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SUMMARY
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Neurotropic viruses that conditionally infect or replicate in molecularly defined neuronal
subpopulations, and then spread trans-synaptically, are powerful tools for mapping neural
pathways. Genetically targetable retrograde trans-synaptic tracer viruses are available to map the
inputs to specific neuronal subpopulations, but an analogous tool for mapping synaptic outputs is
not yet available. Here we describe a Cre recombinase-dependent, anterograde trans-neuronal
tracer, based on the H129 strain of herpes simplex virus (HSV). Application of this virus to
transgenic or knock-in mice expressing Cre in peripheral neurons of the olfactory epithelium or
the retina reveals widespread, polysynaptic labeling of higher-order neurons in the olfactory and
visual systems, respectively. Polysynaptic pathways were also labeled from cerebellar Purkinje
cells. In each system, the pattern of labeling was consistent with classical circuit-tracing studies,
restricted to neurons and anterograde-specific. These data provide proof-of-principle for a
conditional, non-diluting anterograde trans-synaptic tracer for mapping synaptic outputs from
genetically marked neuronal subpopulations.

INTRODUCTION
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A central objective in deciphering the neural circuitry of the brain is to define the synaptic
inputs and outputs of specific neuronal subpopulations in different regions (Bohland et al.,
2009). These input/output relationships can be comprehensively mapped by serial electron
microscope (EM) reconstruction (Jurrus et al., 2009; Kleinfeld et al., 2011; Ward et al.,
1975). However such methods are currently best suited to elucidating microcircuitry within
relatively small volumes of brain tissue (Bock et al., 2011; Briggman et al., 2011), rather
than to mapping long-range projections (Seung, 2009). The latter can be visualized using
neuroanatomical tracers to sample connections between regions (reviewed in (Kobbert et al.,
2000; Vercelli et al., 2000)). Classical tracers, such as biotin-dextran amine (BDA),
fluorescent latex microspheres (Katz et al., 1984) or phytohemagglutinin lectin (PHAL),
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have provided much useful information (e.g., see (Swanson, 2000)), but they reveal axonal
projections, not synaptic connections, and can be difficult to genetically target.
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The use of site-specific recombinases (Branda and Dymecki, 2004; Dymecki et al., 2010)
and other tools for driving heterologous gene expression in mice has allowed the targeting of
genetically encoded projection markers, such as GFP, to molecularly defined neuronal
subpopulations (Luo et al., 2008). These tools also permit genetic targeting of trans-synaptic
tracers, which can reveal the synaptic connections of the targeted cells (Callaway, 2008).
Plant lectins such as wheat germ agglutinin (WGA) or barley lectin (BL) were among the
first genetically targeted trans-synaptic tracers ((Braz et al., 2002; Horowitz et al., 1999;
Yoshihara, 2002; Yoshihara et al., 1999); reviewed in (Kobbert et al., 2000; Vercelli et al.,
2000)). Tetanus toxin C-fragment has also been used in this manner (Kissa et al., 2002).
However WGA is transported in both the retrograde and anterograde direction (Kobbert et
al., 2000), making the analysis of directionality complex. Furthermore such non-replicating
tracers undergo dilution at each synapse, limiting the number of connections that can be
detected in a given experiment.
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Viruses are especially useful as genetically targeted trans-neuronal tracers, because their
replication prevents such dilution, and because they are often transported in a unidirectional
manner (for reviews, see (Callaway, 2008; Ekstrand et al., 2008; Song et al., 2005; Ugolini,
2010)). Such viruses include rabies (Astic et al., 1993), vesicular stomatitis virus (VSV)
(Lundh, 1990), pseudorabies virus (Card and Enquist, 1999; Martin and Dolivo, 1983),
Herpes Simplex Viruses 1 and 2 (HSV-1, HSV-2) (Bak et al., 1977; Norgren and Lehman,
1998) and Sindbis virus (Ghosh et al., 2011). The Bartha strain of pseudorabies virus (PRV;
a herpes virus) (Ekstrand et al., 2008), as well as rabies virus, travel retrogradely (Ugolini,
2010), while VSV has been modified to travel either in a retrograde or anterograde manner
(Beier et al., 2011). These viruses have also been targeted to molecularly defined neuronal
subtypes using Cre recombinase or an avian receptor, TVA, in transgenic mice (Card et al.,
2011a; Card et al., 2011b; DeFalco et al., 2001; Wall et al., 2010; Weible et al., 2010;
Wickersham et al., 2007; Yoon et al., 2005). The rabies virus system has been further
modified to cross only one synapse (Wall et al., 2010; Weible et al., 2010; Wickersham et
al., 2007). Although the relative merits of the rabies and pseudorabies systems continue to
be debated (Ekstrand et al., 2008; Ugolini, 2010), they have each been profitably used to
extract useful information about the connectional organization of specific circuits.
