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research, remains a challenge especially for mature neurons. Here, we report easy, highly efficient and
well tolerated transduction of adult peripheral and central neuronal populations of diverse species in
culture using VSV-G pseudo-typed, recombinant baculovirus (BacMam). Transduction rates of up to
80% were reliably achieved at high multiplicity of infection without apparent neuro-cytopathic effects.
Neurons could be transduced either shortly after plating or after several days in culture. Co-incubation
with two different baculoviruses attained near complete co-localization of fluorescent protein
expression, indicating multigene delivery. Finally, evidence for functional protein expression is provided
by means of cre-mediated genetic recombination and neurite outgrowth assays. Recombinant protein
was already detected within hours after transduction, thereby enabling functional readouts even

in relatively short-lived neuronal cultures. Altogether, these results substantiate the usefulness of
baculovirus-mediated transduction of mature neurons for future research in neuroscience.

Protein overexpression and gene knockout are key technologies for the study of molecular mechanisms in life
sciences. However, post-mitotic and in particular adult neurons are generally difficult to culture and particularly
resistant to the delivery and expression of recombinant genes, thereby often limiting experimental approaches.
Therefore, an easy and reliable method to genetically manipulate cultured neurons would be highly desirable in
order to facilitate research on the molecular basis of neuronal function under normal and pathological conditions.

Despite ongoing advances in physical, chemical and electrical methods of gene delivery, primary neurons still
tend to be refractory to plasmid transfection in cell culture. Although nucleofection can achieve 60-80% effi-
ciency after optimization, this technique is mainly restricted to freshly isolated, embryonic and postnatal neurons
and requires relatively expensive equipment and reagents"?. Calcium phosphate precipitation and lipofection
methods achieve at best 5-10% transfection rates and are, moreover, associated with general toxicity and transient
expression?. Viral gene delivery systems, such as recombinant lentivirus (LV) or adeno-associated virus (AAV),
may overcome the problem of low efficient gene transfer particularly into non-dividing neurons. Some studies
report significant transduction rates for embryonic or postnatal cerebellar and hippocampal neurons®~7, but gene
transfer into adult neurons can be considerably less efficient (5-10% for LV-transduction of adult dorsal root gan-
glion (DRG) neurons in our hands). Furthermore, the above-mentioned viral expression technologies have signif-
icant drawbacks, limiting their applicability for neuronal cell cultures. These shortcomings comprise cytotoxicity
at high titers, risk of insertional mutations, late onset of transgene expression (notably for AAV at 5-14 days after
transduction), limited insert size (<2.5kb for AAV, 2.5-5kb for LV) and requirement for biosafety level 2 for LV2.

Baculoviruses offer several advantages compared to other viral gene delivery vectors in terms of safety, high
insert size capacity and ease of production and have therefore been widely used for heterologous protein expres-
sion®’. Natural baculoviruses infect insects and cannot replicate in mammalian cells. Increased tropism can be
achieved via modification of the baculoviral envelope glycoprotein gp64'°. For example, vesicular stomatitis
virus envelope G-protein (VSV-G) -pseudo-typed virions feature more efficient cell entry and transduction of
a variety of mammalian cells''. BacMam is a genetically engineered baculovirus with VSV-G-modified capsid
protein that contains a DNA cassette for transgene expression in mammalian cells, which ignore insect-specific
promoters and express only mammalian promoter-driven transgenes. BacMam virus transduction is generally
well tolerated without apparent cytotoxicity, even at high multiplicity of infection (MOI)'*!%!3, In addition,
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baculoviruses are easy to use as they are simply incubated with cells in normal culture medium and can be han-
dled in a biosafety level 1 facility. Therefore, the BacMam technology seemed a good candidate for gene transfer
and expression in neurons'*!¢. To our surprise, we were unable to identify any published description of successful
baculovirus-mediated transduction of adult neurons in vitro.

Here, we provide first evidence that primary neurons of the adult central nervous system (CNS) as well as
peripheral nervous system (PNS) can be very efficiently transduced in culture using BacMam virus. Observed
transduction rates markedly exceeded previously reported attempts with other gene transfer methods without
obvious neuro-cytopathic effects. BacMam-induced expression of heterologous proteins was promptly initiated
and proofed functional, as determined by successful cre-mediated genetic recombination and neurite outgrowth
assays. Thus, this methodology provides novel experimental opportunities with cultured primary neurons, which
could greatly advance future research in neuroscience.

Materials and Methods

Animals. All experimental animal procedures were approved by the local animal care committee
(Umweltministerium NRW, Landesumweltamt, Recklinghausen) and conducted in compliance with federal
and state guidelines for animal experiments in Germany. Adult (6-8 weeks old) male and female Wistar rats
and mice of strains C57BL/6 and ROSA-tdTomato [C57BL/6;Cg-Gt(ROSA)26Sor ™ 4CAGtdTomato)Hz] yere main-
tained on a 12 h light/dark cycle with ad libitum access to food and water. Adult, 4-8 months old, homozygous
Tg(fGAP43:GFP) zebrafish!” were kept in the zebrafish facility of the University of Diisseldorf on a 14 hlight/10h
dark cycle under standard conditions!®. Rats were sacrificed by inhalation of CO,, mice by cervical dislocation
and zebrafish by immersion in MS222 (0.4 mg/1) and decapitation.

