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Abstract

Most current methods of gene delivery for primary cultured hippocampal neurons are limited by
toxicity, transient expression, the use of immature neurons, and/or low efficiency. We performed a
direct comparison of seven serotypes of adeno-associated virus (AAV) vectors for genetic
manipulation of primary cultured neurons in vitro. Serotypes 1, 2, 7, 8 and 9 mediated highly efficient,
nontoxic, stable long-term gene expression in cultured cortical and hippocampal neurons aged 0-4
weeks in vitro; serotypes 5 and 6 were associated with toxicity at high doses. AAV1 transduced over
90% of all cells with approximately 80% of the transduced cells being neurons. The method was
readily adapted to a high-throughput format to demonstrate neurotrophin-mediated neuroprotection
from glutamate toxicity in cultured neurons at 2 weeks in vitro. These vectors should prove highly
useful for efficient overexpression or downregulation of genes in primary neuronal cultures at any
developmental stage.
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1. Introduction

Cultures of dissociated primary neurons and astrocytes are frequently used by neurobiologists
to study neuronal physiology and pathophysiology. A variety of methods has been used for
gene delivery into cultured neurons, including recombinant Sindbis, SV40 or Semliki-forest
viral vectors as well as plasmid transfection using calcium phosphate, commercially available
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lipids, or electroporation. However, each of these methods is limited by one or more of the
following drawbacks: very low efficiency, short-term gene expression, toxicity, inability to
express common reporter genes, and/or the requirement to transfect immature neurons
(reviewed in [7]). Although transient, low-efficiency gene expression is sufficient for some
types of experiments, biochemical experiments require much higher efficiency.

Adeno-associated viral (AAV) vectors readily transduce neurons in vivo with low toxicity.
Here, we report in vitro transduction and toxicity patterns for AAV vectors with 7 different
serotypes and 4 AAV vectors with engineered capsids. Several of these vectors mediated
efficient, stable, and nontoxic transduction of hippocampal and cortical neurons in vitro.

Tropism and efficiency

Toxicity

Recombinant AAV vectors were generated using a CMV-GFP expression cassette as the
genome and packaged using capsid sequences from AAV1, 2,5, 6, 7, 8, or 9. To compare
transduction efficiencies of the different AAV serotypes, a single dose of 2.0 — 2.5 x 1011
genome copies (GC) of each vector was added to cultured rat hippocampal cells on day in vitro
(DIV) 7. By DIV21, the cultures exposed to serotypes 1, 2, 7, 8 and 9 showed remarkable levels
of transduction, approximately 80-94% of the cells in each culture (Table 1). Expression of
GFP was detectable in both neurons and astrocytes by 1 week post-transduction and continued
for the life of the culture (Fig. 1A-C).

Transduced neurons and astrocytes were identified by colocalizing intrinsic GFP fluorescence
with anti-MAP2 immunostaining to label neurons or anti-GFAP immunostaining to label
astrocytes. None of the vectors transduced neurons or astrocytes exclusively (Fig. 2; Table 1).
AAV1and AAV6 were the most neurotropic. Transduction by AAV1 resulted in 94.1% overall
transduction; ~80% of the transduced cells were neurons. For AAV6, overall transduction was
decreased to 72% because lower doses were necessary due to toxicity (see below), but of the
cells that were transduced ~85% were neurons. AAV2, AAV7 and AAV8 transduced 54%,
74% and 63% neurons, respectively (p>0.05 vs. AAV1). In contrast, AAV9 transduced more
astrocytes than neurons (43.2% neurons; p<0.005 vs. AAV1). Transduction patterns were
similar on cocultured cortical neurons and astrocytes (Fig. 1D-G).

The importance of the heparin-binding region for AAV2 transduction was tested by using an
engineered variant (AAV2/hu29R) with SGNT replacing RGNR at the consensus RXXR
heparin-binding motif. The heparin-binding region was found to be essential for neuronal and
glial transduction by AAV2. Although no cells were transduced, hu29R was not toxic as
determined by normal MAP2 and GFAP staining.