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While conditional trans-synaptic tracer viruses are available to map the synaptic inputs to
genetically marked neuronal subpopulations (DeFalco et al., 2001; Haubensak et al., 2010;
Wall et al., 2010; Weible et al., 2010; Wickersham et al., 2007), an analogous anterogradespecific trans-synaptic viral tracer for mapping synaptic outputs is not yet available. An
anterogradely transported, cell-targetable variant of VSV has shown promise in hippocampal
slice cultures (Beier et al., 2011), but this conditional variant has not yet been tested and
validated in vivo. The HSV-1 strain H129 (Dix et al., 1983) is an attractive candidate for
developing a conditional anterograde trans-neuronal tracer virus (Zemanick et al., 1991). In
its native form, H129 has been utilized to trace circuitry in the rodent visual (Archin et al.,
2003; Sun et al., 1996), viscerosensory (Rinaman and Schwartz, 2004), trigeminal (Barnett
et al., 1995), and white adipose sensory pathways (Song et al., 2009), as well as primary
motor cortex (Kelly and Strick, 2003; Zemanick et al., 1991), and spinothalamic (Dum et
al., 2009) pathways in non-human primates. However, a conditional, Cre-dependent version
of H129 that can be used to trace neural circuitry in vivo has not previously been reported.
Here we develop, characterize and validate such a virus in vivo. Our results provide a novel
method for mapping the synaptic outputs of genetically marked neuronal subsets.
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RESULTS
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To develop a conditional H129 strain-based tracer, we simultaneously inactivated the
endogenous H129 viral HTK gene and replaced its coding sequence with a Cre-dependent
loxP-STOP-loxP-tdTomato-2A-TK cassette (Fig. 1A) via homologous recombination
(Archin et al., 2003; Weir and Dacquel, 1995), using a codon-modified form of HTK to
prevent recombination within the coding sequence (cmHTK; Supplemental Experimental
Procedures). After co-transfection of the HTK targeting vector and native H129 genomic
DNA into host cells, H129 recombinants were selected by picking acyclovir-resistant
plaques (Fig. 1B; see Experimental Procedures) and validated using PCR (Fig 1C). The
resulting H129 recombinant was named H129ΔTK-TT (tdT HTK). Infection of cultured
Vero cells with this virus revealed specific expression of tdT only in the presence of Cre
(Fig. 1D, E). Recombined virus recovered from such cells and used to infect naive Vero
cells rendered the latter sensitive to acyclovir-dependent killing, indicating that the cmHTK
was enzymatically active (data not shown).
Cre-dependent, poly-synaptic anterograde labeling of Purkinje cell circuitry
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As an initial test of the Cre-dependent H129ΔTK-TT system in vivo, virus was injected
intracranially into the medial cerebellar vermis of PCP2/L7-Cre transgenic mice (JAX Stock
#006207), which express Cre and GFP specifically in Purkinje cells (Barski et al., 2000;
Oberdick et al., 1990; Zhang et al., 2004). Four days following infection, GFP-positive
Purkinje cells in PCP2/L7-Cre/GFP mice co-expressed tdT, and all tdT-positive cells were
GFP-positive (Fig. 2C). We rarely saw tdT expression in other cell types in the cerebellar
cortex, except in regions close to the site of injection exhibiting substantial tissue necrosis,
where we observed some labeled granule cells (not shown). However, labeled granule cells
were not observed outside of the necrotic zone, arguing against retrograde or non-synaptic
transfer of recombined H129ΔTK-TT virus. Wild type mice injected with H129ΔTK-TT
showed no tdT expression in virally infected cells (identified by HSV-1 antigen expression;
Fig. 2B) as assessed both by native fluorescence and by anti-dsRED antibody staining (data
not shown), indicating minimal leakage from the loxP-STOP-loxP cassette (Zinyk et al.,
1998).
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We next examined labeling of cerebellar circuitry downstream of Purkinje cells in these
mice. Purkinje cells axons, which are the main efferents from the cerebellar cortex, target
the deep cerebellar nuclei (DCN). In H129ΔTK-TT infected mice, tdT could be detected in
most of the three major subdivisions of the DCN--the fastigial nuclei (FN), the interposed
nuclei (IP), and the dentate nucleus (DN) (Fig. 2D-F). We also detected labeling in known
DCN targets (Ito, 1984), including the vestibular nuclei (VE; Fig. 2G-I), the inferior olive
(IO; Figure 2J-L), ventral lateral thalamus (VL; Figure 2M-O) and the red nucleus (RN;
Supplemental Figure 1M-O). Labeling was also observed in the interpeduncular nuclei, a
target of fastigial axons (Snider et al., 1976) (Supplemental Figure 1G-I), and in the
hippocampus and cortical amygdala (Supplemental Figure 1J-L).
tdT labeling in all these structures was present in cell somata, as determined by counterstaining with fluorescent Nissl (Fig. 1F, I, L, O). We determined the neuronal vs. glial
identity of these cells by co-staining with antibody markers. In the inferior olive (IO), the
majority of tdT expressing cells co-expressed the pan-neuronal marker NeuN (333/395;
85%), while only a very small percentage (1/45; 2%) co-expressed GFAP (Figure 2P-R and
Supplemental Fig. 2A-H). Qualitatively similar results were observed in the area postrema
(AP) and nucleus of the solitary tract (NTS), two additional sites where anterograde labeling
from infected Purkinje cells was detected (Ross et al., 1981), and in the VPL (Supplemental
Figure 2I-X and Supplemental Table 1). These data indicate that the majority of tdT
expressing cells labeled in the cerebellar pathway by H129ΔTK-TT virus are neurons.