Vectors. Farnesylated EGFP (fGFP), which is targeted to the plasma membrane (kindly provided by Prof.
Joost Verhaagen, Amsterdam), DsRed-Monomer (Clontech) and Cre-HA (kindly provided by Dr. Zhigang He, Boston)
were directionally cloned into the Gateway pENTR 2B Dual Selection Vector (Thermo Fisher) using respective
restriction enzymes. For the generation of a hyper-interleukin 6 (hIL6) and EGFP co-expression vector, an
MCS-IRES-EGFP sequence was amplified using primers 5-AATGAATTCCTCGAGCTAACGTTACTGGCCGAA
-3’ and 5'-TCATTACTTGTACAGCTCGT-3’ and inserted into the pENTR 2B Gateway vector. HIL6'
was then directionally cloned into this modified vector. All expression constructs were transferred into the
BacMam pCMV-Dest vector using Gateway LR Clonase II Enzym-Mix (Thermo Fisher) and transformed
into MaxEfficiency BH10Bac cells for transposition into a bacmid according to manufacturer’s protocols. The
BacMam pCMV-DEST vector contains the cytomegalovirus (CMV) promoter for high-level expression in mam-
malian cells, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) for increased duration
of gene expression, SV40 polyadenylation signal for efficient transcription termination and polyadenylation of
mRNA and VSG protein for viral delivery into mammalian cells (Thermo Fischer).

Generation of recombinant baculovirus. Recombinant baculoviruses were produced using the ViraPower
BacMam Expression System (Thermo Fisher) according to manufacturer’s protocols. In brief, recombinant bacmid
DNA was purified and transfected into adherent Sf9 cells (Thermo Fisher) using Cellfectin reagent to generate
P1 recombinant baculovirus stock. Baculoviruses were amplified by inoculation of 50 ml Sf9 suspension cultures
(106 cells/ml) in Sf-900 III SFM Medium supplemented with 12.5 U/ml penicillin/streptomycin (Biochrom) in
125ml polycarbonate Erlenmeyer flasks with vent cap (Corning) with 1 ml virus stock solution and incubation at
27°C and 130 rpm for 2-3 days. Amplified viruses were purified and concentrated by ultracentrifugation of 27 ml
virus-containing supernatant underlayed with 2.7 ml sucrose solution (25% sucrose with 5mM NaCl and 10mM
EDTA in H,0) in OptiSeal polypropylene tubes (Beckmann Coulter) at 80,000 g and 4°C for 80 min. Viral pellets
were re-suspended in 0.5ml PBS and passed through 0.22 um low protein binding sterile syringe filters (Merck
Millipore). Baculovirus preparations were pre-tested on HEK293 cells (seeded at ~3-5 x 10* cells per well in 96-well
plates) by adding 1l virus per well overnight. Transduction efficiencies of > 90% were regarded appropriate for
further use. Otherwise, virus stock was subjected to further amplification cycles.

Baculovirus titration. Baculoviral titers were determined using the FastPlax Titer Kit (Merck Millipore).
Sf9 cells (3 x 10* cells/well) were seeded into 96-well plates (Thermo Fisher) and inoculated with 20 pl serial virus
dilutions (107 - 1077 in duplicate) for 1 h at room temperature with gentle rocking. Thereafter, 100 ul culture
medium was added to each well and cells were incubated at 27 °C for 30 h. After fixation in 4% paraformaldehyde
(PFA, Sigma), transduced cells were stained with an antibody against the gp64 envelope protein and XGal staining
according to the manufacturer’s protocol and quantified using an inverted microscope (Observer.D1, Zeiss). All
baculoviruses used in this study had calculated titers of ~108 pfu/ml.

DRG cultures. DRG neurons were isolated from rats and mice as described previously'®%. In brief, DRG
were harvested, incubated in Dulbecco’s modified Eagle medium (DMEM) containing 0.25% trypsin/EDTA
(Thermo Fisher) and 0.3% collagenase type IA (Sigma) and mechanically dissociated. Cells were re-suspended in
DMEM supplemented with 10% fetal bovine serum (FBS, GE Healthcare) and 500 U/ml penicillin/streptomycin
(BioChrom) and 50 pl of this mixed population (containing ~100-500 DRG neurons) plated into 96-well plates
coated with poly-D-lysine (0.1 mg/ml, molecular weight <300,000 Da, Sigma) and 20 ug/ml laminin (Sigma). The
respective baculovirus (10 pl in PBS, ~10°pfu) was directly added 4 h after seeding and cells incubated at 37°C
and 5% CO,. Two-thirds of the DRG culture medium was replaced with fresh medium 16 h after transduction.
After 1, 2 or 3 days in culture, cells were fixed in 4% PFA for 25 min and permeabilized in 100% methanol for
10 min. DRG neurons were identified with TUJ-1 antibody against 3III-tubulin (1:2,000, BioLegend) and in some
cases co-stained with either isolectin B4 (FITC-conjugated, 1:40, L2895, Sigma) or an antibody against 200 kD
neurofilament (1:1000, ab7795, Abcam). All experiments were performed in duplicate with three replicate wells
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for each experimental group. Percentages of f{GFP- or tdTomato-positive, transduced DRG neurons in relation
to TUJ-1, isolectin B4 and neurofilament counts, respectively, were quantified using a fluorescent microscope
(Observer.D1, Zeiss) and presented as means &= SEM. Significances of intergroup differences were evaluated using
one-way analysis of variance (ANOVA) with Holm-Sidak post hoc test.

