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Abstract

Genetic approaches to analyzing neuronal circuits and learning would benefit from a technology to
first deliver a specific gene into presynaptic neurons, and then deliver a different gene into an
identified subset of their postsynaptic neurons, connected by a specific synapse type. Here, we
describe targeted gene transfer across a neocortical glutamatergic synapse, using as the model the
projection from rat postrhinal to perirhinal cortex. The first gene transfer, into the presynaptic
neurons in postrhinal cortex, used a virus vector and standard gene transfer procedures. The vector
expresses an artificial peptide neurotransmitter containing a dense core vesicle targeting domain, a
NMDA NR1 subunit binding domain (from a monoclonal antibody), and the His tag. Upon
release, this peptide neurotransmitter binds to NMDA receptors on the postsynaptic neurons.
Antibody-mediated targeted gene transfer to these postsynaptic neurons in perirhinal cortex used a
His tag antibody, as the peptide neurotransmitter contains the His tag. Confocal microscopy
showed that with untargeted gene transfer, ~3 % of the transduced presynaptic axons were
proximal to a transduced postsynaptic dendrite. In contrast, with targeted gene transfer, >20 % of
the presynaptic axons were proximal to a transduced postsynaptic dendrite. Targeting across other
types of synapses might be obtained by modifying the artificial peptide neurotransmitter to contain
a binding domain for a different neurotransmitter receptor. This technology may benefit
elucidating how specific neurons and subcircuits contribute to circuit physiology, behavior, and
learning.

Keywords

glutamatergic synapse; vesicular glutamate transporter 1 promoter; peptide neurotransmitter;
antibody-mediated targeted gene transfer; herpes simplex virus vector

1. Introduction

Understanding how specific neurons and subcircuits support circuit physiology, behavior,
and learning is one of the fundamental challenges in modern neuroscience. Forebrain areas
contain many neuron types, and each type forms precise connnections with specific neuron
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types, to support circuit physiology (Dudai, 1989). In neocortex, a column contains tens to
hundreds of diferent neuron types, with precise connections both within the column and to
distant areas, each supporting distinct physiological functions (Peters and Jones, 1984;
Sugino et al., 2006). Thus, elucidating the function of a specific subcircuit has proven to be
a challenging task. Analyses using classical neuroantomical, cellular and molecular
techniques, and electrophysiology are only beginning to elucidate the physiology of specific
subcircuits, and how they contribute to circuit physiology and behavior. Genetic approaches
to activate specific neuron types, using optogenetic tools or activation of specific signaling
or transcriptional pathways, typically affect the physiology of an entire circuit (Dymecki and
Kim, 2007; Fenno et al., 2011; Luo et al., 2008; Zhang et al., 2005). Analyses of specific
subcircuits would benefit from a technology to first deliver a specific gene into a particular
type of presynaptic neuron, and then deliver a different gene into an identified subset of their
postsynaptic neurons, connected by a specific type of synapse. This powerful technology
will enable studies on specific subcircuits: Following activation of presynaptic neurons,
essential subcircuits and postsynaptic neurons might be identified by blocking the activity of
these neurons, using the Drosophila allatostatin receptor or other genes (Lechner et al.,
2002); and the function of these postsynaptic neurons might be studied by expressing critical
physiological genes, such as specific glutamate receptors, postsynaptic density components,
or transcription factors, or specific sensors, such as calcium or transcriptional sensors
(Dymecki and Kim, 2007; Luo et al., 2008).

In particular, delivering different genes to monosynaptically connected neurons may benefit
analyzing circuits that support cognitive learning. Of note, an identified circuit in rat
postrhinal (POR) cortex can encode some essential information for specific visual object
discriminations (Zhang et al., 2005; Zhang et al., 2010a). Genetic activation of protein
kinase C (PKC) pathways in several hundred spatially-grouped glutamatergic and
GABAergic neurons in POR cortex increased activation-dependent neurotransmitter release,
and improved both the learning rate and accuracy for new visual discriminations (Zhang et
al., 2005). Some of the essential information for performance is encoded in the genetically-
modified circuit (Zhang et al., 2010a): After gene transfer and learning, creation of small
neurochemical lesions, proximal to the gene transfer site, selectively reduced performance
for only discriminations learned after gene transfer. Interestingly, POR cortex projects to
more than ten neocortical areas (Agster and Burwell, 2009; Burwell and Amaral, 1998a;
Burwell and Amaral, 1998b; Burwell, 2000), including areas important in this learning, such
as perirhinal (PER) cortex (Murray et al., 2007; Winters et al., 2004), and many of the
transduced neurons in POR cortex project to PER cortex (Zhang et al., 2010b), but the role
of this subcircuit in this learning remains to be determined. Thus, we used this subcircuit as
the model for developing targeted gene transfer to specific presynaptic neurons and a subset
of their postsynaptic neurons.