Neuron. Author manuscript; available in PMC 2012 June 22.
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Unexpectedly, we observed tdT labeling in DBH+ neurons within the locus coeruleus (LC)
(Supplemental Figure 1A-C), which are known to project to Purkinje cells (Hoffer et al.,
1973). Such LC labeling was not reported in previous trans-synaptic labeling studies using
wheat germ agglutinin (WGA) expressed from the same PCP/L7 promoter element, either in
AAV (Braz et al., 2002) or in transgenic mice (Yoshihara, 2002; Yoshihara et al., 1999).
This labeling could therefore reflect retrograde transport of recombined virus released from
infected Purkinje cells. However we found that tdT-positive LC neurons ectopically
expressed the co-integrated L7/PCP2-GFP/Cre transgene (Supplemental Figure 1D-F and
data not shown). Thus, tdT expression in LC neurons may reflect direct infection of
terminals of Cre-expressing noradrenergic neurons by virus injected into in the Purkinje cell
layer (Supplemental Figure 1P-Q). Alternatively, the tdT labeling could reflect polysynaptic anterograde projections from Purkinje cells to the LC via the DCN and fastigial
axons (Snider, 1976).
All together, approximately 5% (43/836) of anatomically defined brain structures (Franklin
and Paxinos, 2008) were labeled in cerebellar injected PCP2/L7-Cre mice (Supplemental
Table 3a). Structures such as the RN, which lie several synapses away from Purkinje cells,
tended to exhibit a smaller percentage of labeled cells than lower-order targets, such as the
DCN, at the time points surveyed (Supplemental Fig. 1N,O vs. Fig. 2E, F and Supplemental
Figure 5A).
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Cre-dependent, Multi-synaptic Labeling of Visual Circuitry Using H129ΔTK-TT
We next examined the detailed pattern of labeling by H129ΔTK-TT in the visual system
(Fig. 3A and (Peters, 1985)), which has been mapped previously using native H129 virus
(Sun et al., 1996). We used the PCP2/L7-Cre transgenic line for this test, since Cre
expression in these mice marks rod bipolar cells (RBCs) in the retina (Fig. 3B and (Oberdick
et al., 1990; Zhang et al., 2005; Zhang et al., 2004)). At 5-8 days following monocular
intravitreal injection of PCP2/L7-Cre mice, we observed tdT expression in the retina (Fig.
3C). Labeling in the inner nuclear layer (INL) was detected in cells expressing protein
kinase C-α (PKCα) (Fig. 3D, arrow), a marker of RBCs (Yamashita and Wassle, 1991)).
tdT-positive cells co-expressing calretinin (31 tdT+/52 calretinin+ cells, n=6 sections) were
also detected in the INL, and likely represent amacrine cells (Fig. 3E, arrow) (Kolb, 1981),
which are direct post-synaptic targets of RBCs (Wassle, 2004). In the ganglion cell layer,
tdT expression was detected in retinal ganglion cells (RGCs), marked by expression of
PKCα or calretinin (Fig. 3D, E; arrowheads, respectively) (Haverkamp, 2000).
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These data are consistent with the fact that RBCs project indirectly to RGCs via amacrine
cells (reviewed in (Wassle, 2004)). In contrast, tdT expression was detected neither in the
photoreceptor layer, visualized using anti-arrestin antibody (Fig. 3F), nor in horizontal cells
(detected using anti-calbindin antibody; Fig. 3G-I, 0 tdT+/98 calbindin+ cells); the latter
receive synaptic input from cone bipolar but not rod bipolar cells (Wassle, 2004). We also
observed almost no detectable tdT in the Edinger-Westphal nuclei, which contain midbrain
oculomotor neurons that innervate the eye (data not shown). Together, these data support
previous studies indicating that the H129 virus is transported in an anterograde specific
manner in the visual system (Sun et al., 1996), and also argue that non-synaptic spread from
“starter” Cre-expressing cells to neighboring neurons (e.g., horizontal cells) does not occur
at an appreciable level.
