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Introduction

Fetal gene transfer represents an under-appreciated tool for 
investigating novel therapeutic approaches in mouse mod-
els of human neurometabolic diseases.1 Advantages of this 
approach include the short murine gestation time, large  litter 
sizes that permit near-simultaneous vector administration 
to multiple animals, the existence of monogenic diseases 
comparable to conditions in humans, and the ability to target 
embryonic- or perinatal-lethal alleles for therapeutic rescue. 
For brain-directed treatments in which entry of the therapeu-
tic molecular entity to cerebrospinal fluid (CSF) is desired, the 
space targeted is considerably larger in mouse fetuses than 
in postnatal mice, since the ratio of ventricular volume:brain 
volume is higher in early development.2,3

The choroid plexuses (CPs) are highly vascularized neuro-
ectoderm-derived structures continuous with the ependymal 
cells lining the brain ventricles, and which project into the 
ventricular cavities.4 The polarized epithelia of the CP pro-
duce CSF by transporting water and ions into the ventricles 
from the blood and secreting a large number of proteins. CP 
development begins by embryonic day 10 (E10) in rodents.5 
The fourth ventricle CP develops first, followed by the CPs of 
both the lateral ventricles and finally the third ventricle CP,3 a 
sequence consistent across mammalian species. CP epithelia 

(CPE) are contiguous with, though functionally differentiated 
from, the ependymal cells that line the walls of the ventricles. 
The early morphology of CPE is single-layered cuboidal to 
columnar. By E12.5, differentiation into a simple cuboidal pat-
tern occurs at all sites of CPE formation in mice and is accom-
panied by activation of the CPE-specific gene, transthyretin.2

We recently reported that neonatal intracerebroventricu-
lar administration of recombinant adeno-associated virus 
serotype 5 (rAAV5) and copper chloride resulted in efficient 
gene transfer to mouse CPE, and rescued mottled-brindled 
 (mo-br), a lethal mouse model of the copper metabolism disor-
der, Menkes disease.6 Untreated mo-br mice died by 2 weeks 
of age. Fetal gene transfer to CPE with rAAV might also res-
cue an embryonic lethal model of Menkes disease, mottled-
dappled (mo-dp), that usually does not survive beyond E17.7 
Rescue of this complete loss-of-function allele would provide 
compelling additional proof-of-concept in support of human 
applications of rAAV gene therapy for this illness. In addition 
to rAAV5, the capacity of rAAV serotypes 1, 4, 8, and rh10 to 
transduce neonatal mouse CPE has been described.8–12 How-
ever, rAAV9 tropism for CPE has not been clearly established.

Viral-mediated transduction of CPE might also provide a 
safe and efficacious treatment approach for a broader category 
of pediatric neurometabolic disease, lysosomal storage disor-
ders (LSDs).9,12–16 These conditions are caused by inherited 
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Fetal brain-directed gene addition represents an under-appreciated tool for investigating novel therapeutic approaches in animal 
models of central nervous system diseases with early prenatal onset. Choroid plexuses (CPs) are specialized neuroectoderm-
derived structures that project into the brain’s ventricles, produce cerebrospinal fluid (CSF), and regulate CSF biochemical 
composition. Targeting the CP may be advantageous for adeno-associated viral (AAV) gene therapy for central nervous system 
disorders due to its immunoprivileged location and slow rate of epithelial turnover. Yet the capacity of AAV vectors to transduce 
CP has not been delineated precisely. We performed intracerebroventricular injections of recombinant AAV serotype 5-green 
fluorescent protein (rAAV5-GFP) or rAAV9-GFP in embryonic day 15 (E15) embryos of CD-1 and C57BL/6 pregnant mice and 
quantified the percentages of GFP expression in CP epithelia (CPE) from lateral and fourth ventricles on E17, postnatal day 2 
(P2), and P22. AAV5 was selective for CPE and showed significantly higher transduction efficiency in C57BL/6 mice (P = 0.0128). 
AAV9 transduced neurons and glial cells in both the mouse strains, in addition to CPE. We documented GFP expression in CPE 
on E17, within just 48 hours of rAAV administration to the fetal lateral ventricle, and expression by both the serotypes persisted 
at P130. Our results indicate that prenatal administration of rAAV5 and rAAV9 enables rapid, robust, and sustained transduction 
of mouse CPE and buttress the rationale for experimental therapeutics targeting the CP.
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deficiencies of lysosomal enzyme activity and more than 60 
such human diseases have been identified.17 Enzymes within 
lysosomes normally break down specific nutrients, including 
glycoproteins, mucopolysaccharides, oligosaccharides, and 
sphingolipids. Patients with LSDs have greatly diminished 
lifespans and reduced quality of life, particularly those with 
neurological manifestations. There are few current therapeutic 
options available to treat the neurological signs and symptoms 
of LSDs. Bone marrow transplantation has been carried out in 
some LSDs in which there is neurological involvement.18 Such 
therapy is based on the concept of metabolic cross-correction 
in which the lysosomal enzyme of one cell is taken up by the 
enzyme-deficient adjacent cell.19 However, bone marrow trans-
plantation itself is associated with significant morbidity and 
mortality, and many LSD patients who receive this treatment do 
not exhibit improvements in cognitive signs and symptoms.20