Retinal cultures. Retinal cultures from rats, mice and zebrafish were prepared as described previously?!22.
In brief, retinae were dissected from eyecups and digested in DMEM containing papain (16.4 U/ml for rat and
zebrafish, 10 U/ml for mouse retinae, respectively; Worthington) and L-cysteine (0.3 mg/ml for rat and zebrafish,
0.2 mg/ml for mouse retinae, respectively; Sigma) at 37 °C for 30 minutes (rat and mice retinae) or at room tem-
perature for 40 minutes (zebrafish retinae). Rat and mice retinae were triturated and washed by centrifugation
in 50 ml DMEM (7 min at 900 g for rat and 7 min at 500 g for mouse retinae). Retinal pellets were re-suspended
in DMEM (6.5 ml/rat retina, 1.5 ml/mouse retina) containing B27-supplement (1:50, Thermo Fisher) and 200 U/
ml penicillin/streptomycin to contain ~1-2 x 10° retinal ganglion cells (RGC)/ml. Zebrafish retinae were rinsed
with L15/salt solution (12.5% salt solution: 10 mM D-glucose, 1.26 mM CaCl2, 32 mM Hepes, pH 7.5/87.5% L15;
Thermo Fisher) prior to trituration in 2 ml fish medium (2% FBS, 0.2 mg/ml penicillin/streptomycin in L15/salt
solution). Cells were seeded into 96-well plates (50 l, for the determination of transduction rates) or 4-well plates
(300 ], for outgrowth assays) coated with poly-D-lysine (0.1 mg/ml, molecular weight <300,000 Da, Sigma) and
20 pg/ml laminin (Sigma). The respective baculovirus was directly added 4 h after seeding and cells incubated
at 37°C and 5% CO, (rat and mice RGCs) or at 27 °C (zebrafish RGCs). Generally, 10°pfu (10 ul in PBS) were
used per well for the determination of transduction rates, 5 X 10°pfu each for co-transduction and 10°pfu (1 pl
in PBS) for neurite outgrowth assays. Two-thirds of the RGC culture medium was replaced with fresh medium
16h after transduction. After 1-6 days in culture, cells were fixed in 4% PFA for 25min and in case of subsequent
immunocytochemistry permeabilized in 100% methanol for 10 min. Rat and mice RGCs were identified with
TUJ-1 antibody (1:2,000; BioLegend), while zebrafish RGCs express EGFP?. All experiments were performed
in duplicate with at least three replicate wells per experimental group. Percentages of GFP- or DsRed-positive,
transduced RGCs in relation to TUJ-1 and EGFP, respectively, were quantified at 1, 2 and 3 days for rat and mice
RGCs and 4 and 6 days for zebrafish RGCs using a fluorescent microscope (Observer.D1, Zeiss) and presented as
means + SEM. In addition, the number of surviving RGCs was quantified per well. Significances of intergroup dif-
ferences were evaluated using one-way analysis of variance (ANOVA) with Holm-Sidak post hoc test or Student’s
t-test. For neurite outgrowth assays, RGCs at 4 days in culture with neurites longer than twice the soma diameter
were photographed using a fluorescent microscope (200x, Observer.D1, Zeiss) and neurite length was deter-
mined using ImageJ software. In addition, BIII-tubulin-, DsRed- or GFP-positive RGCs were quantified per well.
Average neurite length for transduced and non-transduced RGCs was determined by dividing the sum of neurite
length by the respective RGC count and normalized to non-transduced cells. HIL6-induced neurite length is
presented as fold change compared to DsRed-transduced RGCs. Significance of intergroup difference was eval-
uated using Student’s t-test. Expression of hIL6 and phosphorylation of STAT3 in hIL6-baculovirus transduced
RGCs was evaluated upon immunohistochemistry with antibodies against GFP (1:1000, NB100-1770, Novus
Biologicals), IL-6 (1:500, ab6672, Abcam) and pSTAT?3 (1:200, 9145 S, Cell Signaling Technology).

Results

Transduction of DRG neurons.  Gene transfer generally tends to be more effective with younger primary
neurons. Accordingly, baculovirus (bv)-mediated transduction of embryonic and postnatal neurons was reported
with 20-30% efficiency?-%. Therefore, we first tested our BacMam preparations on dorsal root ganglion (DRG)
neurons isolated from P7 rat pups. Virus particles were directly added to dissociated DRG neurons 4 h after
seeding, ensuring sufficient time for cell attachment. The proportion of transduced (GFP-expressing) and (III-
tubulin-positive neurons was determined at 1, 2 and 3 days after transduction (d.a.t.). This approach reliably
achieved transduction rates of ~80% for postnatal DRG neurons (Fig. 1a,b). Of note, no differences were observed
for the different time points analyzed, indicating efficient transduction and fast induction of recombinant protein
expression within 24 h. Despite these high transduction rates, counts of DRG neurons did not differ between
vehicle- and bv-treated cultures (Fig. 1¢), indicating low neurotoxicity of our BacMam preparation.

Based on this promising result with postnatal neurons, we also applied baculovirus particles to mature
neuronal cultures. Strikingly, similar transduction efficiencies (~80%) were observed for DRG neurons iso-
lated from adult rats (Fig. 1d,e) as well as adult mice (Fig. 1g,h), without any apparent signs of neurotoxicity
(Fig. 1f,i). GFP expression was strong already at 1 d.a.t., allowing easy visualization of axonal processes. Therefore,
BacMam-mediated gene delivery is an easy-to-use and reliable method to efficiently express heterologous pro-
teins in cultured postnatal as well as adult peripheral sensory neurons of different mammalian species.

Transduction of mature retinal ganglion cells.  Primary mature CNS neurons are usually very difficult
to culture, but retinal ganglion cells (RGCs) isolated from adult mammals can be kept in culture for up to 5 days
prior to the onset of neuronal degeneration?'. These neurons are therefore frequently used for the study of age
dependent processes, such as neuronal survival and axon regeneration?>?”?%. However, efficient and fast in vitro
gene transfer is, to our knowledge, still virtually impossible and hampers experimental approaches. Therefore, we
next investigated whether adult RGCs would be equally amenable to BacMam transduction as DRG neurons. To
this end, retinal cells isolated either from adult rats or mice were incubated with GFP-encoding BacMam virus
(Fig. 2). GFP fluorescence became clearly visible within 24 h in BIII-tubulin positive RGCs, indicating efficient
transduction and protein synthesis. The transduction rate for rat RGCs increased from ~50% at 1 d.a.t. to almost
90% at 2 and 3 d.a.t. (Fig. 2a,b). Transduction of mouse RGCs was less extensive, but still substantial with ~20%
at 1 d.a.t. and ~50% at 2 and 3 d.a.t. (Fig. 2d,e). The number of RGCs was unchanged upon viral transduction
compared to vehicle-treated controls (Fig. 2¢,f), again demonstrating low cytotoxicity. To our knowledge, this is