Labeling of central visual pathways with H129ΔTK-TT
In animals analyzed at 5-8 days post injection (DPI), we observed significant tdT expression
in the dorsal lateral geniculate nucleus (dLGN; Figure 3J-L, arrow) and ventral lateral
geniculate (vLGN; Figure 3J-L, arrowhead). Counterstaining with fluorescence Nissl
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confirmed tdT expression in cell bodies (Fig. 3L), suggesting trans-synaptic transport from
RGCs. tdT expression was also detected in layer 4 of area 17 of the visual cortex (Figure
3M-O, arrow), which receives input from the dLGN (Frost and Caviness, 1980; Simmons et
al., 1982). A few tdT positive cells were also found in area 18a, which is located
rostrolaterally to area 17 (Figure 3N), indicating transport of the virus across at least 4
synapses from “starter” Cre-expressing RBCs. The lack of detectable tdT expression in layer
5 or 6 of V1, cells of which project to the LGN or SC (Brumberg et al., 2003; Kozloski et
al., 2001; Simmons et al., 1982), suggests an absence of retrograde labeling of these cortical
neurons, further supporting an anterograde-specific spread of H129ΔTK-TT (Sun et al.,
1996).
Transport of H129ΔTK-TT to sub-cortical retino-recipient targets
The most abundant direct sub-cortical retinal projection is to the superior colliculus (SC) in
the midbrain (Drager, 1974; Provencio et al., 1998). In intravitreally injected PCP2/L7-Cre
mice, robust tdT expression was seen in the SC at 7 DPI (Figure 3P-R, arrow). tdT labeling
was also observed in pretectal nuclei (PT), such as the posterior pretectal nucleus (PPT), the
nucleus of the optic tract (NOT) and the olivary pretectal nuclei (OPN), which receive direct
input from the retina (Pak et al., 1987) (Figure 3K, asterisk; Supplemental Figure 3A-C), as
well as in accessory optic tract terminal nuclei such as the medial terminal nucleus (MTN)
(Pak et al., 1987) (Supplemental Figure 3D-F).
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RGCs project to a number of hypothalamic targets, including the suprachiasmatic nucleus
(SCN) (Millhouse, 1977) and anterior hypothalamic nucleus (AH) (Hattar et al., 2006). We
observed abundant tdT expression in both of these structures (Figure 3S-U), as well as in the
peri-supraoptic nucleus (pSON) (Hattar et al., 2006) (Supplemental Figure 3G-I). tdTpositive cells were also detected in a variety of other hypothalamic nuclei including the PVH
(Supplemental Figure 3J-LL and data not shown). Prominent expression of tdT was also
seen in the lateral septum ventral (LSV) (Supplemental Figure 3M-O, arrow), a structure
which, like the PVH, has been implicated in stress and anxiety (Sheehan et al., 2004).

NIH-PA Author Manuscript

Other structures in which tdT was detected included the medial amygdalar (MEA) and
posteromedial cortical amygdalar nuclei (PMCO), and hippocampal layer CA1
(Supplemental Table 3b and data not shown). Overall, approximately 4.4% (37/836) of brain
sub-structures (Franklin and Paxinos, 2008) contained tdT label in animals analyzed
between 5 and 8 DPI (Supplemental Table 3b). On average, between 5 to 15% of total Nissl
positive cells in a 20X field were tdT-positive in each region surveyed (Supplemental Figure
5B). Only 16% (6/37) of the labeled structures in the visual pathway were also labeled in
mice traced through the cerebellar pathway using the same PCP2/L7-Cre line (see above),
further suggesting that transport is restricted to synaptically connected neurons in specific
circuits.
Cre-dependent, poly-synaptic anterograde labeling of olfactory pathways
As a third model system, we tested the H129ΔTK-TT virus in the olfactory system, whose
early stages of connectivity are well characterized. The olfactory marker protein (OMP) is
selectively and abundantly expressed by mature olfactory and vomeronasal organ (VNO)
sensory neurons (Danciger et al., 1989). Previous studies using cis-acting elements of OMP
to express WGA in these sensory neurons have visualized transport of WGA to second and
third order neurons (Horowitz et al., 1999; Yoshihara, 2002; Yoshihara et al., 1999). We
therefore examined the pattern of transneuronal labeling following intra-nasal instillation of
H129ΔTK-TT virus in OMP-Cre mice (Eggan et al., 2004). Among such mice, 27% (7/26)
developed various degrees of adverse symptoms a week after injection; the remaining 19
animals never showed symptoms (Supplemental Table 2). Post-mortem analysis indicated
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that the severity of symptoms correlated with the efficiency of viral expression;
asymptomatic animals typically exhibited little or no infection.