Enzyme-replacement therapy for LSDs administered intra-
venously has been ineffective in achieving adequate delivery 
of enzyme to the brain. However, a growing body of research 
in animal models supports the potential efficacy of direct injec-
tion into the CSF.21 Studies in dogs with mucopolysacchari-
dosis type I showed that this intrathecal approach enabled 
widespread distribution of the recombinant protein within the 
brain, and reduced neuropathology.22 Studies in mouse and 
dog models of mucopolysaccharidosis IIIA also revealed that 
the strategy was effective in ameliorating neuropathology and 
improving clinical signs in affected animals.23,24 Other studies 
in mice with the LSDs Krabbe disease and late infantile neuro-
nal ceroid lipofuscinosis demonstrated that delivery of recom-
binant lysosomal enzymes into the CSF was efficacious in 
reducing disease pathology and neurological signs and symp-
toms.25,26 Thus, the principle that provision of enzyme into the 
CSF is beneficial for LSDs is gaining considerable traction. 
The short half-lives of recombinant lysosomal enzymes, which 
would necessitate weekly or monthly administration, compli-
cates translation to clinical applications however.

Viral vector-mediated gene therapy targeting the CPE rep-
resents a potential alternative method for provision of enzyme 
into the CSF without the need for chronic intrathecal injections. 

We speculate that patients with LSDs could benefit from a CP-
targeted gene therapy approach that results in steady produc-
tion of the deficient enzyme and secretion into the CSF. The 
CSF circulation normally carries molecules throughout the 
ventricular system into the subarachnoid space, from which 
molecules ultimately reach the entire brain.27

To better characterize mammalian CP transduction for 
these important potential applications, we conducted experi-
ments to specifically evaluate rAAV-mediated transgene 
expression in CPE in two strains of wild-type mice.

Results
Survival of mouse fetuses following early intracranial 
gene transfer
Fetal intracranial administration of rAAV5-green fluorescent 
protein (GFP), rAAV9-GFP, or lactated Ringer’s at 15 days of 
gestation (Figure 1) was performed on a total of 141 CD-1 
and 117 C57BL/6 fetuses. The choice of the CD-1 outbred 
strain was grounded in the knowledge that this background 
has been used successfully for fetal gene surgery by oth-
ers.28,29 The choice of C57BL6 inbred strain reflected our 
related work on a Menkes disease mouse model that has 
the C57BL6 background.6 There was no maternal mortality 
or morbidity related to fetal surgery in either mouse back-
ground. Overall survival to birth was higher in CD-1 fetuses 

Figure 1 Surgical approach for intracerebroventricular injection 
of E15 fetal mouse brains. Following exposure of the uterine 
horns, individual fetal brains were injected on the left side with 5 μl 
of lactated Ringer’s solution containing 5 × 109 viral particles of either 
rAAV5-GFP or rAAV9-GFP, or lactated Ringer’s alone (mock). GFP, 
green fluorescent protein; rAAV, recombinant adeno-associated 
virus.

E15 embryos

AAV5-GFP

AAV9-GFP

Mock

Choroid
plexus

Table 1 Survival to birth by strain

Liveborn pups Fetuses injected Percent survival

CD-1

 rAAV5 38 65 58.5

 rAAV9 18 23 78.3

 Mock 43 53 81.1

 Total 99 141 70.2

C57BL/6

 rAAV5 26 45 57.8

 rAAV9 9 31 29.0

 Mock 15 41 36.6

 Total 50 117 42.7

rAAV, recombinant adeno-associated virus.