SCIENTIFICREPORTS | 6:38928 | DOI: 10.1038/srep38928 3



a C
postnatal rat DRG 100 - 600 1@- mpy
g 80 500 A
_ O
=400 A
= 60 g
B 300 A

D

N

o

S
1

» e 40 14
- 3
bv [ 520 100 A
: 0 0+
: d.a.t.1 2 3 d.a.t. 1 2 3

d adult rat DRG e f

100 - 200 1@_ Wby
2 80 ]
o 150
60
()]
e 00 -
E,:': 40
© .
2 20 50
S
0 o U
d.a.t. 1 2 3 d.at. 1 2 3

DRG_/\weII

h |
g adult mouse DRG 100 - 100 0. mby
g 80 80
& T
a 60 2 60
3 &
S 40 Q 40 1
©
£ 20 20 -
g
0 0 —
dat1 2 3 d.at. 1 2 3

Figure 1. Transduction of dorsal root ganglion neurons. Dissociated dorsal root ganglion neurons (DRG)
isolated from postnatal (a—c) or adult (d-f) rats and adult mice (g-i) were transduced with fGFP-baculovirus
(bv). Representative pictures of vehicle (-) and bv -treated cultures (a,d,g) show transduced, GFP-expressing
neurons (green) that were co-stained with the neuronal marker 3III-tubulin (Tub, red) at 2 days after
transduction (d.a.t.). The percentage of transduced, GFP-expressing DRG neurons was determined at 1, 2 and
3 d.a.t. (b,e;h), revealing similar transduction efficiencies of 80-90% in postnatal and adult DRG neurons. Cell
survival in postnatal (c) and adult (f, i) DRG cultures was not affected by bv-application compared to vehicle-
treated controls (-). Scale bars: 100 pm.

the first report of efficient gene transfer into cultured adult mammalian RGCs. The fact that maximal transduc-
tion rates were only achieved delayed compared to DRG neurons suggest general slower induction of exogenous
protein expression in RGCs.

Zebrafish RGCs have recently been established for the analyses of regeneration competent CNS neurons?, but
methods for their genetic manipulation are even more sparse than for mammalian neurons. As baculoviruses can
reportedly transduce embryonic zebrafish cells in vivo?, we also analyzed BacMam-mediated transduction of
dissociated retinal cells isolated from adult zebrafish. Induction of DsRed transgene expression in zebrafish RGCs
was considerably slower compared to mammalian RGCs and was detected in ~10% RGCs at 4 d.a.t. and ~20%
at 6 d.a.t (Fig. 2g,h), without neurotoxic effects on cell counts. These varied proportions of transduced RGCs in
rat, mice and zebrafish indicate species-specific differences in BacMam transduction rates. Some experimental
approaches might favor gene transfer after extended culturing time, for example when neurons have already
extended neurite processes. In order to test this possibility, BacMam virus was added to zebrafish RGCs after
4 days in culture (Fig. 2j). Remarkable, the transduction rate was with ~18% comparable to immediate virus
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Figure 2. Transduction of mature retinal ganglion cells. Dissociated retinal ganglion cells (RGCs) isolated
from adult rats (a—c), mice (d-f) and zebrafish (g-i) were transduced with baculovirus (bv) encoding fGFP
(rat and mice) or DsRed (zebrafish). Representative pictures of vehicle- (-) and bv -treated cultures
(a,d,g) visualize transduced RGCs (GFP and DsRed, respectively) that were either co-stained with the neuronal
marker BIII-tubulin (Tub, red) at 2 days after transduction (d.a.t) for rat and mice RGCs (a,d) or identified by
EGFP expression for zebrafish RGCs at 6 d.a.t. (g). The percentage of transduced RGCs was determined at 1, 2 and
3 days after transduction (d.a.t.) for rat and mice (b,e) and at 4 and 6 d.a.t. for zebrafish (h). Treatment effects
compared to vehicle-treated controls: ***p < 0.001, **p < 0.01. Scale bars: 50 um. RGC survival (c,f,i) was not
affected by baculovirus application (bv) compared to vehicle-treated controls (-). (j) Delayed transduction of
adult zebrafish RGCs with DsRed-bv after 4 days in culture. Scale bar: 50 pm. (k,1) Co-transduction of adult
rat RGCs with fGFP-bv and DsRed-bv. The two viruses were added to retinal cultures simultaneously at half
the concentration of single transductions. Representative pictures show co-transduced, fGFP- and DsRed-
expressing RGCs (green and red, respectively) that were co-stained against the neuronal marker BIII-tubulin
(white) at 2 d.a.t. Scale bar: 50 um. (k). The percentage of transduced RGCs was determined at 2 and 3 d.a.t.
(). Non-significant difference in co-tranduction efficiency compared to single transductions.
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application. Thus, neurons cannot only be efficiently transduced immediately after plating, but also several days
later, leaving some leeway for the initiation of recombinant protein expression within a given experiment.

It is often desirable to induce expression of more than one heterologous protein in a neuron (e.g. the gene
of interest and a fluorescent marker protein). Therefore, we also analyzed co-transductions with two BacMam
viruses encoding different fluorescent marker proteins (GFP and DsRed) (Fig. 2k,1). Halving each virus concen-
tration (~5x 10°pfu each) compared to previous experiments, respective single transduction rates were expect-
edly reduced. Now, ~50% rat RGCs expressed either GFP or DsRed at 2 and 3 d.a.t. (Fig. 21). As visible DsRed
expression took longer to appear than for GFP, transduction rates were not analyzed at 1 d.a.t. in this experiment.
Strikingly, almost every transduced RGC was double-positive for both marker proteins, indicating efficient and
reliable co-transduction (Fig. 2k,1). All in all, adult RGCs across different species were readily transduced by
BacMam viruses and the options of delayed gene transfer and virtual co-transduction might be advantageous for
functional in vitro assays, facilitating novel experimental options.