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In mildly symptomatic animals (see below), tdTomato could be detected in the main
olfactory epithelium (MOE) (Fig. 4B-C). Based on the characteristic cellular morphology of
olfactory receptor neurons (ORNs) (Mombaerts, 2004), expression of tdT appeared to be
restricted to these primary sensory neurons (Figure 4C). We confirmed this by doublelabeling with anti-OMP antibody (164 OMP+/170 tdT+ cells, Figure 4D-F). The efficiency
of labeling of olfactory neurons following intra-nasal infusion was low, possibly due to
interference with viral infection by the mucus layer. In preliminary experiments, we injected
H129ΔTK-TT virus into the olfactory bulb of OMP-Cre mice, taking advantage of the
ability of H129 virus to infect nerve terminals (Barnett et al., 1995; Rinaman and Schwartz,
2004; Song et al., 2009). This approach, while more cumbersome technically, appeared to
increase the efficiency of infection of ORNs (Supplemental Figure 1R-S).
Transport of H129ΔTK-TT from the MOE to Olfacto-Recipient Nuclei in the Brain
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Due to the unpredictable survival times of infected mice, it was difficult to perform a
prospective time-course of labeling in the olfactory system as a function of DPI. As an
alternative, therefore, animals were retrospectively separated post-mortem into two groups,
according to the severity of their symptoms. Infected mice that showed mildly adverse
symptoms (slightly hunched back; 6-7 DPI) exhibited spread only to secondary olfactory
structures (Suppl. Fig. 5D), while those that showed severe adverse symptoms (hunched
back, ungroomed coat, weight loss, nasal and lacrimal excretions; 7-8 DPI) exhibited viral
spread in tertiary olfactory structures (Suppl. Fig. 5C), as described below.
ORNs in the MOE synapse in the olfactory bulb with periglomerular interneurons and
mitral/tufted relay neurons (reviewed in (Mombaerts et al., 1996)). In animals with milder
symptoms, tdT expression was observed in the somata (Figure 4G-H, arrows) and dendrites
of mitral cells (Figure 4H, arrowhead), as well as occasionally in periglomerular cells
(Figure 4I). Among so-called secondary olfactory structures (Haberly, 2001), tdT expression
was seen in the dorsal, posterior ventral, lateral, and medial parts of the anterior olfactory
nucleus AON (Figure 4J-L), olfactory tubercles (Supplemental Figure 4A-C), piriform
cortex (Figure 4M-O), anterior cortical amygdala (Supplemental Figure 4J-L) and entorhinal
cortex (Supplemental Figure 4D-F). In animals with more severe symptoms, tdT labeling
was observed in tertiary olfactory structures including the insular cortex (Figure 4P-R),
orbital frontal cortex (ORB, Supplemental Figure 4G-I), and hippocampus (HPF,
Supplemental Figure 4M-O).
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Transport of H129ΔTK-TT in the olfactory system is anterograde-specific
To investigate further the anterograde specificity of H129ΔTK-TT, we examined the
labeling of several classes of neuromodulatory neurons that project directly to the olfactory
bulb. We performed this analysis in OMP-Cre mice that exhibited milder symptoms at 6 to 7
DPI. These mice exhibited tdT expression in the MOE, MOB, piriform cortex
(Supplemental Figure 4P-QQ) and olfactory tubercles (data not shown). Despite this multisynaptic anterograde labeling, we did not detect tdT expression in any of the
neuromodulatory populations that project to the MOB, including noradrenergic neurons in
the LC (Supplemental Figure 4R-SS, green) (Guevara-aguilar, 1982; Shipley et al., 1985),
cholinergic neurons in the horizontal limb of the diagonal band (HDB) (Supplemental
Figure 4T-UU) (Zaborszky et al., 1986), or serotonergic neurons in the raphe nuclei
(Supplemental Figure 4V-WW) (McLean and Shipley, 1987). In mice that showed more
advanced symptoms and a wider spread of expression (7-8 DPI), tdT was detected in these
neuromodulatory populations (Supplemental Table 3c). However this labeling may derive
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from higher-order olfactory structures known to project to these neuromodulatory centers,
including the insular cortex (Peyron et al., 1998), periaqueductal gray (PAG), medial
preoptic area (MPO), medial prefontal cortex, central nucleus of the amygdala (CEA), and
nucleus tractus solitarius (NTS) (Ennis et al., 1998), all of which structures contained tdT+
cells in these mice (Supplemental Table 3c and Supplemental Fig. 5C).
Transport of H129ΔTK-TT from the VNO to Olfacto-Recipient Nuclei in the Brain
Pheromone-sensing neurons of the vomeronasal organ (VNO) also express OMP, and were
labeled in OMP-Cre mice infected intra-nasally with H129ΔTK-TT virus (Fig. 5B, C). The
VNO projects to the accessory olfactory bulb (AOB) through the vomeronasal nerves. The
AOB in turn projects to a few areas including the medial amygdala (MeA) and the bed
nucleus of the stria terminalis (BST) (Scalia and Winans, 1975; Yoon et al., 2005), which
send further projections to the medial hypothalamic area (Swanson and Petrovich, 1998).
We detected tdT expression in the AOB (Figure 5D-F), MeA (Figure 5G-I), BST (Figure 5JL), and medial preoptic area (MPOA) in the medial hypothalamus (Figure 5M-O), consistent
with labeling of the VNO pathway.
