected mice, but raises additional questions as to the dependency on local 

dose or route of injection as we did not see a similar response in mice LP injected with the 

same dose of AAV9/GFP. So while high-transduction AAV9 studies can be very informative, 

care should be given to assess possible immune responses that could confound results.

A translationally-relevant gene therapy approach for inherited neuropathies must take into 

account targeting the essential cell type(s) underlying the major pathophysiology of that 

disorder. For example, Charcot-Marie-Tooth disease (CMT) is a collection of inherited 

motor and sensory neuropathies where mutations in over eighty genes can lead to CMT (27). 

Individual mutations underlie a pathophysiology that can be attributed to loss of peripheral 

motor and sensory axon function through demyelination, axon degeneration, or a 
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combination of these mechanisms (28). For axonopathies and mixed demylenating-

axonopathies, therapeutic benefit may be achieved through rescue of neurons even if there is 

not efficient transduction of Schwann cells. For example, a recent study by Morelli et al. 

investigated LP intrathecal delivery of a self-complementary AAV9 vector carrying a 

mutant-allele specific artificial microRNA expression cassette in mouse models of the 

axonopathy CMT disease type 2D (29). Even after symptom onset, LP delivery of AAV9 

gene therapy provided a significant benefit in preventing neuropathy as evidenced by 

increased grip strength, neural conduction velocities and neural muscular junction 

innervation and a reduction in axon loss. While LP intrathecal scAAV9 gene therapy 

prevented neuropathy in an axonopathy CMT disease type, this delivery approach may have 

limited benefits for purely demyelinated CMT disorders.

Currently, it is unclear if Schwann cells are transduced by intrathecal-delivered AAV9, but 

results from this study suggests that it may, at least to a small extent. Our biodistribution 

studies detected a low amount of vector DNA in peripheral nerves and the nerve samples we 

analyzed contains motor and sensory neuron axons ensheathed by Schwann Cells and 

surrounding endonerium and perineurium cells. We anticipate that vector DNA is present in 

the nucleus of a cell, where it was delivered during AAV trafficking and uncoating, 

suggesting that AAV9 transduced a low number of Schwann cells and/or endonerium and 

perinerium cells. IHC analysis of sciatic nerves showed positive vector expression, however, 

it is unclear if GFP expression is localized to axons, Schwann cells, epineurium/perineurium 

or a combination. Additional studies using co-labeling and/or teased fiber preps would be 

ideal for determining if AAV9 transduces Schwann cells following intrathecal delivery. 

While AAV9 transduction of Schwann cells remains unknown, a therapeutic benefit might 

still be achievable for diseases with Schwann cell defects. For example, in our GAN 

preclinical studies, we found that GAN KO mouse peripheral nerve showed axonal loss 

preferentially involving small diameter myelinated fibers and unmyelinated fibers with 

severe and pronounced intermediate filament accumulation within axons and Schwann cell 

cytoplasm as part of the disease pathophysiology (6). GAN KO mice were treated with a 

single LP injection of an AAV9/GAN vector and we found that treated GAN KO mice 

showed relatively well-preserved unmyelinated fibers and large diameter myelinated fibers 

with overall increased profiles of normal appearing Schwann cells. These results suggest that 

for some inherited neuropathies, therapeutic benefits in Schwann cells can be achieved by 

predominantly targeting and treating neurons that they associate with.

The present results suggest that both intracisternal and lumbar subarachnoid injections of 

AAV9 are suitable for diffuse and global transduction of the CNS and DRG and for limited 

transduction of peripheral nerves and autonomic nervous tissue, including sympathetic and 

enteric neurons. In mice, both ICM and LP administration routes transduced both glia and 

neurons including motor, sensory, autonomic and enteric neurons. For inherited 

neuropathies, ICM delivery could be promising for disorders affecting hindbrain areas such 

as the cerebellum and brainstem whereas LP delivery may be of greater use for gene 

therapies targeted to the spinal cord. Overall, intrathecal delivery of AAV9 represents a 

tractable gene delivery method for many inherited neuropathies and neurological disorders.
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4. Experimental Procedures

4.1 Experimental animals.

Animal studies were performed in accordance with the Guide for the Care and Use of 

Laboratory Animals (DHHS Publication no. (NIH) 85-23) and approved by the University of 

North Carolina at Chapel Hill Institutional Animal Care and Use Committee. C57BL/6 

breeders were obtained from Jackson laboratories and maintained at UNC Chapel Hill. 

Female mice were used in these studies and provided food and water ad libitum. Mice were 

randomized into treatment groups (ICM, n=10; LP, n=10; or untreated, n=6) and injected 

between 6 and 8 weeks of age.

4.2 Virus.

A reporter vector was used in these studies where gene expression cassette ended eGFP 

under the control of the CBh promoter (20) and with a SV40 polyadenylation signal. Self-

complementary AAV vector was produced using methods developed by the University of 

North Carolina (UNC) Vector Core facility, as described (30). The purified AAV was 

dialyzed in PBS supplemented with 5% D-Sorbitol and an additional 212 mM NaCl (350 

mM NaCl total). Vector was titered by quantitative PCR (31) and confirmed by 

polyacrylamide gel electrophoresis and silver stain. The same lot of vector was used in all 

studies.