At a high dose of 2.5 x 1011 GC, most cultures exposed to serotypes 1, 2, 7, 8 or 9 showed no
neuronal toxicity as demonstrated by MAP2 immunoreactivity identical to untreated cultures.
However, AAV5 and AAV6 were toxic to both neurons and astrocytes at a dose of 2.5x1011
GC (Table 1). The toxicity was probably unrelated to the volume delivered (16—26 pl) because
the vehicle itself (PBS+5% glycerol) was nontoxic up to quantities of 50 pl/culture (data not
shown). Lower doses (2.5 x 10° GC) of either AAV5 or AAV6 encoding CMV-GFP yielded
48-72% overall transduction and minimal toxicity to neurons at 2 weeks post-transduction. To
determine the possible contribution of GFP toxicity, parallel experiments were performed with
AAV5 and AAV6 encoding LacZ. Both AAV5-CMV-LacZ and AAV6-CMV-LacZ were toxic
at 2 weeks post-transduction, suggesting that the capsid sequence rather than GFP
overexpression is involved in AAV5 and AAV6 toxicity in vitro.
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To explore the role of the capsid sequence in toxicity, we altered specific amino acids in the
AAVG capsid. AAV1, which is nontoxic in these cultures, differs from AAV6 by 6 amino acids
in the cap sequence, including the K531 residue critical for heparin binding [33]. Therefore,
we tested whether AAVG toxicity could be ameliorated by replacing individual amino acids in
the AAV6 capsid with the corresponding AAV1 residue. Table 1 shows that the toxicity was
blocked by mutating K531 to glutamine (K531E, AAV6.1), but not by a change at residue 129
that does not alter heparin binding (F129L, AAV6.2). Changing both residues simultaneously
(AAV6.1.2) also blocked toxicity. Of note, alteration of the heparin-binding residues in AAV6
did not block transduction as it did with AAV2. This is consistent with a previous report
showing that AAV2 but not AAV6 transduction is blocked by the addition of heparin, and that
AAV2 and AAV6 do not compete for the same cellular receptors [13].

Time course of expression

GFP-expressing cells were clearly visible at 3d post-transduction. Immunolabeling
experiments revealed that the GFP-expressing cells were GFAP-positive astrocytes, regardless
of the serotype used for transduction (AAV1, 2, 7, 8, 9). At 1-2 weeks post-transduction, both
neurons and astrocytes showed robust GFP fluorescence after transduction by AAV1, 2,7, 8
or 9, indicating that the early expression in astrocytes and later expression in neurons is
principally a result of hCMV promoter usage in each cell type (Fig. 2). Transduction levels did
not change between 1 week post-transduction and later time points. Once present, GFP
expression continued in both neurons and astrocytes for the life of the culture, up to 8 weeks
(see Fig. 1C). This was generally true whether the cultures were transduced at day 1-2 post-
plating or at 4 weeks post-plating.

Neuroprotection and neurotoxicity assays in 96-well plates

Primary hippocampal cultures in a 96-well plate were transduced with AAV1-CMV-GFP to
obtain a transduction percentage of 89% (118/133; see Fig. 3A inset). Cultures were transduced
on DIV7 and exposed to increasing concentrations of L-glutamate on DIV14 for 24 hr.
Transduced cells were imaged digitally under a fluorescent microscope and counted. A dose-
response relationship for glutamate toxicity was observed (Fig. 3A). Pretreatment with the
neurotrophin NT-4/5 resulted in dose-dependent protection (Fig. 3B), as previously described
[6]. These results demonstrate that AAV transduction can be readily adapted for high-
throughput assays.

3. Discussion

Current methods for gene transfer into cultured neurons are of limited utility due to low
efficiency, high toxicity, short duration of gene expression, or the restriction that gene delivery
must be performed in immature cells on the day of plating. Transgenic animals can be a source
of genetically modified cultures, but generation of these animals is expensive, labor-intensive,
and mostly restricted to mice. Our results demonstrate that the use of AAV vectors can
overcome all of these problems. This technique should prove useful for the generation of
essentially transgenic neuronal cultures for a variety of neurobiological applications,
particularly those requiring biochemical analysis or measurements over the course of weeks.
Among many potential applications, AAV transduction of neurons in vitro can be used for
neurotoxicity and neuroprotection assays.