Genetic technologies for mapping circuits or visualizing synapses are highly valuable, but
exhibit distinct capabilities from the technology developed here. Specific viruses; including
Rabies Virus, Vesicular Stomatitis Virus, Sindbis Virus, Herpes Simplex Virus (HSV-1),
and Pseudorabies Virus; have been developed to map anteriograde or retrograde projections,
across one, or multiple, synapses (reviewed in (Lo and Anderson, 2011)). These
technologies rely on the spread of a single virus across one or more synapses, and deliver the
same genes into the presynaptic and postsynaptic neurons. Synapses between specific
neurons have been visualized using GRASP or BLINC (Feinberg et al., 2008; Thyagarajan
and Ting, 2010); these technologies visualize specific synapses after untargeted gene
transfer, and do not selectively deliver genes into neurons that are connected.

Here, we report a technology for delivering different genes into specific presynaptic neurons
and an identified subset of their postsynaptic neurons that are connected by a glutamatergic
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synapse. As a model system, we chose the large projection from POR to PER cortex. First,
gene transfer into the presynaptic neurons in POR cortex used a HSV-1 vector that expresses
an artificial peptide neurotransmitter, containing i) a dense core vesicle (DCV) targeting
domain (Dikeakos and Reudelhuber, 2007), ii) a NMDA receptor NR1 subunit binding
domain (Moskal et al., 2001; Moskal et al., 2005), and iii) the His tag. Upon release, this
peptide neurotransmitter binds to NMDA receptors on postsynaptic neurons. The second
gene transfer selectively targeted the postsynaptic neurons in PER cortex, using antibody-
mediated targeted gene transfer (Cao et al., 2010; Cao et al., 2011) and a His tag antibody,
as the peptide neurotransmitter contains the His tag. With untargeted gene transfer, ~3 % of
the transduced presynaptic axons were proximal to a transduced postsynaptic dendrite. In
contrast, with targeted gene transfer, 220 % of the presynaptic axons were proximal to a
transduced postsynaptic dendrite. Targeting across other synapse types of might be obtained
by modifying the artificial peptide neurotransmitter to contain a binding domain for a
different neurotransmitter receptor. This technology may benefit elucidating the function of
specific subcircuits, particularly their roles in circuit physiology, behavior, and learning.

2.1. The targeting strategy, two artificial peptide neurotransmitters, and the presynaptic
and postsynaptic vectors

The strategy for targeting gene transfer across a glutamatergic synapse, and the model
system, is shown in Fig. 1. For the first artificial peptide neurotransmitter (Fig. 2), we fused
i) a DCV targeting domain from human Secretogranin Il (Courel et al., 2008; Gerdes et al.,
1989), to ii) a 10 aa peptide that binds to the NMDA NR1 subunit, derived from a
monoclonal anti-NR1 antibody (Moskal et al., 2001), to iii) the His tag. For the second
artificial peptide neurotransmitter, we fused i) a DCV targeting domain from mouse pro-
opiomelanocortin (POMC) (Cool and Loh, 1994; Cool et al., 1995), to ii) the variable region
of the anti-NR1 antibody (Moskal et al., 2005) to iii) the His tag.

The two presynaptic vectors (Fig. 2) used the vesicular glutamate transporter-1 (VGLUT1)
promoter (Rasmussen et al., 2007; Zhang and Geller, 2010) to express each artificial peptide
neurotransmitter in VGLUT1-containing glutamatergic neurons, the predominant type of
neocortical glutamatergic neuron. Helper virus-free HSV-1 vector packaging was performed
using standard procedures (Fraefel et al., 1996). Each vector was injected into POR cortex,
the rats were sacrificed 8 days later, and immunofluorescent analyses revealed His-tag-
immunoreactive (IR) cell bodies in POR cortex (Fig. 3A and B). These vectors also
supported expression in axon terminals in PER cortex, as detailed below.

To locate the site of the projection in PER cortex, for subsequent use as the site for injecting
the postsynaptic vector, we used a previously reported vector that expresses an axon-
targeted R-galactosidase (B-gal) from the VGLUT1 promoter (pVVGLUT1gap-lac) (Zhang et
al., 2010b). This vector was injected into POR cortex, the rats were sacrificed 8 days later,
and immunofluorescent analyses revealed 3-gal-IR cell bodies and processes in POR cortex
(Fig. 3C), and R-gal-IR processes in PER cortex (Fig. 3D). To confirm that the processes in
PER cortex were axons, we performed costaining for 3-gal-IR and an axon marker, tau-IR,
and found that most of the transduced processes in PER cortex contained tau-IR (Fig. 3E-G).
As a control, omission of the primary antibodies resulted in no IR (Fig. 3H-J).