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In contrast to the relatively limited labeling of brain structures by H129ΔTK-TT in the
visual and cerebellar systems, 13.5% (113/836) of anatomically defined brain structures
(Franklin and Paxinos, 2008) were labeled by the virus in the olfactory system after 7-8 DPI
(Supplemental Table 3c). In general, infected structures, such as the ventromedial
hypothalamic nucleus (VMH), which are more synapses removed from the MOE, exhibited
a smaller percentage of tdT positive cells than those separated by fewer synapses, such as
the AON (Supplemental Figure 5C-D), consistent with the idea that spread is predominantly
synaptic.

DISCUSSION
Several viral systems for conditional retrograde trans-synaptic tracing have been developed
(reviewed in (Callaway, 2008; Ekstrand et al., 2008)), but an analogous system for
conditional anterograde trans-synaptic viral tracing in vivo has not been implemented. Here
we have developed such a method by using homologous recombination (Weir and Dacquel,
1995) to manipulate the genome of the H129 strain of HSV (Dix et al., 1983), a wellcharacterized anterograde trans-synaptic tracer virus (Zemanick et al., 1991). Using lines of
transgenic mice specifically expressing Cre recombinase, we tested this recombinant virus in
the visual, cerebellar and olfactory systems, respectively. In each case, the pattern of
labeling obtained was Cre-dependent, concordant with previously described patterns of
connectivity, and consistent with an anterograde mode of trans-neuronal transfer.
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Synaptic specificity of H129ΔTK-TT labeling
The use of alpha herpesvirus-based transneuronal tracers, such as pseudorabies virus
(Ekstrand et al., 2008), has been criticized based not only on their toxicity, but on the
contention that the virus can spread in a non-synaptic manner to fibers-of-passage or even to
glial cells (Ugolini, 2008; Ugolini, 2010). In our studies, the overall pattern of labeling
observed in the three systems examined was remarkably specific, and consistent with
patterns of connectivity revealed by classical methods. We found little or no evidence of
spread to glia (Fig. 2R and Supplemental Figure 2), even in regions where glia were closely
juxtaposed with tdT-labeled neurons (e.g., sustentacular cells in the MOE and Muller glia in
the retina). While it is difficult to completely exclude non-synaptic spread, little or no
labeling of photoreceptors, or of oculomotor neurons in the Edinger-Westphal nuclei, was
obtained in our retinal injections. We also failed to detect labeling of neuromodulatory
afferents to the olfactory bulb at early time points. All of these data are consistent with the
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reported anterograde-specific pattern of labeling by the H129 strain (Rinaman and Schwartz,
2004; Sun et al., 1996; Zemanick et al., 1991). The lack of specificity reported by others for
HSV (Ugolini, 2008; Ugolini, 2010) likely reflects the use of different strains of these
Herpes viruses.
Synaptic pathways revealed by H129ΔTK-TT
The pattern of labeling obtained in each of the three test systems employed here was
complex, as would be expected given the polysynaptic nature of the labeling method. In the
visual system, we estimate that at least 4 synapses were crossed by the virus in series (rod
BP→AII amacrine→RGC→LGN→V1), with the expected pattern of parallel labeling in
subcortical structures such as the superior colliculus and suprachiasmatic nucleus. The
pattern obtained is consistent with earlier studies using intra-vitreal injection of native H129
(Sun et al., 1996), with the important exception that we observed little or no labeling of
photoreceptors, consistent with the Cre-dependence and anterograde specificity of the virus.
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In addition to well-characterized sites of visual pathway labeling, we detected the viral
reporter in a variety of subcortical sites not previously reported (Sun et al., 1996) including,
surprisingly, the paraventricular hypothalamic nucleus (PVH) and the ventral lateral septal
nucleus (LSV), both of which are involved in stress and anxiety (Sawchenko et al., 1996;
Sheehan et al., 2004). Detection of these sites was facilitated by the very bright native
fluorescence of the tdT reporter, and may explain why they were not observed in previous
studies using immunohistochemistry to detect H129 antigens (Sun et al., 1996). As with any
new technique, it is important that unexpected results are verified by independent methods,
and therefore these observations should be interpreted with caution. Nevertheless, current
evidence suggests that there may be at least 20 different classes of RGCs in the mouse
(Badea and Nathans, 2004; Coombs et al., 2006; Sun et al., 2002; Volgyi et al., 2009), many
with distinct feature-detector properties (Kim et al., 2008; Lettvin et al., 1959), and at least
some of which have distinct patterns of central connectivity (Kay et al., 2011). It is therefore
tempting to speculate that the labeling of PVN and LSV may reflect specific visual
pathways involved in the detection of features associated with threats, such as predators, and
wired centrally to evoke alarm or defensive responses (Gollisch and Meister, 2010; Lettvin
et al., 1959).