Induction of cre-mediated recombination. In further experiments, we wanted to ensure the expression
of functional heterologous proteins upon BacMam virus transduction using cre-mediated recombination and
neurite outgrowth assays. The cre/loxP- system is widely used for targeted, conditional knockout experiments,
which for one depends on efficient and timely cre recombinase expression, particularly in cell cultures. However,
bv-mediated expression of cre recombinase in postnatal mouse striatal neurons was reportedly insufficient to
induce genetic recombination, although the same construct was active in neuronal cell lines**. We therefore
tested a BacMam virus encoding cre recombinase on adult DRG neurons isolated from ROSA-dtTomato mice.
Expression of dtTomato indicates successful recombination upon induced enzymatic cre activity (Fig. 3a) and was
detected in roughly 50% DRG neurons at 1 d.a.t., increasing to ~60% at day 3 (Fig. 3b). Therefore, cre-mediated
recombination is quickly and efficiently initiated upon BacMam-transduction, which should enable the analysis
of target gene-specific knockouts in primary neuronal cultures.

In separate experiments, we additionally quantified the transduced proportions of DRG subpopulations,
which can be histologically classified by different marker expression (Fig. 3¢,d). For instance, non-peptidergic
small-diameter neurons bind isolectin B4 (IB4), while large-diameter neurons are immunoreactive for neurofil-
ament heavy chain (NF). Overall, a transduction rate of ~70% was determined for all, BIII-tubulin-positive DRG
neurons at 3 d.a.t. (Fig. 3d), which is comparable to transduction with GFP-encoding BacMam virus (Fig. 1).
Similar (60-70%), not significantly different percentages were detected for NF- and IB4- positive neurons, indicat-
ing that different DRG subpopulations are equally efficiently transduced (Fig. 3d). Therefore, BacMam-mediated
cre expression is functional in adult cultured neurons and does not show any preference for specific cell types.

Induction of hyper-1L6- mediated neurite growth. Application of the designer cytokine hyper-I1L-6
(hIL6) activates the janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway in
cultured RGCs and markedly promotes their neurite growth!®?!. We adapted this approach to further evalu-
ate the functionality of heterologous proteins expressed upon BacMam-mediated gene delivery and to demon-
strate the feasibility of assaying the role of a specific protein in established in vitro neurite outgrowth assays via
viral-induced expression. To this end, DsRed-encoding control or hIL6-encoding BacMam virus was applied to
mouse retinal cultures at 4h after plating (Fig. 4). Quantification of mean RGC neurite length at 4 d.a.t revealed
no significant difference for DsRed-bv compared to vehicle-treated cultures (Fig. 4a,b). This result, together
with unchanged RGC numbers (Fig. 2f), confirmed neuronal tolerance for BacMam transduction. Expression
of the designer cytokine hIL6 was expectedly detected in transduced, GFP-positive RGCs, but not in control
cultures (Fig. 4c). Functional activity of hIL6 was established through increased phosphorylation of STAT3 in
transduced RGCs (Fig. 4d). In addition, RGC neurite growth was ~6-fold longer upon hIL6 expression compared
to DsRed-bv-transduced control RGCs (Fig. 4e,f). Again, no neurotoxicity was observed, as RGC survival was
similar for both BacMam viruses (Fig. 4g). Therefore, active, recombinant proteins can be swiftly and efficiently
expressed in adult neurons upon BacMam transduction, enabling versatile overexpression and knockdown stud-
ies in cultured neurons in the future.

Discussion

The current study provides a highly efficient, reliable and fast method to transfer recombinant DNA into adult
primary neurons directly in culture. Although transduction/transfection of embryonic and postnatal neurons by
various methods has been described previously, respective reports for primary adult neurons are still missing.
Consistently, our own experience has shown that most approaches are not straightforwardly transferred to adult
neurons. However, research aspects relating to the adult CNS or PNS are best examined using mature neurons.
One example is regenerative axonal growth, which crucially depends on neuronal age®>**. Using the recombinant
BacMam system, we could now demonstrate for the first time that mature neurons from the PNS (DRG neurons)
as well as from the CNS (RGCs) of various species can be readily transduced with high efficiency in culture.
Highly reproducible transduction rates of ~80% were detected for rat and mice adult DRG neurons and different
neuronal subpopulations were transduced to similar extent without obvious preferences. In comparison, some
species specificity was observed for RGCs. Whereas transduction rates of > 80% were also observed for rat RGCs,
~50% mouse RGCs were transduced with the same viral stock under comparable culture conditions. Although it
might be possible to further increase this percentage by applying higher MOIs, the achieved efficiency was more
than adequate for our in vitro experiments. In fact, assay interpretation might be even more reliable if transduced
and untransduced cells can be evaluated in the same well. Lowest efficiency of ~20% was established for zebrafish
RGCs, which would still be sufficient to quantify the impact of heterologous protein expression?>?. In fact, this is
to our knowledge the first report of successful gene transfer into primary zebrafish neurons in culture. All in all,
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Figure 3. Induction of cre-mediated recombination. Adult dorsal root ganglion neurons (DRG) isolated from
ROSA-tdTomato mice were transduced with baculovirus encoding cre recombinase (cre-bv) (a-d). Representative
pictures of cre-bv-treated cultures (a,c) show transduced, tdTomato-expressing DRG (red) that were co-stained
against the neuronal markers (green) SIII-tubulin (Tub) (a), neurofilament- (NF) and isolectine B4- (IB4) (c) at 3
days after transduction (d.a.t). The percentage of transduced cells in relation to 3III-tubulin was determined at 1, 2
and 3 d.a.t. with non-significant (ns) differences compared to 1 d.a.t. (b). In addition, the proportion of transduced
NE- and IB4- positive DRG subpopulations was determined (d), revealing non-significant (ns) differences in
transduction efficiencies compared to BIII-tubulin-positive neurons Scale bars: 100 pm.

unexpectedly high gene transfer rates were observed for all tested neurons, although variability between neuronal
types and between species was noted, which may require individual pre-testing in new experimental settings.