To label dendrites in the postsynaptic neurons, the vector (Fig. 2) used a neuron-specific
promoter to express a dendrite-targeted green fluorescent protein (GFP) (Kameda et al.,
2008). The promoter contains an insulator (INS), an upstream enhancer from the tyrosine
hydroxylase (TH) promoter, and a neurofilament heavy gene (NFH) promoter; the INS-TH-
NFH promoter supports =90 % neuron-specific expression (Zhang et al., 2000). The
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dendrite-targeted GFP fuses both a myristoylation/palmitoylation site and a basolateral
(dendrite) membrane-sorting domain to GFP (Kameda et al., 2008). To establish expression
in dendrites, this vector was packaged using standard conditions, and injected into PER
cortex. The rats were sacrificed at 8 days after gene transfer, and immunofluorescent
analyses showed GFP-IR in processes with dendritic morphology (Fig. 4A). The dendritic
identity of these processes was confirmed by costaining for GFP-IR and a dendrite marker,
MAP2-IR (Huber and Matus, 1984), and most of the transduced processes contained MAP2-
IR (Fig. 4B-D). Further, high power views under the confocal microscope also showed that
these GFP-IR processes contained MAP2-IR (Fig. 4E-G). In contrast, after injecting one of
the presynaptic vectors into POR cortex, in PER cortex, we observed His-tag-IR in axon
terminals that lacked MAP2-IR (Fig. 4H-J). As a control, omission of the primary antibodies
resulted in no IR under the confocal microscope (Fig. 4K-M). In summary, the results show
that the vector expressing dendrite-targeted GFP supports labeling of dendrites. For use in a
comparison, untargeted postsynaptic vector, we constructed a dendrite-targeted,
enzymatically inactive PKC (Fig. 2; dendrite-targeted-Pkc AGG); the GFP in dendrite-
targeted GFP was replaced with PkcAGG, which contains a point mutation that blocks PKC
activity (Song et al., 1998).

2.2. Targeted gene transfer to presynaptic and postsynaptic neurons that form a
glutamatergic synapse

Each presynaptic vector, expressing an artificial peptide neurotransmitter, was injected into
POR cortex. The targeted postsynaptic vector, expressing dendrite-targeted GFP, was
packaged for antibody-mediated targeting, and complexed with anti-His tag antibodies. For
antibody-mediated targeting, we previously (Cao et al., 2010) added the Staphylococcus A
ZZ domain, which binds antibodies, to a protein on the surface of an HSV-1 vector particle,
glycoprotein C (gC). After packaging, the modified vector particles (containing gC--ZZ) are
complexed with an antibody for a specific protein on the surface of specific neuron types;
these vector particle/antibody complexes bind to a specific neuron type, and entry occurs by
the mechanisms used by wt HSV-1 (Spear and Longnecker, 2003). The comparison
postsynaptic vector, expressing dendrite-targeted PkcAGG, was packaged using standard
conditions. Eight days after the presynaptic gene transfer, a 1:1 mixture of the targeted and
control postsynaptic vectors was injected into PER cortex; and 8 days later, the rats were
sacrificed. Targeting was analyzed by costaining alternating sections for the presynaptic
vector (His-tag-IR) and either the targeted postsynaptic vector (GFP-IR) or the control,
untargeted postsynaptic vector (flag-IR, PkcAGG contains the flag tag).

The results showed that each artificial peptide neurotransmitter supports targeted gene
transfer to postsynaptic neurons that form synapses with the transduced presynaptic neurons.
We first examined the presynaptic vector containing the Secretogranin DCV domain peptide
neurotransmitter and the targeting postsynaptic vector: Fluoresence microscopy showed that
in PER cortex, transduced presynaptic axons were closely associated with transduced
postsynaptic neurons/dendrites (Fig. 5). Further, confocal images showed transduced axons
made contacts with dendrites transduced by the postsynaptic targeting vector (Fig. 6A-C),
but not with dendrites transduced by the control, untargeted postsynaptic vector (Fig. 6D-F).
Additionally, using the presynaptic vector containing the POMC DCV domain peptide
neurotransmitter, confocal images showed transduced axons made contacts with dendrites
transduced by the postsynaptic targeting vector (Fig. 7A-C), but not with dendrites
transduced by the control, untargeted postsynaptic vector (Fig. 7D-F).

Counts of the confocal images showed that targeted gene transfer supported a statistically
significant increase in transduction of postsynaptic neurons that form synapses with
transduced presynaptic neurons. Using either presynaptic vector, and targeted gene transfer
for the postsynaptic vector, >20 % of the transduced presynaptic axons were associated with
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a transduced postsynaptic dendrite (Table 1). In contrast, for control, untargeted gene
transfer for the postsynaptic vector, only 3 % of the transduced presynaptic axons were
associated with a transduced postsynaptic dendrite (Secretogranin DCV domain peptide
neurotransmitter, F; 4=176 p<0.0002; POMC DCV domain peptide neurotransmitter,
F(1,4=62.6 p<0.002).

3. Discussion

We have developed a powerful new technology to analyze how specific neurons and
subcircuits contribute to circuit physiology, behavior, and learning; we delivered a gene into
a particular type of presynaptic neuron, and then delivered a different gene into an identified
subset of their postsynaptic neurons, connected by a glutamatergic synapse. To support
targeted gene transfer across a glutamatergic synapse, the presynaptic vector expresses an
artificial peptide neurotransmitter containing a DCV targeting domain (Dikeakos and
Reudelhuber, 2007), a NMDA NRZ1subunit binding domain (Moskal et al., 2001; Moskal et
al., 2005), and the His tag. Upon release, this peptide neurotransmitter binds to NMDA
receptors on postsynaptic neurons. The second gene transfer targets the postsynaptic
neurons, using antibody-mediated targeted gene transfer (Cao et al., 2010) and a His tag
antibody. For the model system, we studied the projection from POR to PER cortex (Agster
and Burwell, 2009; Burwell and Amaral, 1998a; Burwell and Amaral, 1998b; Burwell,
2000), and showed that with targeted gene transfer, 220 % of the transduced presynaptic
axons were associated with a transduced postsynaptic dendrite; but with untargeted gene
transfer, only ~3 % of transduced presynaptic axons were associated with a transduced
postsynaptic dendrite. Of note, this technology delivers a gene into an identified subset of
the postsynaptic neurons; neurons in POR cortex project to multiple neocortical areas
(Agster and Burwell, 2009), but postsynaptic neurons in PER cortex were selectively
transduced. This technology can be adapted to other virus vectors, as most virus vectors are
capable of expressing the artificial peptide neurotransmitter, and Staphylococcus A protein
ZZ domain-mediated targeted gene transfer to peripheral cell types has been established
with classical retrovirus, lentivirus, AAV, adenovirus, and Sindbis virus vectors (reviewed
in (Cao et al., 2010)).