Table 2 Survival to birth by AAV serotype

Survival comparisons P value

Mock CD-1 versus mock C57BL/6a <0.0001

AAV5 CD-1 versus AAV5 C57BL/6 1.0

AAV9 CD-1 versus AAV9 C57BL/6a 0.0008

AAV5 CD-1 versus mock CD-1a 0.0097

AAV5 C57BL/6 versus mock C57BL/6 0.0557

AAV9 CD-1 versus mock CD-1 0.7624

AAV9 C57BL/6 versus mock C57BL/6 0.6157

AAV5 CD-1 versus AAV9 CD-1 0.1301

AAV5 C57BL/6 versus AAV9 C57BL/6a 0.0192

AAV, adeno-associated virus.
aStatistically significant.
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(70.2%) compared with C57BL/6 fetuses (42.7%; P < 
0.0001, Tables 1 and 2). The increased prenatal mortality in 
C57BL/6 was accounted for by the results of rAAV9 adminis-
tration, after which only 29% of E15 C57BL/6 embryos sur-
vived to birth. rAAV5-treated C57BL/6 embryos survived at 

a twofold higher rate (57.8%) than rAAV9-treated C57BL/6 
(P = 0.0192). In contrast, rAAV5 administration appeared to 
lower survival in CD-1 animals compared with mock-treated 
CD-1 controls (P = 0.0097).

All liveborn pups that had been treated at E15 with either 
rAAV5 or rAAV9 or lactated Ringer’s survived into late adult-
hood unless harvested for analysis. Fetuses harvested at 
E17 were not included in survival rates.

Viral-mediated expression of GFP in CPE of CD-1 mice
We quantified CPE in the lateral and fourth ventricles (Sup-
plementary Figure S1) because the third ventricle CP was 
smaller and not consistently visualized in the brain sections. 
Constructs used in these experiments contained the cDNA 
for the reporter gene, GFP. Transgene expression was driven 
by the chicken β-actin promoter and human cytomegalovirus 
enhancer combination (Figure 2a).

In CD-1 mice, transgene expression was easily detect-
able on E17 (2 days after rAAV administration) in the CPE 
of the lateral and fourth ventricles and not in mock-injected 
controls (Figure 2b). CPE expression of GFP mediated by 
rAAV5 and rAAV9 was robust on postnatal day 2 (P2) and 
P22 (Figure 2c). Mock-injected controls showed no discern-
ible GFP staining (data not shown). No statistically significant 
differences were evident in head-to-head comparisons of the 
percent of CPE expressing GFP between rAAV5 and rAAV9, 
with two exceptions (Figure 2d,e). Expression mediated by 
rAAV5 proved significantly higher in fourth ventricle CPE at 
P2 compared with rAAV9-GFP (P = 0.02,  Figure 2e). By P22, 
rAAV9-mediated expression exceeded that by rAAV5 in the 
fourth ventricle (P = 0.03, Figure 2e). GFP expression was 
also detected in CPE of the third ventricle (data not shown).

In addition to expression in CPE, E15 administration of 
rAAV9 led to transgene expression throughout the CD-1 
mouse brains, including neuronal cells in olfactory bulb, 
cerebral cortex, cerebellum, and glial cells in the brainstem 
on P2 (Figure 3a). In contrast, rAAV5 administered to CD-1 
mouse embryos on E15 did not result in detectable transgene 
expression in neuronal or glial cells (data not shown) and 
expression was confined to the CPE (Figure 2c). Quantita-
tion of rAAV9 viral genome copy number by CD-1 brain region 
on P2 confirmed a pattern of transduction consistent with the 