Transduction of primary adult neurons was straightforward and simple, as viral inoculum was just added
directly to neuronal cultures. Surprisingly, high transduction rates were observed without any application of his-
tone deacetylase inhibitors such as butyrate, which is often used to increase baculoviral gene transfer and recom-
binant protein expression'®!2. As this treatment was deemed unnecessary for our purposes, inhibitor-induced
toxicity was avoided. Generally, baculoviruses are known for their low cytotoxicity and superior biosafety profile.
Accordingly, numbers of surviving neurons in our cultures did not change over time compared to untreated
controls. However, a partial change of culture medium at 10-20h after virus application was essential to avoid a
partial loss of cells. In addition, progressive loss of neurite processes was noted upon strong fGFP expression, as
DRG axons became fragmented after 3 days in culture. Potentially, extensive intercalation of fGFP into the plasma
membrane was detrimental to cultured neurons. This is consistent with previously reported EGFP-induced apop-
tosis*, but was not observed upon monomeric DsRed expression. Nevertheless, MOI rates were reduced for all
outgrowth assays in our study to elude any potential negative side effects.
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Figure 4. Induction of hIL6- mediated neurite growth. Adult mouse retinal cells were transduced either
with control DsRed-bv (a,b,e-g) or hIL6-bv (baculovirus encoding hIL6 and EGFP) (c-g). (a) Representative
pictures show vehicle- (-) and DsRed-bv-transduced retinal ganglion cells (RGCs) stained with the neuronal
marker BIII-tubulin (Tub, green) at 4 days after transduction (d.a.t.). (b) Quantification of mean neurite length
normalized to vehicle-treated controls (-) with an average neurite length of 20.3 um/RGC reveal no generalized
effect of control baculovirus on neurite outgrowth. Representative pictures of vehicle- (-) and hIL6-bv-treated
RGCs at 4 d.a.t. (c,d) show expression of hIL6 (¢) and induction of STAT3 phosphorylation (d) in transduced,
GFP-expressing (green) RGCs that were co-stained against 3III-tubulin (white). Representative pictures of
RGC neurite growth upon DsRed-bv or hIL6-bv transduction (e) and quantification of mean neurite length
normalized to DsRed-bv-transduced RGCs with an average value of 23.1 um/RGC (f) at 4 d.a.t. illustrate
~6-fold longer, BIII-tubulin-positive neurites upon hIL6 expression. Treatment effect: ***p < 0.001 (g) RGC
survival was similar for both baculoviruses. ns = non-significant. Scale bars: 50 um in a, c and e; 10 pum in d.
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In accordance with the apparent indiscrimination of baculovirus hosts, transgene expression was also detected
in some non-neuronal cells in our mixed cultures. However, their proportion was rather low, potentially due to
the fact that our culture conditions favored the survival of neurons. Their presence did not interfere with assay
evaluation, as they were clearly distinguishable upon neuronal marker staining. Alternatively, neuron-specific
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regulatory elements could be inserted into the viral vectors to drive gene expression exclusively in neurons®>.
Fluorescent marker expression became already evident in rat and mice neurons within a few hours after trans-
duction, although DsRed took slightly longer and maximum transduction levels required 2 days in RGCs.
Nevertheless, this time course is considerably faster compared to LV-transduction, which takes 2-5 days in rat
DRG neurons® and is even slower for AAVs?. Due to the limited survival time of most mature neurons in culture,
slow induction of transgene expression might, however, not leave enough time to evaluate certain parameters,
such as effects on neurite growth. For this reason, AAVs are generally not applied in vitro, but are injected in vivo
several weeks prior to culture preparation?”. Depending on the experimental setting, it might, however, be advan-
tageous to analyze the immediate effects of heterologous protein expression without prolonged pre-treatment, as
this could already impact neural physiology. This approach is now possible using recombinant BacMam viruses.
Exemplary, we confirmed neurite growth-promotion upon BacMam-mediated hIL6 expression in cultured RGCs.
Opverall, this protocol is considerably more time- and cost-efficient compared to in vivo AAV transduction and
achieved at least similar, if not better growth promotion (compare to ref. 19). The early onset of gene expression
also enabled cre-mediated genome editing in vitro. In contrast to a previously reported unsuccessful attempt*, we
observed fast and efficient recombination in adult neurons. Thus, conditional gene knockout studies are possible
with this approach, considerably extending experimental capabilities in culture.

Construction of recombinant BacMam virus is relatively easy, mostly requiring only a biosafety level 1 facil-
ity. Either purified virus or infected cells can be stored almost indefinitely®” and high titers can be recurrently
and reproducibly produced simply by re-infection of insect cells, hence providing ongoing supply at low effort.
Another advantage is the large cloning capacity of baculovirus (up to 38 kbp) compared to LV- and AAV-vectors,
facilitating expression of larger proteins and even multicomponent protein complexes, for example for crispr/
cas-mediated genome engineering!®1>!3. Alternatively, co-expression of several cDNAs can be achieved upon
baculovirus co-transduction. Conveniently, virtually the same neurons were transduced upon application of two
BacMam viruses, similar to previously described AAV-mediated transduction in vivo®®. The prevalently tran-
sient nature of BacMam-mediated expression should not pose a drawback for neurons and avoids the risk of
insertional mutations. Most assays using primary neurons are anyway completed within a few days. In addition,
BacMam-mediated expression might even persist longer in differentiated neurons compared to mitotic cells, as
cell-division-induced dilution does not occur. Accordingly, no decline in marker expression was detected up to 8
days in zebrafish RGC cultures (data not shown). Alternatively, transgene expression might be extended by means
of BacMam re-application at later stages®, as neurite-bearing neurons were also readily transduced. All in all, we
consider the efficient BacMam-mediated gene transfer into cultured neurons a very versatile approach for a wide
variety of applications in neurobiology research.