Additional specificity is already available for the presynaptic neuron type, postsynaptic
neuron type, or synapse type. In this study, the presynaptic vector was delivered by standard,
untargeted gene transfer, and this vector used the VGLUT1 promoter to restrict expression
to VGLUT1-containing glutamatergic neurons (Rasmussen et al., 2007; Zhang and Geller,
2010). The presynaptic vector could be delivered into specific neuron types using targeted
gene transfer; we established antibody-mediated targeted gene transfer to NR1-, NR2A-, or
NR2B-containing neurons (Cao et al., 2010; Cao et al., 2011), and ligand-mediated targeted
gene transfer to neurons containing specific neurotrophic factor receptors (Cao et al., 2008;
Wang et al., 2005). Further, expression from the presynaptic vector could be restricted to
specific glutamatergic neuron subtypes by using specific VGLUT1 promoter fragments
(Zhang et al., 2011). Here, the postsynaptic vector used a neuron-specific promoter to
support expression in most neuron types (Zhang et al., 2000), but expression could be
restricted to specific neuron types by using promoters that support enkephalinergic-,
catecholaminergic-, GABAergic-, glutamatergic-, or glutamatergic subtype-specific
expression (Jin et al., 1996; Kaplitt et al., 1994; Rasmussen et al., 2007; Song et al., 1997;
Zhang and Geller, 2010; Zhang et al., 2011). Here, targeting across most glutamatergic
synapses was obtained by using artificial peptide neurotransmitters that can bind to NMDA
NR1 subunits. Of note, targeting across other synapse types could be obtained by replacing
the NR1 binding domain in the artificial peptide neurotransmitter with binding domains for
different neurotransmitter receptors. Importantly, targeting was supported by artificial
peptide neurotransmitters containing either an anti-NR1 variable region or a 10 aa fragment
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containing NR1 binding activity (Moskal et al., 2001; Moskal et al., 2005), establishing that
either an entire variable region or a small peptide can support targeting.

The technology developed here is novel. Synapses between specific neurons have been
visualized using GRASP or BLINC (Feinberg et al., 2008; Thyagarajan and Ting, 2010);
these technologies use untargeted gene transfer, and do not selectively deliver genes into
connected neurons. Specific viruses for mapping anteriograde or retrograde projections
across one, or multiple, synapses exploit the spread of a single virus across synapses,
thereby delivering the same gene into the presynaptic and postsynaptic neurons. A Rabies
Virus-based technology can first deliver a gene into postsynaptic neurons, and then deliver a
different gene into all the presynaptic neurons (Osakada et al., 2011). This rabies-based
technology supports retrograde monosynaptic gene transfer; in contrast, the technology
reported here supports anterograde monosynaptic gene transfer; thus, these two technologies
will support different physiological applications. Further, this rabies-based technology
requires a cre-expressing mouse line, lacks targeting specificity for either synapse type or
subsets of the presynaptic neurons, and physiologically useful expression is limited to 5-11
days after gene transfer (Osakada et al., 2011).

This powerful new capability to deliver a specific gene into a particular type of presynaptic
neuron, and then deliver a different gene into an identified subset of their postsynaptic
neurons, connected by a specific synapse type, will help elucidate how specific neurons and
subcircuits support circuit physiology, behavior, and learning. Importantly, this technology
may support identification of specific subcircuits that are required for specific behaviors or
learning: Following activation of presynaptic neurons (Fenno et al., 2011), essential
subcircuits and postsynaptic neurons might be identified by blocking the activity of these
neurons, using the Drosophila allatostatin receptor or other genes (Dymecki and Kim, 2007;
Lechner et al., 2002; Luo et al., 2008). In particular, the POR to PER subcircuit studied here
may be essential for visual learning, and this hypothesis can be tested using this new
technology. Activation of PKC pathways in the presynaptic POR cortex neurons supports
enhanced visual discrimination learning and encoding of some essential information in the
genetically-modified circuit in POR cortex (Zhang et al., 2005; Zhang et al., 2010a); further,
the transduced neurons have a large projection to PER cortex (Zhang et al., 2010b). Thus,
the role of the postsynaptic PER cortex neurons in this learning can now be studied by first
activating PKC pathways in the presynaptic POR cortex neurons, and then using this new
technology to selectively block activity in the postsynaptic PER cortex neurons. More
generally, the function of specific subcircuits might be studied by delivering different
physiological genes into the presynaptic or postsynaptic neurons. For example, after
optogenetic activation of the presynaptic neurons, the function of specific postsynaptic
neurons could be studied by expressing critical physiological genes; such as specific
glutamate receptors, postsynaptic density components or transcription factors; or specific
sensors, such as calcium or transcriptional sensors (Dymecki and Kim, 2007; Luo et al.,
2008).