Despite their limited capacity (approx. 4.5 kb), recombinant AAV viral vectors are capable of
delivering a wide variety of useful cassettes for overexpression or downregulation of genes.
These include: many common reporter genes; cDNAs linked to constitutively active, cell type-
specific or drug-regulated promoters; constitutively expressed shRNA sequences and
ribozymes; IRES-GFP or two promoter-cDNA combinations for expression of two genes from
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the same vector; and components of the cre-lox system. In addition, given the high efficiency
we observed here, multiple genes may be delivered by using multiple vectors on the same
culture with a reasonable expectation of double transduction.

Despite significant differences in capsid sequence, most AAV serotypes tested to date
preferentially transduce hippocampal neurons in vivo. Even so, there are notable differences
in efficiency and in the subtypes of neurons transduced. In the rat hippocampus, AAV2
primarily transduces hilar interneurons whereas AAV1 and AAV5 preferentially transduce
pyramidal neurons in areas CA1-CA3 [3]. AAV8 was demonstrated to transduce pyramidal
and dentate granule neurons as well as parvalbumin-containing GABAergic neurons in vivo
[17]. Direct comparisons of these serotypes have shown AAV 1 and 8 to be considerably more
efficient in the adult rat hippocampus than AAV2 or 5, by immunostaining, Western blot and
biophotonic imaging [17]. A comparison of AAV7, 8, 9 and Rh10 in adult mouse hippocampus
showed that AAV9 is the most efficient, transducing both CA pyramidal neurons and dentate
granule neurons [5]. AAV8 is more efficient for transduction of neonatal mouse brain than
AAV1 or AAV2 when injected into the cerebral ventricles [2]. In addition to transducing cell
bodies at the site of injection, a few serotypes (e.g. AAV1, 5 and 9) are taken up at axonal
terminals and undergo retrograde transport, thereby mediating gene expression in remote cell
bodies having axons that terminate in the injected structure [3,5].

To date, more than 100 naturally-occuring isolates of AAV have been identified, allowing for
a potentially large variety of target cell types (reviewed in [11]). However, few of the
corresponding cellular receptors have been identified. AAV2 binds to heparan sulfate
proteoglycans [29] and an integrin-binding domain has also been identified. The hepatocyte
growth factor receptor, c-met, av35 integrin and FGFR1 have been described as AAV2
coreceptors [1,15,26,28]. Sialic acid on cell-surface glycoproteins is important for binding of
AAV1,5and6[31,34],and PDGFR has been identified as an AAV5 receptor [9]. We speculate
that differential receptor expression in vitro and in vivo is the most likely explanation for the
variation in efficiency and specificity of a given serotype when comparing transduction of the
hippocampus in vivo and transduction of dissociated hippocampal neurons in vitro. The AAV
serotypes which will be most effective for hippocampal slice cultures should also be determined
empirically for this reason.