Figure 2 Recombinant adeno-associated virus (rAAV)-
mediated gene expression in CD-1 fetal mouse choroid plexus. 
(a) Elements of the rAAV construct. Flanked by inverted terminal 
repeat (ITR) motifs, the rAAV construct includes a cytomegalovirus 
(CMV) enhancer, chicken β-actin (CBA) promoter, intronic sequence 
(triangle), complementary DNA (cDNA) for green fluorescent protein 
(GFP), and a poly-adenylation (poly-A) tail. (b) Representative 
immunohistochemistry images of GFP transgene expression at 
E17 in CD-1 mouse brains, after rAAV serotype 5 or 9, or mock 
injection on E15. (c) Representative images of P2 and P22 CD-1 
mouse brains after rAAV serotype 5 or 9, or mock injection on E15. 
Brown stain indicates GFP expression. Arrows indicate AAV9-GFP–
mediated expression in adjacent brain parenchyma on P22. CPL: 
choroid plexus-lateral ventricle; CP4: choroid plexus-fourth ventricle. 
Bars, 100 μm. Of the three timepoints evaluated, densitometric 
quantitation showed peak transgene expression on P2 in the (d) 
lateral and (e) fourth cerebral ventricles. Statistically significant 
differences between rAAV5- and rAAV9-mediated GFP expression 
were evident only in the fourth ventricle choroid plexus epithelia, as 
shown.
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P2 expression data (Figure 3b). By P22, rAAV9-mediated 
expression in neuronal cells remained robust  (Figure 4a).

We also documented persistence of GFP expression in 
CD-1 mouse CPE at 130 days, the endpoint of this study 
(Figure 4b), consistent with the slow rate of CPE turnover.30,31

Viral-mediated expression of GFP in CPE of C57BL/6 
mice
In a second mouse strain, C57BL/6, viral-mediated expres-
sion in CPE at E17 was minimal following E15 administra-
tion (Figure 5a), whereas expression at P2 and P22 was 
robust with either rAAV5 or rAAV9 (Figure 5b). Similar to 
the pattern in mice with the CD-1 background (Figure 2d,e), 
expression mediated by rAAV5-GFP in C57BL/6 was high-
est on P2, of the three timepoints evaluated (Figure 5c,d). 

Expression in third ventricle CPE was also detected while 
all mock-injected controls were negative for GFP staining 
(data not shown). P2 expression mediated by rAAV9 proved 
significantly higher in fourth ventricle CPE compared with 
rAAV5-GFP (P = 0.03, Figure 5d).

Mouse background influences rAAV transduction
As suggested by an overall comparison of Figures 2 and 
5, a higher percentage of CP cells expressed GFP in 
C57BL/6 than in CD-1 mice. This difference was statisti-
cally significant for rAAV5 (P = 0.01), and nearly significant 
for rAAV9 (P = 0.06). GFP expression in C57BL/6 com-
pared with CD-1 was strikingly higher with rAAV5 at P22 
in the lateral and fourth ventricles (Figure 5c,d compared 
with Figure 2d,e).

Figure 3 Broad transduction of CD-1 mouse brain on P2 after E15 intracerebroventricular administration of rAAV9-GFP. 
(a) Representative images of GFP transgene expression in CD-1 mouse brains on P2 after rAAV9 injection on E15 shows robust 
expression of GFP (brown stain) in olfactory bulb, cerebral cortex, cerebellum, and brainstem. Bar, 100 μm. (b) Results of real-time 
PCR quantitation of rAAV9 genome copy number per mouse diploid genome in CD-1 mouse brain on P2 (n = 3). Consistent with 
the expression data in a, transduction appeared highest in olfactory bulb followed by brainstem, cortex, and cerebellum. Error bars 
represent SD corrected for log scale. GFP, green fluorescent protein; rAAV, recombinant adeno-associated virus.
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Discussion

In this work, we utilized an in utero approach to characterize 
rAAV transduction and transgene expression in mouse brain 
CPE, a unique target tissue for gene transfer not previously 
studied in detail. Potential advantages of CPE as a target for 
viral gene therapy include (i) an immunoprivileged location, 
(ii) access to the CSF for secretion of transgene products, 
and (iii) a slow CPE turnover rate30,31 that favors sustained 
transgene expression.

In the present study, we compared rAAV5 to a more 
recently identified AAV serotype, rAAV9, to assess the rela-
tive efficiency of transgene expression in CPE for two wild-
type mouse strains. Limited knowledge exists concerning 

the capacity of prenatally administered rAAV9 to target the 
developing CPs.28,29 Here, we show that intracerebroven-
tricular administration of rAAV5 and rAAV9 to fetal mouse 
brain results in rapid (within 48 hours) and robust transgene 
expression in CPE. The relative decline in transgene expres-
sion from P2 to P22 that we document (Figures 2 and 5) 
may reflect growth and division of CPE in neonatal mice, with 
loss of episomes harboring the GFP transgene. Nonetheless, 
we continued to detect GFP in the CP of animals for more 
than 4 months (P130) post-AAV administration (Figure 4b), 
confirming the capacity for persistent transgene expression.