4.3 Intrathecal injections.

LP: AAV9 vector was injected with a maximal feasible dose at a total volume of 5 μL per 

animal. The injection was performed by lumbar puncture into the subarachnoid space of the 

lumbar thecal sac: the animal was conscious and held in position for a free-hand injection 

into the posterior midline site at ~ lumbar 4/5 level identified (below the conus of the spinal 

cord), as described (31).

ICM: AAV9 vector was diluted in the vehicle and the total volume injected for each animal 

was 10 μL. Vehicle was 350mM PBS with 5% D-sorbitol. ICM injections were performed as 

a bolus injection into the cisterna magna as previously described (18). The vector dose used 

for all injections was 4.15×1011 vg/mouse.

4.4 Vector biodistribution.

Mice were deeply anesthetized with an overdose of avertin (0.04 mL/g of a 1.25 % solution) 

and perfused with PBS containing 1 μg/mL heparin. Tissues were quickly dissected, 

immediately frozen on dry-ice and stored at −80 °C. Brain was sub-dissected into the 

following regions: cerebellum, hindbrain (pons and medulla), midbrain to striatum (includes 

thalamus, hypothalamus, amygdala, etc.), hippocampus, cortex, olfactory bulbs and optic 

chiasm. Spinal cord was divided into cortical, thoracic and lumbar regions and dorsal root 

ganglia from each region was collected. Sciatic nerves and median nerves were isolated 

from legs and arms, respectively. The entire gut was removed, rinsed briefly in PBS and 

caecum, duodenum and rectum regions isolated. Other tissues collected included salivary 

glands, esophagus, pancreas, liver, heart, lung, spleen, kidney muscle and ovaries (gonads). 

For vector biodistribution, DNA was extracted and quantified by qPCR as previously 
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described (5). Data is reported as the number of double-stranded GFP DNA molecules per 2 

double-stranded copies of the mouse LaminB2 locus, which is the number of vector DNA 

copies per diploid mouse genome. Biodistribution data from one ICM-injected mouse and 

one LP injected mouse were excluded due to extremely high vector content in the hindbrain 

(19.9 vg/mouse genome) and lumbar cord (11.5 vg/mouse genome), suggesting the CNS 

tissue was nicked by the needle during delivery and biodistribution results do not accurately 

reflect spread by each route.

4.5 Immunohistochemistry.

Mice were deeply anesthetized with an overdose of avertin (0.04 mL/g of a 1.25 % solution) 

and perfused with PBS containing 1 μg/mL heparin and then perfused with 10% formalin. 

For overall GFP expression in the central nervous system, brains and spinal cords were drop-

fixed in 10% formalin for 48 hours before being moved to PBS. Tissues were then vibratome 

sectioned into 40 μm coronal slices using a Leica Vibratome (VT 1000S; Leica Biosystems 

Inc., Buffalo Grove, IL) and stored in PBS at 4°C. Every 5th section from the whole brain 

and spinal cords of each animal was stained free-floating as previously described (32). 

Primary antibody was anti-GFP (1:2000) (Millipore, 3080) and biotinylated anti-rabbit 

secondary antibody (1:2000) (Vector Laboratories, Burlingame, CA).

For analysis of GFP expression in the peripheral nervous system, tissues were drop-fixed, 

paraffin embedded and microtome sectioned as previously described (6, 21). 5 μm sections 

were stained with the primary antibody anti-GFP (1:1000) (Aves, GFP-1020) and 

biotinylated anti-chicken secondary antibody (1:200) and hematoxylin counterstained for 

light microscopy as previously described (21). Immunostained sections were digitally 

imaged in a bright field (20X objective) using a ScanScope XT instrument (Leica 

Biosystems Inc., Buffalo Grove, IL) by the UNC Translational Pathology Laboratory. Digital 

images were obtained using Leica eSlide Manager (centralized image storage and data 

management software) and analyzed using Aperio ImageScope software.

4.6 Immunofluorescence.

For cell-type specific studies, 5 μm sections were deparafinized following standard 

techniques. For NeuN staining, sections were then immersed in antigen retrieval solution 

(AUS, Vector H-3300) and incubated in a pressure cooker under high pressure for 10 

minutes. Sections were then cooled at room temperature for 20–30 minutes before being 

washed with dH2O. Slides were then washed 3 times with PBS prior to blocking for 1 hour 

at room temperature in 10% goat serum (in PBS, 0.1% Tween 20). Tissue sections were then 

incubated with primary antibodies diluted in 2% goat serum (in PBS, 0.1% Tween 20) 

overnight at 4°C; anti-GFP (1:750) (Aves, GFP-1020) and anti-NeuN (1:1000)(Millipore, 

MAB377). Sections were washed 3 times with PBS and incubated with secondary antibodies 

diluted in 2% goat serum (in PBS, 0.1% Tween 20) for 1 hour at room temperature; 594-

alexa Fluor goat anti-mouse (1:1000) (Molecular Probes – Life Technologies, A11032) and 