References
1. Zeitelhofer, M. et al. High-efficiency transfection of mammalian neurons via nucleofection. Nat Protoc 2, 1692-1704, doi: 10.1038/
nprot.2007.226 (2007).
2. Karra, D. & Dahm, R. Transfection techniques for neuronal cells. ] Neurosci 30, 6171-6177, doi: 10.1523/jneurosci.0183-10.2010
(2010).
3. Ding, B. & Kilpatrick, D. L. Lentiviral vector production, titration, and transduction of primary neurons. Methods in molecular
biology 1018, 119-131, doi: 10.1007/978-1-62703-444-9_12 (2013).
4. Gascon, S., Paez-Gomez, J. A., Diaz-Guerra, M., Scheiffele, P. & Scholl, E G. Dual-promoter lentiviral vectors for constitutive and
regulated gene expression in neurons. Journal of neuroscience methods 168, 104-112, doi: 10.1016/j.jneumeth.2007.09.023 (2008).
5. Hutson, T. H. et al. Lentiviral vectors encoding short hairpin RNAs efficiently transduce and knockdown LINGO-1 but induce an
interferon response and cytotoxicity in central nervous system neurones. The journal of gene medicine 14, 299-315, doi: 10.1002/
jgm.2626 (2012).
6. Fleming, J. et al. Adeno-associated virus and lentivirus vectors mediate efficient and sustained transduction of cultured mouse and
human dorsal root ganglia sensory neurons. Hum Gene Ther 12, 77-86, doi: 10.1089/104303401450997 (2001).
7. Royo, N. C. et al. Specific AAV serotypes stably transduce primary hippocampal and cortical cultures with high efficiency and low
toxicity. Brain Res 1190, 15-22, doi: 10.1016/j.brainres.2007.11.015 (2008).
8. Kost, T. A. & Condreay, J. P. Recombinant baculoviruses as mammalian cell gene-delivery vectors. Trends in biotechnology 20,
173-180 (2002).
9. Airenne, K. J. et al. Baculovirus: an insect-derived vector for diverse gene transfer applications. Mol Ther 21, 739-749, doi: 10.1038/
mt.2012.286 (2013).
10. Hu, Y. C. Baculovirus as a highly efficient expression vector in insect and mammalian cells. Acta pharmacologica Sinica 26, 405-416,
doi: 10.1111/j.1745-7254.2005.00078.x (2005).
11. Barsoum, J., Brown, R., McKee, M. & Boyce, F. M. Efficient transduction of mammalian cells by a recombinant baculovirus having
the vesicular stomatitis virus G glycoprotein. Hum Gene Ther 8,2011-2018, doi: 10.1089/hum.1997.8.17-2011 (1997).
12. Kost, T. A., Condreay, J. P. & Jarvis, D. L. Baculovirus as versatile vectors for protein expression in insect and mammalian cells. Nat
Biotechnol 23, 567-575, doi: 10.1038/nbt1095 (2005).
13. Mansouri, M. et al. Highly efficient baculovirus-mediated multigene delivery in primary cells. Nature communications 7, 11529,
doi: 10.1038/ncomms11529 (2016).
14. Haeseleer, F, Imanishi, Y., Saperstein, D. A. & Palczewski, K. Gene transfer mediated by recombinant baculovirus into mouse eye.
Invest Ophthalmol Vis Sci 42, 3294-3300 (2001).
15. Wang, X. et al. Gene transfer to dorsal root ganglia by intrathecal injection: effects on regeneration of peripheral nerves. Mol Ther
12, 314-320, doi: 10.1016/j.ymthe.2005.03.032 (2005).
16. Turunen, T. A., Laakkonen, J. P, Alasaarela, L., Airenne, K. J. & Yla-Herttuala, S. Sleeping Beauty-baculovirus hybrid vectors for
long-term gene expression in the eye. The journal of gene medicine 16, 40-53, doi: 10.1002/jgm.2756 (2014).
17. Udvadia, A. J. 3.6 kb genomic sequence from Takifugu capable of promoting axon growth-associated gene expression in developing
and regenerating zebrafish neurons. Gene expression patterns : GEP 8, 382-388, doi: 10.1016/j.gep.2008.05.002 (2008).
18. Westerfield, M. The zebrafish book: a guide for the laboratory use of zebrafish (Brachydanio rerio). Eugene: University of Oregon.
(1989).
19. Leibinger, M. et al. Boosting Central Nervous System Axon Regeneration by Circumventing Limitations of Natural Cytokine
Signaling. Mol Ther, doi: 10.1038/mt.2016.102 (2016).

SCIENTIFICREPORTS | 6:38928 | DOI: 10.1038/srep38928 9



www.nature.com/scientificreports/

20. Fischer, D. Hyper-IL-6: a potent and efficacious stimulator of RGC regeneration. Eye (Lond). 2016 Nov 25. doi: 10.1038/eye.2016.234.
[Epub ahead of print].

21. Gobrecht, P, Leibinger, M., Andreadaki, A. & Fischer, D. Sustained GSK3 activity markedly facilitates nerve regeneration. Nature
communications 5, 4561, doi: 10.1038/ncomms5561 (2014).

22. Grozdanov, V., Muller, A., Sengottuvel, V., Leibinger, M. & Fischer, D. A method for preparing primary retinal cell cultures for
evaluating the neuroprotective and neuritogenic effect of factors on axotomized mature CNS neurons. Current protocols in
neuroscience/editorial board, Jacqueline N. Crawley ... [et al.] Chapter 3, Unit3 22, doi: 10.1002/0471142301.ns0322s53 (2010).