Overall, GFP expression was higher in C57BL/6 compared 
with CD-1 and the difference was especially striking with 
rAAV5 at P22 (Figure 5c,d). Differences between the levels 
of CP transduction with rAAV5 and rAAV9 for different ages 
and mouse backgrounds may reflect developmental differ-
ences in CPE cell membrane receptors, or differential rates 
of intracellular rAAV uncoating and nuclear translocation.32 In 
addition to CPE transduction, intracerebroventricular rAAV9 
administration to fetal mouse brain resulted in broad neuro-
nal and glial cell transduction, similar to patterns described 
by others using rAAV1 and rAAV8, as well as rAAV9.14,29

An unexpected finding of this study involved the higher pre-
natal losses in both the mouse strains compared with mock-
treated controls following in utero administration of rAAV at 
E15 (Tables 1 and 2). While AAV and GFP are generally 
considered safe, we cannot formally exclude the possibil-
ity of inflammatory or other toxic cellular responses to the 
rAAV capsid, transgene product, or AAV preparation in these 
mice.33,34 While a contaminant such as lipopolysaccharide or 
other endotoxin(s) in the rAAV preparations remain possible 
explanations for the high mortality, we suspect that the mor-
tality data are more related to the invasive nature of E15 fetal 
surgery. We also assume that the higher overall fetal survival 
in CD-1 compared with C57BL/6 (70.2 versus 42.7%), reflects 
differences in breeding robustness between these strains.

We previously showed that rAAV5 transduction of CPE in 
the neonatal period was associated with rescue of the  mo-br 
mouse model of Menkes disease, an X-linked recessive neo-
natal lethal disorder of copper metabolism.6 This condition is 
caused by mutations in the highly conserved copper trans-
porter, ATP7A.7 The successful gene therapy advanced the 
concept that CPE are critically important for central nervous 
system copper homeostasis. Untreated mo-br mice live only 
for 2 weeks due to markedly reduced copper transport activity 
(≈10% of wild-type) in the context of an in-frame deletion of 
two highly conserved amino acid residues.6,7 The mo-dp allele, 
in contrast, represents a complete loss-of-copper transport 
function due to a large genomic deletion in the ATP7A homo-
log and dies at E17.7 Viral-mediated addition of ATP7A to 
mo-dp prenatally may enable rescue of this embryonic lethal. 
While relevant to our investigations of copper transport as a 
proof-of-principle, in utero gene therapy is not however being 
considered for clinical application in Menkes disease.

Our findings reinforce the prospect that CPE, which form the 
blood–CSF barrier, represent a useful therapeutic avenue for 
amelioration of various inherited neurometabolic diseases.9–17 
During early mammalian brain development, the ventricular 
lining is constituted by proliferating neuroectodermal cells 
among which both ependymal and CPE progenitor cells are 

Figure 4 Neuronal transduction of CD-1 mouse brain on P22 
after intracerebroventricular administration of rAAV9-GFP 
on E15. (a) Hippocampal, cortical, olfactory, and some cerebellar 
neurons demonstrate sustained GFP expression ~1 month after 
vector administration. (b) Immunohistochemical staining at P130 
shows sustained transgene expression in the choroid plexus in the 
fourth ventricle (CP4) of CD-1 mouse brains, more than 4 months 
after intracerebroventricular administration on E15 with either 
rAAV5-GFP or rAAV9-GFP. Bars, 100 μm. GFP, green fluorescent 
protein; rAAV, recombinant adeno-associated virus.
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prominent.4 It is unknown whether the CPE progenitors pos-
sess cell surface receptors necessary to mediate rAAV cap-
sid binding and endocytosis, although this appears possible. 
Our data supports the presence of cell surface receptors for 
rAAV5 and rAAV9 in mouse CPE at least as early as E15.