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In the olfactory system, the use of traditional neuroanatomical tracers (Buonviso et al., 1991;
Haberly and Price, 1977; Luskin and Price, 1982; Ojima et al., 1984; Price, 1973; Scott et
al., 1980), as well as the development of novel tracing methods (Ghosh et al., 2011;
Miyamichi et al., 2011; Sosulski et al., 2011) have revealed the pattern of projections from
the MOE to second- and third-order olfactory structures such as the piriform and accessory
olfactory cortices. However, extending such maps beyond these structures has been difficult.
Here, infection of primary olfactory sensory neurons in the MOE of OMP-Cre mice with the
H129ΔT-TT virus yielded labeling in multiple higher-order structures, including the lateral
entorhinal cortex, hippocampus, hypothalamus and, at longer survival times, even midbrain
and hindbrain structures (Supplemental Fig. 5 and Table 3c). Remarkably, the percentage of
total (836) brain structures labeled from the MOE was 3 fold higher than that labeled in the
visual or cerebellar systems (Fig. 6 and Supplemental Tables 3). Quantitative comparisons
between different neural systems labeled by this method are difficult, due to potential
differences in the efficiency of infection or of trans-synaptic spread. Nevertheless, the
engagement of a large fraction of the brain by olfactory afferents is consistent with the
widespread ramification of fibers revealed by labeling of individual OB glomeruli with nontransneuronal anterograde tracers (Sosulski et al., 2011), and likely reflects the importance
of olfaction for both learned and innate behaviors in mice.
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One obvious application of this technology is the trans-neuronal labeling of pathways
engaged by neurons expressing a specific, behaviorally relevant olfactory receptor, e.g.,
those involved in pheromone detection (Mombaerts et al., 1996). However, the efficiency of
labeling in the MOE and VNO was low, presumably due to the inhibition of viral spread by
mucus, and in pilot experiments we were unable to detect labeling in mice expressing Cre
recombinase under the control of a specific olfactory receptor, MOR28, that is expressed in
~1% of ORNs (Mombaerts, 2006). Nevertheless, our preliminary data suggest that this
problem may be overcome by injection of the virus into the olfactory bulb, where infection
of ORN axons can occur followed by retrograde transport to the cell body and
recombination in ORNs (Supplemental Figure 1R, S).
Limitations
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The methodology described here, while powerful, has certain limitations. First, like other
replicating trans-neuronal tracers (Callaway, 2008; Ekstrand et al., 2008), HSV-based
tracers are toxic and kill infected neurons, as well as eventually the whole animal (see
Supplemental Table 2). This limits the number of days that an injected animal can be
maintained before analysis. Furthermore, there is unpredictable variability in survival times,
reflecting variability in the initial level of infection. This makes it currently difficult to
perform prospective time-course studies of the progression of labeling in a given pathway,
except in a retrospective manner (Supplemental Figure 5C, D). In addition, due to viral
cytotoxicity, in animals sacrificed after longer incubation times the initial sites of infection
have often been cleared from the brain by macrophages, obscuring the identification of
initial relays in a pathway. This limitation may be overcome by analyzing animals exhibiting
mild symptoms and/or after shorter survival times, in order to identify the pattern of labeling
in early structures.
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Second, although virus released endogenously from infected neurons appears to be taken up
exclusively by dendrites and transported in the anterograde direction (Zemanick et al.,
1991), exogenously injected virus can clearly infect nerve terminals and undergo retrograde
transport to the cell body, as reported previously (Barnett et al., 1995; Rinaman and
Schwartz, 2004; Song et al., 2009) and confirmed here in the olfactory and cerebellar
systems (Supplemental Figure 1P-S). One simple explanation for this paradox is that
endogenously produced virus may be released from infected neurons exclusively at presynaptic terminals, and therefore uptake is restricted to dendrites of post-synaptic cells,
whereas exogenously introduced (injected) virus is accessible to nerve terminals as well as
dendrites. Thus, if an injection site of interest (containing Cre-expressing neuronal somata)
also contains nerve terminals that coincidentally derive from Cre-expressing neurons located
elsewhere in the brain, infection and recombination in such Cre-expressing afferent neurons
could occur. Further trans-neuronal spread from such ectopic “starter sites” could render the
interpretation of labeling patterns difficult. At present, this confound can be avoided by first
injecting the region of interest with a Cre-dependent virus capable of nerve-terminal
infection and retrograde transport (e.g., an rAAV of the appropriate serotype), to check
whether there are afferents to that region from Cre-expressing neurons elsewhere in the
brain.