4. Materials and Methods
4.1. Materials

OptiMEM, penicillin/streptomycin, Dulbecco’s modified minimal essential medium
(DMEM), and fetal bovine serum (FBS) were obtained from Invitrogen; G418 was obtained
from RPI; and X-gal was from Sigma. The primary antibodies were rabbit anti-p-gal
(Chemicon), mouse anti-His tag (for targeting, Qiagen), rabbit anti-His tag (for
immunohistochemistry, Cell Signaling), rabbit anti-GFP (Invitrogen), rabbit anti-flag
(Sigma), mouse anti-tau (Millipore), and mouse anti-MAP2 (Sigma). Fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G (IgG), FITC-
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conjugated goat anti-rabbit 1gG, and Texas red-conjugated horse anti-mouse 1gG were from
Vector Labs.

All the vectors used in this study contain our standard vector backbone (Fig. 2; (Song et al.,
1997; Zhang et al., 2000)).

pVGLUT1lac contains the mouse VGLUT1 promoter, consisting of an upstream promoter
fragment (7 kb) and the first intron (4.6 kb) (Rasmussen et al., 2007). To construct
pVGLUT1linker, pVGLUT1lac was digested with Asc /and BsilV [; these sites are located
at the 3’ end of the VGLUTL first intron or near the 3’ end of the Lac Zgene, respectively;
and the following two oligonucleotides were inserted: Sense 5’
CGCGCCGTTTAAACCAGTTCTACGTATTAATTAAC 3’ and antisense 5’
GTACGTTAATTAATACGTAGAACTGGTTTAAACGG 3'. The artificial peptide
neurotransmitter containing the Secretogranin domain fused i) a DCV targeting domain from
human Secretogranin Il (signal peptide and amino acids (aa) 1-41 (Courel et al., 2008;
Gerdes et al., 1989)), to ii) a 10 aa peptide that binds the NMDA NR-1 subunit, derived from
an anti-NR-1 monoclonal antibody (CQQHYSTPPC (Moskal et al., 2001; Moskal et al.,
2005)), to iii) a 20 aa spacer, to iv) the His tag; this construct was inserted into pUC57
(pUC57dcv-secretogranin/anti-NR1-10aa/his-tag, synthesized by Genscript; DNA sequence
in Sup. Fig. S1). The artificial peptide neurotransmitter containing the POMC domain fused
i) a DCV targeting domain from mouse POMC (the signal peptide and the DCV targeting
domain, aa -26 to 101 (Cool and Loh, 1994; Cool et al., 1995)), to ii) the variable region of
the anti-NR-1 antibody (107 aa (Moskal et al., 2001; Moskal et al., 2005)), to iii) the His
tag; this construct was inserted into pUC57 (pUC57dcv-pomc/anti-NR1-var/his-tag, DNA
sequence in Sup. Fig. S2). The DNA sequences encoding the 10 aa peptide that binds NR-1,
the 20 aa spacer, the his tag, and the monoclonal antibody variable region were chosen with
reference to human codon biases (Lavner and Kotlar, 2005), and a Kozak consensus
translation initiation sequence was used in each construct (Kozak, 1986; Kozak, 1987;
Nakagawa et al., 2008). To isolate HSV-1 vectors expressing each artificial peptide
neurotransmitter, pVGLUT 1linker, pUC57dcv-secretogranin/anti-NR1-10aa/his-tag, and
pUC57dcv-pomc/anti-NR1-var/his-tag were digested with Asc /and Pac /, and each peptide
neurotransmitter was inserted into the vector backbone to yield pVGLUT1dcv-
secretogranin/anti-NR1-10aa/his-tag or pVGLUT1dcv-pomc/anti-NR1-var/his-tag (Fig. 2).
pVGLUT1gap-lac has been described (Zhang et al., 2010b).

Dendrite-targeted GFP (Kameda et al., 2008) fused both a myristoylation/palmitoylation site
(from Fyn) and a basolateral (dendrite) membrane-sorting domain (from the low density
lipoprotein receptor) to GFP. pINS-TH-NFHdendrite-gfp (Fig. 2) has been described (Zhang
et al., 2012). Dendrite-targeted PkcAGG, which replaced the GFP gene in dendrite-targeted
GFP with PkcAGG (Song et al., 1998), was synthesized and inserted into pUC57
(pUC57dendrite-kkcAGG; DNA sequence in Sup. Fig. S3). pINS-TH-NFHdendrite-gfp and
pUC57dendrite-pkc AGG were each digested with Asc /and Pac /; and the dendrite-
PkcAGG fragment was inserted into vector-backbone-INS-TH-NFH fragment to yield
pINS-TH-NFHdendrite-pkcAGG (Fig. 2).