Murine CPE have an extremely slow turnover rate and 
are not replaced during the entire mouse adult lifespan.30 
Slow turnover of these cells is also considered the situation 
in larger mammals.31 We suspect that with a moderately 
high multiplicity of infection, sufficient numbers of episomal 
genomes would persist in CPE daughter cells. Thus, the 
neuroectoderm-derived epithelial cells of the CP may repre-
sent ideal targets for a non-integrating, episomal rAAV vec-
tor capable of sustaining long-term transgene expression.

Since the normal flow of CSF carries molecules secreted 
by CPE throughout the ventricular system into the subarach-
noid space from which molecules ultimately reach the entire 
brain,27 rAAV-mediated gene transfer to remodel CPE could 
transform the treatment of lysosomal storage diseases. The 
prospect of single administration to an immunoprivileged 

site, in combination with the favorable overall safety profile of 
rAAV vectors, renders this an attractive prospective approach. 
Further preclinical investigations to test this hypothesis are 
warranted.

Materials and methods

Mice. The NICHD Animal Studies Committee approved all 
experimental procedures. CD-1 and C57BL/6J breeding 
pairs were obtained from Charles River Laboratories (Wilm-
ington, MA). CD-1 and C57BL/6 matings were set up and 
the females monitored for vaginal plugs. The observed day of 
vaginal plug was considered E1, and the male was separated 
from the female.

AAV vectors. The Powell Gene Therapy Center Vector Core 
Lab, University of Florida-Gainesville (Gainesville, FL) pro-
duced rAAV5-GFP and rAAV9-GFP. A UF11 vector harbor-
ing the chicken β-actin promoter and the cytomegalovirus 
enhancer was used to drive transgene expression.

Figure 5 GFP transgene expression in C57BL/6 mice. (a) Minimal transduction of choroid plexus (CP) epithelia was evident in E17 
C57BL/6 mouse fetuses after intracerebroventricular administration on E15 of either rAAV5-GFP or rAAV9-GFP. (b) Intense expression of 
GFP in CP epithelia was evident by P2 and P22 compared with E17 and to CD-1 mice at P2 and P22 (Figure 2c). CPL: CP-lateral ventricle; 
CP4: CP-fourth ventricle. Bars, 100 μm. Densitometric quantitation of GFP expression in C57BL/6 mice on E17, P2, and P22 in (c) lateral and 
(d) fourth cerebral ventricles. As in CD-1 mice (Figure 2d,e), expression in C57BL/6 appears generally the highest on P2 (of the timepoints 
evaluated). GFP expression mediated by rAAV9 was statistically higher than by rAAV5 in fourth ventricle CP epithelia on P2 (in d). GFP, green 
fluorescent protein; rAAV, recombinant adeno-associated virus.
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In utero surgery. Pregnant CD-1 females underwent surgery 
on E15 under sterile conditions, using endotoxin-free mate-
rial and autoclave-sterilized surgical instruments. Pregnant 
females were anesthetized with isoflurane (1–5%) inhala-
tion and an analgesic (buprenorphine; 1 mg/kg) was injected 
subcutaneously before and after the surgery. The eyes were 
coated with ophthalmic ointment to keep the corneas moist. 
The abdominal area of the mouse was shaved and prepped 
sterilized. A 3-cm skin incision was made followed by a 2-cm 
midline laparotomy. The uterine horns were gently extracted 
and the number of embryos per horn was evaluated. The 
embryos were kept moist with phosphate-buffered saline. 
Using a 32-gauge Hamilton syringe, each fetus received an 
injection of 5 μl of either rAAV5-GFP (1 × 109 viral particles/
μl) or rAAV9-GFP (1 × 109 viral particles/μl) in lactated Ringer’s 
solution, or lactated Ringer’s alone (mock control) into the left 
lateral ventricle of the fetal brain (Figure 1). We confirmed the 
accuracy of intraventricular administration by injecting several 
untreated fetuses with 5 μl of 0.6% trypan blue solution, which 
rapidly filled the ventricles of both the hemispheres on visual 
inspection. During the procedure, the pregnant mouse body 
temperature was monitored using a rectal probe thermom-
eter and the animals were kept warm to prevent hypothermia. 
After all fetuses were injected, the uterine horns were gently 
reinserted into the abdomen. The incision in the muscle was 
closed using absorbable 6-0 sterile surgical sutures (Henry 
Schein, Melville, NY). The incision in the skin was closed with 
staples. Prophylaxis against postoperative infection was given 
with an intraperitoneal injection of cefazolin (dose 100 mg/kg). 
Post-surgery, acetaminophen (200 mg/kg/day) was admin-
istered via drinking water for 3 days. The pregnant dam was 
either killed 2 days post-injection to evaluate the E17 time-
point, or gave birth, typically at E21.