23. Diekmann, H., Kalbhen, P. & Fischer, D. Characterization of optic nerve regeneration using transgenic zebrafish. Frontiers in cellular
neuroscience 9, 118, doi: 10.3389/fncel.2015.00118 (2015).

24. Sarkis, C. et al. Efficient transduction of neural cells in vitro and in vivo by a baculovirus-derived vector. Proc Natl Acad Sci USA 97,
14638-14643, doi: 10.1073/pnas.260472897 (2000).

25. Tani, H. et al. In vitro and in vivo gene delivery by recombinant baculoviruses. Journal of virology 77, 9799-9808 (2003).

26. Li, Y., Wang, X., Guo, H. & Wang, S. Axonal transport of recombinant baculovirus vectors. Mol Ther 10, 1121-1129, doi: 10.1016/j.
ymthe.2004.08.018 (2004).

27. Wang, J. et al. Efficient transduction of spiral ganglion neurons in vitro by baculovirus vectors. Neuroreport 18, 1329-1333,
doi: 10.1097/WNR.0b013¢3282010b16 (2007).

28. Leibinger, M., Andreadaki, A., Diekmann, H. & Fischer, D. Neuronal STAT3 activation is essential for CNTF- and inflammatory
stimulation-induced CNS axon regeneration. Cell Death Dis 4, €805, doi: 10.1038/cddis.2013.310 (2013).

29. Diekmann, H., Kalbhen, P. & Fischer, D. Active mechanistic target of rapamycin plays an ancillary rather than essential role in
zebrafish CNS axon regeneration. Frontiers in cellular neuroscience 9, 251, doi: 10.3389/fncel.2015.00251 (2015).

30. Wagle, M. & Jesuthasan, S. Baculovirus-mediated gene expression in zebrafish. Marine biotechnology 5, 58-63, doi: 10.1007/s10126-
002-0050-9 (2003).

31. Erbs, E,, Pradhan, A. A., Matifas, A., Kieffer, B. L. & Massotte, D. Evaluation of cre recombinase delivery in mammalian cells using
baculovirus infection. Journal of biotechnology 166, 182-186, doi: 10.1016/j.jbiotec.2013.05.011 (2013).

32. Schwab, M. E. & Bartholdi, D. Degeneration and regeneration of axons in the lesioned spinal cord. Physiological reviews 76, 319-370
(1996).

33. Goldberg, J. L., Klassen, M. P,, Hua, Y. & Barres, B. A. Amacrine-signaled loss of intrinsic axon growth ability by retinal ganglion
cells. Science 296, 1860-1864, doi: 10.1126/science.1068428 (2002).

34. Detrait, E. R. et al. Reporter gene transfer induces apoptosis in primary cortical neurons. Mol Ther 5, 723-730, doi: 10.1006/
mthe.2002.0609 (2002).

35. Wang, C. Hybrid baculovirus-adeno-associated virus vectors for prolonged transgene expression in human neural cells. Journal of
neurovirology 14, 563-568, doi: 10.1080/13550280802290606 (2008).

36. Yu, H. et al. Lentiviral gene transfer into the dorsal root ganglion of adult rats. Molecular pain 7, 63, doi: 10.1186/1744-8069-7-63
(2011).

37. Wasilko, D. J. et al. The titerless infected-cells preservation and scale-up (TIPS) method for large-scale production of NO-sensitive
human soluble guanylate cyclase (sGC) from insect cells infected with recombinant baculovirus. Protein expression and purification
65, 122-132, doi: 10.1016/j.pep.2009.01.002 (2009).

38. Wu, D. et al. Expressing Constitutively Active Rheb in Adult Neurons after a Complete Spinal Cord Injury Enhances Axonal
Regeneration beyond a Chondroitinase-Treated Glial Scar. ] Neurosci 35, 11068-11080, doi: 10.1523/JNEUROSCI.0719-15.2015
(2015).

39. Makkonen, K. E., Airenne, K. & Yla-Herttulala, S. Baculovirus-mediated gene delivery and RNAi applications. Viruses 7, 2099-2125,
doi: 10.3390/v7042099 (2015).

Acknowledgements

We thank Philipp Gobrecht for DRG culture preparation and Marcel Kohlhaas for technical support. Plasmids
containing farnesylated EGFP and Cre-HA, respectively, were kindly provided by Prof. Joost Verhaagen,
Amsterdam and Dr. Zhigang He, Boston. This work was supported by the German Research Foundation.

Author Contributions
D.E, H.D. and E.L. designed the project. E.L. and H.D. performed the experiments. D.F,, E.L. and H.D. analyzed
the data. D.E. supervised the research; D.E, E.L. and H.D. wrote the paper.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Levin, E. et al. Highly efficient transduction of primary adult CNS and PNS neurons.
Sci. Rep. 6, 38928; doi: 10.1038/srep38928 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38928 | DOI: 10.1038/srep38928 10


http://creativecommons.org/licenses/by/4.0/

	Highly efficient transduction of primary adult CNS and PNS neurons

	Materials and Methods

	Animals. 
	Vectors. 
	Generation of recombinant baculovirus. 
	Baculovirus titration. 
	DRG cultures. 
	Retinal cultures. 

	Results

	Transduction of DRG neurons. 
	Transduction of mature retinal ganglion cells. 
	Induction of cre-mediated recombination. 
	Induction of hyper-IL6- mediated neurite growth. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Transduction of dorsal root ganglion neurons.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Transduction of mature retinal ganglion cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Induction of cre-mediated recombination.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Induction of hIL6- mediated neurite growth.



 
    
       
          application/pdf
          
             
                Highly efficient transduction of primary adult CNS and PNS neurons
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38928
            
         
          
             
                Evgeny Levin
                Heike Diekmann
                Dietmar Fischer
            
         
          doi:10.1038/srep38928
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38928
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38928
            
         
      
       
          
          
          
             
                doi:10.1038/srep38928
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38928
            
         
          
          
      
       
       
          True
      
   