4.3. Cells and vector packaging

BHK?21 and 2-2 cells were maintained in DMEM supplemented with 10 % FBS, 4 mM
glutamine and penicillin/streptomycin. They were grown in an incubator at 37 °C, 5 % COo,
and 100 % humidity. 2-2 cells were used for HSV-1 vector packaging; G418 (0.5 mg/ml),
present during the growth of 2-2 cells, was removed before plating cells for packaging; 2-2
cells contain the HSV-1 immediate early 2 (IE 2) gene and were maintained under
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previously characterized selective conditions (Smith et al., 1992). Late-log phase, confluent
cultures of BHK21 cells were used for titering the resulting vector stocks.

Vectors were packaged into HSV-1 particles using a modified form of the helper-virus free
packaging protocol, described previously (Fraefel et al., 1996; Sun et al., 1999). For targeted
gene transfer, pINS-TH-NFHdendrite-gfp was packaged in the presence of gC--ZZ and
gBpK- (lacks the glycosaminoglycan binding domain that supports binding to many cell
types), and complexed with anti-His tag antibodies (1:1 mixture of two mouse anti-His tag
antibodies, Qiagen 34650 and 34660; 5 pg/ml total antibody concentration in the vector
binding procedure), as described (Cao et al., 2010).

Purified vectors were titered on BHK cells, by either performing immunocytochemistry or
X-gal staining at 24 hours after transduction. We previously quantified the titer of vector
genomes (VG/ml), and the packaging efficiency (VG/ml / IVP/ml), for pVGLUT1lac, pINS-
TH-NFHIac, and specific vector stocks for antibody-mediated targeted gene transfer, using a
PCR assay; the VG/ml titer, and the packaging efficiencies, for these stocks were similar to
a number of other vectors we have studied (Cao et al., 2010; Cao et al., 2011; Gao et al.,
2007; Rasmussen et al., 2007; Yang et al., 2001; Zhang et al., 2000). We did not repeat the
VG/ml assay here because the vectors used here are similar to previously studied vectors.
The titers of the vector stocks used in this study were: pVGLUT1dcv-secretogranin/anti-
NR1-10aa/his-tag 1 x 108 IVP/ml, pVGLUT1dcv-pomc/anti-NR1-var/his-tag 1 x 108 I\VP/
ml, pVGLUT1gap-lac 2 x 108 IVP/ml, pINS-TH-NFHdendrite-gfp/gC--wt 2 x 106 IVP/ml
(for vector testing, Fig. 4), pINS-TH-NFHdendrite-gfp/gC--ZZ+anti-His tag 2 x 106 IVP/ml,
and pINS-TH-NFHdendrite-pkcAGG 2 x 10° IVP/ml. Wild-type HSV-1 was not detected
(<10 plaque forming units/ml) in any of the vector stocks studied here.

4.4, Stereotactic injections of vectors into rat neocortex

The VA Boston Healthcare System IACUC approved all the animal procedures. Adult male
Long-Evans rats (150-200 g) were anesthetized by ip injection of a Ketamine (20 mg/ml)
Xylazine (2 mg/ml) mixture with a final dose of 60 mg/kg and 6 mg/kg, respectively.
Additional anesthesia was administered as needed. For the presynaptic gene transfer, each
rat received a single injection of a specific vector into the left POR cortex: The injection
coordinates were anterior-posterior (AP) -8.0, medial-lateral (ML) -6.0, dorsal-ventral (DV)
-5.2 (Paxinos and Watson, 1986). For the postsynaptic gene transfer, each rat each rat
received a single injection of a specific vector mixture into the left PER cortex: The
injection coordinates were AP -5.0, ML -6.6, DV -7.0. AP is measured relative to bregma,
ML is relative to the sagittal suture, and DV is relative to the bregma-lambda plane. A
micropump (model 100, KD Scientific) was used for the injections; 3 pl of vector stock was
injected over 5 minutes, and after 5 additional minutes, the needle was slowly retracted.

4.5. The targeting strategy

The first gene transfer (Fig. 1), to the presynaptic neurons in POR cortex, used standard
procedures, and the injection coordinates used to study visual learning (Zhang et al., 2005;
Zhang et al., 2010a). With these conditions, the vast majority of the gene transfer is to
neurons in POR cortex; specific neocortical areas with large projections to POR cortex,
including PER cortex, contain ~1 % of the number of transduced neurons as POR cortex. A
previously reported VGLUT1 promoter restricts expression to VGLUT1-containing
neurons; after gene transfer into POR cortex, >90 % of the transduced neurons are
glutamatergic, VGLUT1-containing neurons (Rasmussen et al., 2007; Zhang and Geller,
2010). The presynaptic vectors use the VGLUT1 promoter to express an artificial peptide
neurotransmitter. Upon release, this peptide neurotransmitter binds to NMDA receptors on
the postsynaptic neurons.
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The second gene transfer targets the postsynaptic neurons, using antibody-mediated targeted
gene transfer and an anti-His tag antibody, as the peptide neurotransmitter contains the His
tag (Fig. 1). We previously developed antibody-mediated targeted gene transfer to specific
types of neurons with HSV-1 vectors (Cao et al., 2010; Cao et al., 2011). The
Staphylococcus A ZZ domain, which binds antibodies, was added to a protein on the surface
of an HSV-1 vector particle, glycoprotein C (gC), to yield gC--ZZ. After vector packaging,
the modified vector particles, which contain gC--ZZ, are complexed with an antibody that
recognizes a specific protein on the surface of specific neuron types. Thus, these vector
particle/antibody complexes bind to a specific neuron type, and entry occurs by the
mechanisms used by wild type (wt) HSV-1; gD binds to a specific receptor and the HSV-1
envelope fuses to the cell membrane (Spear and Longnecker, 2003). Antibody-mediated
targeted gene transfer was established to neurons that contain NMDA NR1, NR2A, or
NR2B subunits; this technology supports targeting to rare neuron types with high specificity,
as shown by targeting to NR2A-containing neurons in POR cortex (Cao et al., 2010; Cao et
al., 2011).