The promoter also influences the cell-type specificity of gene expression. Kugler and
colleagues have shown that gene expression from AAV2 or AAV5 can be restricted to neurons
in vitro by incorporating the hSYN or CBA promoter or restricted mainly to astrocytes by using
the mCMV promoter [18,20,27]. The hSYN promoter also confers neuronal specificity in vivo
[20,27]. Klein, Meyer and colleagues have demonstrated transduction of cultures of astrocytes,
microglia and cortical neurons using AAV2 or AAV8 with the CBA promoter [12,17,18]. In
a quantitative comparison of 10 promoters in AAV2 vectors, in cultures of rat hippocampal,
cortical, striatal and nigral cells, the 1.8kb NSE promoter and the 2.5kb EF1a promoter
mediated the strongest expression; unfortunately, these were two of the largest promoters tested
[35]. Even so, the NSE promoter has been used in AAV vectors for efficient and long-term
expression of GFP in neurons in vivo [19]. A hybrid hCMV/PDGFf promoter and the
PDGFp promoter alone each showed robust and prolonged neuronal gene expression in vivo
[24,32]. The hCMV promoter, used here, mediated expression in astrocytes and neurons for
weeks in vitro, although it is known to be subject to transcriptional silencing over the course
of months in vivo, probably due to methylation [14,19,22,25]. Finally, although normal AAV-
mediated gene expression is detectable within a few days, the process may be accelerated
through the use of a self-complementary AAV vector, which presents a more robust and earlier
onset of expression in brain in vivo but has only about half the genome packaging capability
[21].
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Our results, together with those cited above, support three general conclusions: (1) that the true
tropism of a vector may be masked if the promoter restricts gene expression to a subset of cells;
(2) that the tropism of a serotype/promoter combination in vitro is not necessarily predictive
of its tropism in vivo; and (3) that the time course of expression is promoter-dependent and
can differ between neurons and astrocytes.

We conclude that AAV vectors represent an valuable tool for efficient genetic manipulation
of primary neuronal cultures.

4. Experimental Procedures

Neuronal Cultures

AAV vectors

The standard culture technique was described previously [8]. Briefly, cortices or hippocampi
from E19 Sprague-Dawley rat embryos were trypsinized in Dulbecco’s minimum essential
medium (DMEM; Whittaker Bioproducts) containing 0.027% trypsin at 4°C for 20 min. They
were triturated in media consisting of DMEM supplemented with 10% bovine calf serum
(Hyclone), 10% Ham’s F12 with glutamine (Whittaker Bioproducts), and 50 U/mL penicillin—
streptomycin (Sigma). Dissociated cells were plated on poly-L-lysine coated glass coverslips
in 35-mm petri dishes and cultured at 37°C in a humidified 5% CO?2 incubator. Dissociated
cells were plated at a density of 100,000 cells/mL in serum-free Neurobasal medium (Gibco)
supplemented by B27 (Gibco). Mitotic inhibitors and antibiotics were not used. All procedures
involving animals were approved by the University of Pennsylvania Institutional Animal Care
and Use Committee and conform to federal guidelines (Guide for the Care and Use of
Laboratory Animals, National Research Council, 1996).

Recombinant AAV viral vectors were generated by triple transfection of 293 cells and purified
by cesium chloride gradient sedimentation as described previously [10]. The plasmid encoding
the genome (pZac2.1EGFPWP) was identical for each of the serotypes generated, encoding
the AAV2 inverted terminal repeats (ITRs), a human cytomegalovirus (hCMV) immediate
early promoter, the enhanced green fluorescent protein (EGFP) coding sequence, a woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE) and a bovine growth hormone
poly A sequence. This plasmid was cotransfected with plasmids encoding serotype-specific
(serotypes 1, 2, 5, 6, 7, 8, and 9) or specifically modified rep and cap sequences. Vector titers
were determined by quantitative PCR and typically ranged from 1012 to 1013 genome copies
(GC)/ml. In the text, the resulting recombinant vectors are denoted by their serotype number,
i.e. AAV1. Multiple independent batches of each CMV-GFP vector were tested: AAV1 (n=2);
AAV?2 (n=5); AAVS5 (n=3), AAV6 (n=2); AAVT (n=2); AAVS8 (n=3); AAV9 (n=2). Where
noted, the bacterial beta-galactosidase (LacZ) coding sequence replaced GFP and doses were
matched to the corresponding GFP vectors: 2.5 x 1011 GC for AAV5 and 6.7 x 1010 GC for
AAVS.