488-alexa Fluor goat anti-chicken (1:1000) (Molecular Probes – Life Technologies, 

A11029). For GFAP staining, antigen retrieval was not used. Following deparafinization, 

sections were washed 3 times in PBS and then blocked for 1 hour at room temperature in 

10% goat serum (in PBS, 0.1% Tween 20). Tissue sections were then incubated with 

Bailey et al. Page 9

Brain Res. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



primary antibodies diluted in 2% goat serum (in PBS, 0.1% Tween 20) overnight at 4°C; 

anti-GFP (1:750) (Aves, GFP-1020) and anti-GFAP (1:1000) (DAKO 20025481). Sections 

were washed 3 times with PBS and incubated with secondary antibodies diluted in 2% goat 

serum (in PBS, 0.1% Tween 20) for 1 hour at room temperature; 594-alexa Fluor goat anti-

rabbit (1:1000) (Molecular Probes – Life Technologies, A11037) and 488-alexa Fluor goat 

anti-chicken (1:1000) (Molecular Probes – Life Technologies, A11029). For all fluorescent 

staining, sections were then counterstained by incubating with DAPI (1:2000) for 45 

minutes at room temperature. Slides were then mounted with Prolong Gold antifade reagent 

with DPAI (Fisher, P36391). Fluorescent signal was captured using a ScanScope FL (Leica 

Biosystems) and was scanned at 20X by the UNC Translational Pathology Laboratory. 

Digital images were obtained and analyzed as described above.

4.7 Data analysis.

An unpaired t-test was used to compare means for biodistribution analysis. For all 

comparisons, statistical significance was set at p < 0.05. Data were graphed using GraphPad 

Prism software (v. 8.3.0; GraphPad Software).
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Highlights

• Intrathecal delivery of AAV9 in mice is highest near the site of injection and 

tapers as it spreads.

• Intrathecal delivery of AAV9 transduces peripheral nerves and autonomic 

nervous tissue, including sympathetic and enteric neurons.

• In the brain, AAV9/GFP vector spread and transduction is notably higher in 

brain regions near the site of injection following intracisternal delivery as 

compared to lumbar puncture delivery.

• In the lumbar spinal cord and peripheral organs, AAV9/GFP vector has higher 

distribution in LP-injected mice versus ICM-injected mice.

• Intracisternal or lumbar puncture intrathecal delivery of AAV9 efficiently 

transduces the CNS and to a lesser extent transduces the PNS and can be used 

to treat inherited neuropathies.
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Figure 1. 
Biodistribution of AAV9/GFP following intrathecal delivery in mice. AAV9 was 

administered to C57BL/6 mice at a dose of 4.15×1011 vg by injection into the cisterna 

magna (ICM) or the lumbar subarachnoid space (LP). All animals were sacrificed 4 weeks 

post-injection and vector genomes were quantified in tissue samples by qPCR. Vg copies are 

normalized to mouse lamin B as an endogenous housekeeping gene and are represented as 

vg copies per cell. Error bars represent SEM (n=4 per group). Each tissue group was 

analyzed by an unpaired t test. *p<0.5, **p<0.01. DRG, dorsal root ganglia.
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Figure 2. 
CNS transduction profile of AAV9 following intrathecal delivery in mice. (A, B) 

Transduction profiles 4 weeks after intrathecal delivery of AAV9 packaging a scCBh-GFP 

transgene at a dose of 4.15×1011 vg via injection into the cisterna magna (ICM, top) or 

lumbar subarachnoid (LP, bottom) spaces across the (A) brain and (B) spinal cord. (A) 

Representative coronal sections from the whole mouse brain progressing from forebrain to 

the hindbrain (left to right). (B) Spinal cord sections from cervical (left), thoracic (middle) 

and lumbar (right) regions.
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Figure 3. 
Transduction throughout the brain following ICM and LP AAV9 delivery. (A-L) Expression 

profile 4 weeks after intrathecal delivery of scAA9/CBh-GFP vector at a dose of 4.15×1011 

vg. (A) motor cortex, (B) somatosensory cortex, (C) CA1 of hippocampus, (D) dentate gyrus 

of hippocampus, (E) striatum, (F) thalamus, (G) amygdala, (H) hypothalamus, (I) midbrain, 

(J) pons, (K) medulla, and (L) cerebellum. Scale bars, 100 μm.
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Figure 4. 
Intrathecal AAV9 transduces neurons and glia in mice. (A) Cortical brain sections and (B) 

medulla brain sections from mice injected by ICM or LP routes were imaged for GFP 

expression. Sections are 5 μm thick. Images were overlaid with NeuN immunostaining for 

neurons or GFAP immunostaining for astrocytes. Counterstain is DAPI. Scale bar = 100 μm.
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Figure 5. 
Intrathecal delivery of scAAV9 vector results in peripheral nervous system expression. 

Tissues were collected 4 weeks after ICM or LP delivery of scAA9/CBh-GFP vector at a 

dose of 4.15×1011 vg in mice. Sections are 5 μm thick, stained with anti-GFP and 

counterstained with hematoxylin. Arrows, Myenteric plexus; arrow heads, submucosal 

plexus. Scale bars, 100 μm.
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