The postsynaptic targeting vector (Fig. 1) is packaged using gC--ZZ (Cao et al., 2010), for
targeting with anti-His antibodies. The postsynaptic vectors used the INS-TH-NFH promoter
(Zhang et al., 2000). To label dendrites in the postsynaptic neurons, we used a previously
reported dendrite-targeted GFP (Kameda et al., 2008).

4.6. Immunohistochemistry

Brains were perfused as described (Zhang et al., 2000), and 25 pm coronal sections were
prepared using a freezing microtome. Immunohistochemistry was performed on free-
floating sections as described (Zhang et al., 2000). The primary antibodies were rabbit anti-
B-gal (1:400 dilution), rabbit anti-His tag (1:100 dilution), rabbit anti-GFP (1:400 dilution),
rabbit anti-flag (1:400 dilution), mouse anti-tau (1:50 dilution), and mouse anti-MAP2
(1:200 dilution). This anti-MAP2 antibody is a dendrite-specific marker (Huber and Matus,
1984). Primary antibodies were visualized with FITC-conjugated goat anti-mouse IgG or
with FITC-conjugated goat anti-rabbit IgG and Texas red-conjugated horse anti-mouse 1gG
(1:200 dilutions).

4.7. Axon and dendrite counts

Digital images were taken at 60X magnification under the confocal microscope. In the fields
that were examined, all the His tag-IR axons were scored for being proximal to, or distant
from, a GFP-IR or flag-IR dendrite. All counts were done at least two separate times, and
results differed by <10 %.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. Transduce 3. Transduce
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"

Fig. 1.

The targeting strategy and the model system. POR cortex has a large projection to PER
cortex (Agster and Burwell, 2009), shown as a neuron in POR cortex with an axon
projecting to PER cortex. First, gene transfer into the presynaptic neurons, in POR cortex,
uses standard procedures. This vector uses a glutamatergic-specific promoter, the VGLUT1
promoter, to express an artificial peptide neurotransmitter, containing i) a DCV targeting
domain, ii) a NMDA NR1 binding domain, and iii) the His tag. Second, upon release, the
peptide neurotransmitter (solid elipse with His) binds to NMDA receptors on the
postsynaptic neurons in PER cortex. Third, targeted gene transfer to the postsynaptic
neurons uses antibody-mediated targeting and anti-His tag antibodies (gC--ZZ+anti-His tag).
The postsynaptic vector uses a neuron-specfic promoter (INS-TH-NFH) to express a
dendrite-targeted GFP.

%
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Fig. 2.

Vectors for targeted gene transfer to presynaptic and postsynaptic neurons. Top: The vector
backbone. The expressed gene is followed by the mouse a-globin second intron (triangle)
and the SV40 polyadenylation site (brick segment). A cassette of three polyadenylation sites
(tri-A, black segment) was placed 5’ to the promoter to reduce any effects on expression
from the HSV-1 immediate early 4/5 promoter (short line segment). An HSV-1 origin of
DNA replication (orig, black circle) and the HSV-1 a sequence (cross hatched segment),
which contains the packaging site, support replication and packaging of the vector.
Sequences from pBR322 (diagonal line segment) support propagation in £. coli. Bottom:
The four vectors. The two presynaptic vectors use a glutamatergic-specific promoter, the
VGLUT1 promoter, to express an artificial peptide neurotransmitter containing a DCV
targeting domain from either Secretogranin Il or POMC, an NMDA receptor NR1 subunit
binding domain from a monoclonal anti-NR1 antibody, and the His tag. The two
postsynaptic vectors use a neuron-specific promoter, the INS-TH-NFH promoter, to express
a dendrite-targeted protein (Kameda et al., 2008); these constructs contain a myristoylation/
palmitoylation (Myr) site from Fyn, a marker protein, either GFP or an enzymatically
inactive PKC (PkcAGG), and a basolateral/dendrite membrane-sorting domain from the low
density lipoprotein receptor.
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Fig. 3.