Pathology and immunohistochemistry. Mice were anesthe-
tized, then decapitated, and E17, P2, and P22 brains were dis-
sected and divided sagittally into right and left hemispheres, 
which were fixed in 10% formalin and dehydrated in 70% 
ethanol. The brain hemispheres were then embedded in par-
affin (Histoserve, Germantown, MD), sectioned in 4 μm thick 
sections, placed on ProbeOn Plus slides (Fisher Scientific, 
Pittsburgh, PA), and de-paraffinized. All slides and negative 
controls were pre-treated in citrate buffer pH 6.0 (Cell Marque, 
Rocklin, CA) for 20 minutes in a steamer and allowed to cool to 
room temperature. Subsequently, all slides were blocked twice 
with Dual Endogenous Block (DAKO, Carpentaria, CA) for 5 
minutes each, and with protein block (DAKO) for 10 minutes. 
A mouse monoclonal antibody against GFP (JL-8) (BD Biosci-
ences Clontech, Palo Alto, CA; diluted 1:2,000) was applied for 
60 minutes. Visualization was via the EnVisionTMG|2 Double 
stain system (DAKO), followed by CAT hematoxylin stain (Bio-
care, Concord, CA). For negative controls, mouse monoclonal 
IgG was used instead of antibody. The immunohistochemistry 
was performed in batches and for each batch, independent 
positive and negative controls were included. Brain hemi-
spheres both ipsilateral and contralateral to the injection site 
were used for immunohistochemistry.

Densitometry. Photographs of microscopic brain sections 
were obtained using the Axioskop2 plus microscope and 

AxioVision 4.5 software (Carl Zeiss, Thornwood, NY), and 
visualized at ×200 magnification. The percentage of GFP 
expression was analyzed via color threshold adjustment and 
quantified densitometrically, using ImageJ software (Supple-
mentary Figure S1).

Viral genome quantitation. Quantitative PCR, using primers 
specific for GFP, was used to quantitate rAAV9 viral genome 
copies in brain cortex, cerebellum, olfactory bulb, and brain 
stem. Uninjected animals were used as controls. Brains from 
P2 mice injected on E15 with AAV9-GFP, and from untreated 
mice, were dissected and divided sagittally. Olfactory bulb, 
cortex (and underlying brain tissue), cerebellum, and brain-
stem (Figure 3b) were separated, snap-frozen on dry ice, 
and stored at −80 °C. Genomic DNA was extracted from sec-
tions ipsilateral to the injection site using the Wizard Genomic 
DNA purification kit (Promega, Madison, WI). Purified DNA 
was used as template for genomic Real Time PCR on a DNA 
engine Opticon thermocycler (MJ Research, Waltham, MA). 
Amplification was performed using the SYBR Green Jump-
start Taq ReadyMix from Sigma (St Louis, MO), following the 
manufacturer’s instructions. The biodistribution of AAV9-GFP 
was assessed in the four brain regions and corresponding tis-
sues from untreated mice served as negative controls. Prim-
ers, forward: CAGCACGACTTCTTCAAGTCC and reverse: 
GCTGGAGTACAACTACAACAGC were used to amplify a 
region of the GFP transgene at a melting temperature of 60 °C. 
For quantitation, we used a control plasmid harboring the GFP 
transgene at a known concentration. We used serial dilutions 
of the plasmid to construct a linear curve of log quantity per 
cycle threshold (C

t). Based on this standard curve, we calcu-
lated the DNA quantities (pg) in our samples and divided them 
by the mass (pg) of one AAV genome to obtain vector genome 
copy. The final results were expressed as AAV vector genomes 
per diploid mouse genome, as described by others.35

Statistics. To evaluate for significant differences between 
AAV5- and AAV9-mediated GFP expression, we used 
two-tailed independent groups t-tests with equal variance. 
Fisher’s exact test of independence was used to compare 
survival frequencies.36 Two-tailed P values ≤0.05 were con-
sidered statistically significant.

Supplementary material

Figure S1. Densitometry to quantitate GFP transgene ex-
pression in mouse choroid plexus.
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