Modifications to the AAV2 and AAV6 capsids are described elsewhere ([30] and LV and
JWM, manuscript in preparation). Briefly, AAV2 and AAV6 capsids normally bind heparin
[13]. AAV2 contains an RXXR consensus sequence (RGNR) on VP3 that mediates heparin
binding [16,23]. AAVhu29R is a variant of AAV2 capsid with SGNT at the RXXR sequence
that blocks heparin binding, in addition to five other single amino acid changes outside the
RXXR region [30]. In AAV6, which lacks an RXXR sequence, K531 is a critical residue for
heparin binding [33]. AAV6.1 contains a K531E mutation in the AAV6 capsid that ablates
heparin binding, and AAV6.2 has a F129L change that does not affect heparin binding (see
[33]). AAV6.1.2 contains both the K513E and F129L changes and does not bind heparin.
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Vectors were concentrated by banding in cesium chloride, then collected in PBS containing
5% glycerol, stored in aliquots at —80 °C and thawed on ice before use. Volumes not exceeding
50 pl (corresponding to doses listed in Table 1) were added to 35-mm plates containing 150,000
cells in 1.5 ml medium. Control cultures received vehicle only (PBS + 5% glycerol) or no
treatment.

Immunofluorescence analysis and cell counts

Cells were fixed with 10% neutral buffered formalin (10 min RT), permeabilized with Tris-
buffered saline (TBS) containing 0.3% Triton (TBST), blocked in 5% goat or donkey serum
in TBS, exposed to the primary antibody overnight at 4 °C, washed and incubated with the
corresponding secondary antibody, washed, incubated with the fluorescent streptavidin (1 hr
RT each), then washed again and inverted onto glass slides with Vectashield mounting media
containing DAPI (Vector Laboratories) to identify nuclei. Neurons were identified by
immunostaining with rabbit polyclonal anti-MAP2 (1:500, gift of Dr. Virginia Lee, University
of Pennsylvania), and detected with biotin-SP-conjugated goat anti-rabbit IgG and Alexa594-
conjugated streptavidin (Molecular Probes, 1:500 each). Astrocytes were identified on separate
coverslips with monoclonal anti-GFAP antibody (Sigma, 1:500), biotin-SP-conjugated donkey
anti-mouse 1gG and Alexa594-conjugated streptavidin (Molecular Probes, 1:500 each). The
specificity of staining was confirmed by omitting the primary antibody in each case.
Immunofluorescence was colocalized with intrinsic GFP fluorescence. Digital images in each
channel were acquired with a Nikon 80i microscope, a CoolSnap cf2 monochrome camera and
ImagePro software, and pseudocolored appropriately (green for GFP; red for MAP2 or GFAP;
blue for DAPI). Manual cell counts were performed by two observers on digital images of 4—
10 randomly selected, nonoverlapping single-channel 10x fields. To calculate the overall
percent transduction, the number of GFP-expressing cells was expressed as a percentage of
nuclei stained with DAPI (GFP+/DAPI+). To calculate the percentage of neurons in the
transduced population, the formula was MAP2+GFP+/GFP+. Statistical comparisons were
made between AAV1 and either AAV2, 7, 8 or 9 using Student’s t test.

Toxicity was assessed by inspection of the MAP2 staining, using the following scale: 0 =
healthy cultures with uniform MAP2 staining in the processes; 1 = beaded MAP2 staining in
the processes but little or no cell loss; 2 = substantial cell loss and/or fragmented MAP2 staining
in the processes and cell body; 3 = majority of cells dead. Transduction was quantified in a
culture only if the toxicity was rated as 0 or 1. MAP2 has been used in similar assays by other
groups [4]. Severe toxicity (grade 2 or 3) was present in all of the cultures treated for 2 weeks
with AAV5-CMV-GFP (n=2 of 2 cultures at 2.5x10 GC), AAV6-CMV-GFP (n=9/9 at
6.7x1010 GC and above), AAV6.2 (3/3 at 5.0x1010 GC), AAV5-CMV-LacZ (n=3/3 at
2.5x1011 GC), AAV6-CMV-LacZ (n=3/3 at 6.7x1010 GC). Occasional toxicity was observed
in cultures treated with the other serotypes at the highest dose of 2.0-2.5x101! : AAV1 (n=1
of 5 cultures); AAV2 (1/6); AAV7(1/6); AAV8 (1/6) and AAV9 (n=0/4).