The presynaptic vectors support expression of the artificial peptide neurotransmitters, and
these gene transfer conditions support expression in neurons in POR cortex with axons that
innervate PER cortex. Rats were sacrified at 8 days after injection of vectors into POR
cortex. (A and B) Each presynaptic vector supports expression in cell bodies and proximal
processes in POR cortex, visualized by His-tag-IR; (A) pVGLUT 1dcv-secretogranin/anti-
NR1-10aa/his-tag, and (B) pVGLUT1ldcv-pomc/anti-NR1-var/his-tag. Arrows, cell bodies;
arrowheads, axons. (C and D) pVGLUT1gaplac supports expression in cell bodies and
proximal processes in POR cortex and in axons in PER cortex, visualized by R-gal-IR; (C)
POR cortex, and (D) PER cortex. (E-G) pVGLUT1gaplac supports expression in axons in
PER cortex, identified by costaining with an axon marker, tau; (E) B-gal-IR, (F) tau-IR, and
(G) merge. (H-J) Omitting the primary antibodies from the assay resulted in background
levels of fluorescence; (H) fluorescein-conjugated secondary antibody-IR, (1) Texas red-
conjugated secondary antibody-IR (1), and (J) merge. Scale bar: 50 wm.
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Fig. 4.

The postsynaptic, dendrite-targeted GFP vector supports expression of GFP in cell bodies
and dendrites in PER cortex. Rats were sacrified at 8 days after gene transfer. (A) pINS-TH-
NFHdendrite-gfp supports expression in cell bodies and dendrites in PER cortex, GFP-IR.
(B-D) pINS-TH-NFHdendrite-gfp supports expression in dendrites in PER corteX, identified
by costaining with an dendrite marker, MAP2; (B) GFP-IR, (C) MAP2-IR, and (D) merge.
Arrows, dendrites; arrowheads, axons. (E-G) Confocal microscopy confirms that pINS-TH-
NFHdendrite-gfp supports expression in dendrites in PER cortex; (E) GFP-IR, (F) MAP2-
IR, and (G) merge. (H-J) Confocal microscopy shows that a presynaptic vector,
pVGLUT1dcv-secretogranin/anti-NR1-10aa/his-tag, supports expression in axons in PER
cortex that lack the dendrite marker, MAP2; (H) His tag-IR, (I) MAP2-IR, and (J) merge.
(K-M) Under the confocal microscope, omitting the primary antibodies from the assay
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resulted in background levels of fluorescence; (K) Texas red-conjugated secondary

antibody-IR, (L) fluorescein-conjugated secondary antibody-IR, and (M) merge. Scale bars:
(A) 50 wm; (B-D) 50 pm; (E-M) 40 pm.
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d

Fig. 5.

The artificial peptide neurotransmitter containing the Secretogranin DCV domain supports
targeted gene transfer to dendrites closely associated with transduced axons. The presynaptic
vector containing the Secretogranin DCV domain was injected into POR cortex; 8 days
later, the targeting postsynaptic vector was injected into PER cortex; and 8 days later, the
rats were sacrificed. PER cortex was costained for transduced presynaptic axons and
transduced postsynaptic dendrites: (A and D) transduced axons, His-tag-IR; (B and E)
transduced dendrites, GFP-IR; and (C and F) merge. Arrows, costaining of a transduced
axon proximal to a transduced dendrite. Scale bar: 25 pm.
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Fig. 6.

Confocal images show targeted gene transfer across synapses is supported by the artificial
peptide neurotransmitter containing the Secretogranin DCV domain. The presynaptic vector
containing the Secretogranin DCV domain was injected into POR cortex; 8 days later, a 1:1
mixture of the targeting and control postsynaptic vectors was injected into PER cortex; and
8 days later, the rats were sacrificed. PER cortex was costained for transduced presynaptic
axons and transduced postsynaptic dendrites. (A-C) The targeting postsynaptic vector: (A)
axons, His-tag-IR; (B) dendrites, GFP-IR; and (C) merge. Arrows, costaining. (D-F) The
control, untargeted postsynaptic vector: (D) axons, His-tag-IR; (E) dendrites, flag-IR; and
(F) merge. Arrowheads, His-tag-IR only. Scale bar: 20 pum.
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Fig. 7.

Confocal images show targeted gene transfer across synapses is supported by the artificial
peptide neurotransmitter containing the POMC DCYV targeting construct. The presynaptic
vector containing the POMC DCV domain was injected into POR cortex; 8 days later, a 1:1
mixture of the targeting and control postsynaptic vectors was injected into PER cortex; and
8 days later, the rats were sacrificed. PER cortex was costained for transduced presynaptic
axons and transduced postsynaptic dendrites. (A-C) The targeting postsynaptic vector: (A)
axons, His-tag-IR; (B) dendrites, GFP-IR; and (C) merge. Arrows, costaining. (D-F) The
control, untargeted postsynaptic vector: (D) axons, His-tag-IR; (E) dendrites, flag-IR; and
(F) merge. Arrowheads, His-tag-IR only. Scale bar: 20 pm.
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Table 1

The efficiency of targeted gene transfer across glutamatergic synapses; the % transduced presynaptic axons
connected to a transduced postsynaptic dendrite

Postsynaptic vector

Targeting vector Control vector
Presynaptic Vector, DCV domain  Histag-IR axons % GFP-IR costaining Histag-IR axons % Flag-IR costaining
Secretogranin 260+38 20x1 276x12 3+0
POMC 188+14 21+2 333+79 3+1

In each section that was examined, all the transduced presynaptic axons were scored for being adjacent to, or distant from, a transduced
postsynaptic dendrite. Three rats per condition; mean+s.e.m. are shown.
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