Neurotoxicity and neuroprotection assays

Dissociated primary hippocampal neurons (100,000 cells/ml) were plated in poly-L-lysine-
coated 96-well plates. One week after plating, each well was transduced with AAV1 CMV-
GFP, MOI 1.47 x 10°. Two weeks after plating, cells were exposed to L-glutamate (0-400
uM). 24 hours following treatment with L-glutamate, cells were fixed with 10% neutral
buffered formalin (10 min RT) and mounted with immumount. For neuroprotection
experiments, cells were pre-treated with rhNT-4/5 (0-1000 ng/ml; R&D Systems) 24 hours
prior to treatment with 3.7 or 11.1 uM L-glutamate. Digital imaging was performed as
described above. Manual cell counts were performed on each image, three non-overlapping
10x fields per well and three wells per condition. Cell survival was calculated as percentage
of the untreated wells.
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Abbreviations
AAV

CBA

CsCl

DAPI

DIV

DMEM

EFla

FGFR1

GC

GFAP

GFP

hCMV

IRES

NT-4/5

NSE

PBS

SIRNA

SV40
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adeno-associated viral vector

chicken beta-actin

cesium chloride

4’,6-diamidino-2-phenylindole

days in vitro

Dulbecco’s modified Eagle’s medium

elongation factor 1 alpha

fibroblast growth factor receptor 1

genome copies

glial fibrillary acidic protein

green fluorescent protein

human cytomegalovirus

internal ribosomal entry site

neurotrophin-4/5

neuron-specific enolase

phosphate buffered saline

small interfering RNA

Simian virus 40
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SYN

synuclein
TBS

Tris-buffered saline
TBS-T

Tris buffered saline with Triton
MAP2

microtubule-associated protein 2
WPRE

woodchuck hepatitis virus posttranslational regulatory element
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Figure 1.

Transduction of cultured neurons and astrocytes by AAV serotypes. (A-B) Hippocampal
cultures transduced by AAV?2 at 4 weeks in vitro and harvested at 5 weeks in vitro. Green is
intrinsic GFP fluorescence. (C) Hippocampal cultures transduced by AAV?2 at 4 weeks in vitro
and harvested at 8 weeks in vitro. Green is intrinsic GFP fluorescence; red is MAP2
immunostaining for neurons. (D-G) Cortical cultures transduced at 4 weeks in vitro and
harvested at 5 weeks in vitro. Green is intrinsic GFP fluorescence. (D) AAV1 transduction of
neurons. (E) AAV7 transduction of neurons (left) and astrocytes (right). (F) AAV9 transduction
of neurons. (G) AAV9 transduction of astrocytes. Bar in A, C-G, 50 microns. Bar in B, 5
microns.
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Figure 2.

Expression of GFP in neurons and astrocytes of hippocampal cultures transduced by AAV1
(A-F), AAVT (G-L), or AAV9 (M-R). GFP expression is shown in the first column (A, D, G,
J, M R) and GFAP immunostaining (B, H, N) or MAP2 immunostaining (E, K, Q) in the second
column. The third column contains a merged pseudocolored representation of the first two
panels in each row. Bar, 100 microns.
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Figure 3.

Glutamate toxicity and NT-4/5 protection in AAV1-transduced primary hippocampal cultures
in a 96-well plate. Cultures were transduced at DIV7 with AAV1-CMV-GFP. (A) Increasing
concentrations of L-glutamate (0, 0.3, 1.9, 11.1, 66.6 or 400 microM) were added to wells (n=3
per dose) at DIV14 for 24 hr. Values are normalized to the untreated well (100%). Inset,
monochrome fluorescent photomicrograph of transduced (GFP expressing) cells in a 96-well
plate. (B) Cultures were treated with increasing concentrations of NT-4/5 (0, 10, 33, 100 or
300 ng/ml) for 24 hr before exposure to 3.7 mM (filled circles) or 11.1 mM (filled squares) of
L-glutamate for 24 hr.
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