The ability to engineer the H129 strain by homologous recombination, both in mammalian
cells and potentially via recombineering (Smith and Enquist, 2000), opens up the possibility
of addressing some of these limitations by further modifications of the viral genome (for
genome sequences see (Szpara et al., 2010)). This includes introducing modifications
designed to mitigate viral toxicity (Lilley et al., 2001) and restrict transfer to monosynaptic
targets (Wickersham et al., 2007). Most importantly, if the problem of neurotoxicity can be
solved, it would allow powerful applications of the method to anterograde trans-neuronal
delivery not only of marker genes, but of effectors for manipulation of neuronal activity as
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well (Luo et al., 2008). Such an application would permit a truly systematic functional
dissection of specific neural circuits.

NIH-PA Author Manuscript

EXPERIMENTAL PROCEDURES
Viruses, Plasmids and Generation of H129ΔTK-TT
The H129 strain of HSV-1, a gift from Dr, Lynn W. Enquist, Princeton University), was
propagated on Vero cells (ATCC, Manassas, VA) in Eagle’s minimal essential medium
(EMEM with L-Glutamine) containing 10% fetal bovine serum (FBS) and antibiotics. All
viral work was conducted under protocols approved by the Caltech Institute Biological
Safety Committee (IBC). To generate the H129ΔTK-TT recombinant virus, a gene targeting
construct that contained a CAG promoter-driven loxPSTOPloxP-tdTomato-2A-codonmodified HTK(cmHTK) cassette, flanked by 5’ and 3’ homology arms of HTK sequences,
was co-transfected into HEK293T cells together with native H129 genomic DNA.
Recombinant H129 viruses were identified by selection for growth in the presence of
acyclovir, which kills cells expressing HTK. Further methodological details are provided in
Supplemental Experimental Procedures.
Mice, Viral Injections and Immunohistochemistry
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All animal experiments were conducted under protocols approved by the Caltech
Institutional Animal Care and Use Committee (IACUC). Two to three-month-old OMP-Cre
(gift from Joseph A. Gogos), PCP2/L7-Cre (The Jackson Laboratory, Bar Harbor, ME), or
wild-type C57BL/6 (Charles River Laboratory, Wilmington, MA) mice were used. The
PCP2/L7-Cre transgenic mice carry a co-integrated PCP/L7-GFP transgene. Intranasal
injection of H129ΔTK-TT recombinant virus into OMP-Cre mice was performed by slow
instillation through one nostril in anaesthetized animals. Intra-ocular (vitreal) injection of
virus into anaesthetized PCP2/L7-Cre mice was performed by scleral puncture. Injection of
virus into the cerebellum was carried out under deep anaesthesia using a sterotaxic frame.
Mice were monitored daily for the development of symptoms: mild symptoms included a
slightly hunched back and increased anxiety; more severe symptoms (indicative of more
widespread viral infection) included an ungroomed coat, weight loss, and nasal or lacrimal
excretions. Mice showing such severe symptoms were immediately euthanized by cardiac
perfusion, and brain tissue collected for histological analysis by cryo-sectioning. tdTomato
expression was visualized by native fluorescence, while other markers (NeuN, GFAP, etc.)
were detected by immunohistochemistry. Further details are provided in Supplemental
Experimental Procedures.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Construction and expression properties of HSV-1 strain H129ΔTK-TT
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(A) H129 targeting strategy. Upper, schematic of H129 genome. L, S indicate long and short
fragments, respectively; U and R, unique and inverted (a, b, c, and a’, b’ and c’) repeats,
respectively. Lower, targeting construct (red). (B) Strategy for generating recombinant
H129. (C) Genomic PCR analysis of H129 and H129ΔTK-TT. CAG and pA indicate 3’ and
5’ junction fragments (see (A)). “H” indicates native HTK fragment (see red arrows in A).
(D-E) Infection of Vero cells by H129ΔTK-TT with (D) or without (E) EGFP-Cre
transfection. Related data regarding the infectivity of H129ΔTK-TT virus is shown in
Supplemental Table 2.
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Figure 2. H129ΔTK-TT tracing of cerebellar circuits from Purkinje cells
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(A) Schematic illustrating the cerebellar-Purkinje pathway. Two-way arrows indicate the
olivo-cerebellar tract and cerebello-olivary pathway (Ito, 1984). DCN, deep cerebellar
nucleus; VE, vestibular nucleus; RN, red nucleus; IO, inferior olive; VL, ventral lateral
thalamic nucleus. (B-C) Intracerebellar injection of wild type (B) or PCP2/L7-Cre
transgenic mice (C) with H129ΔTK-TT virus. GFP (C) reports a co-integrated PCP2/L7EGFP transgene. (D-O) Brain structures labeled with H129ΔTK-TT following
recombination in Purkinje cells. DN, dentate nucleus; IP, interposed nucleus; FN, fastigial
nucleus; LVe, lateral vestibular nucleus; MVe, medial vestibular nucleus; SuVe, superior
vestibular nucleus; V4, 4th ventricle. Left panels in (D, G, J, M) are from injected brains
stained for Nissl and native tdT (merged brightfield/fluorescence); right panels are
corresponding sections from Allen Reference Atlas (Dong, 2008). Panels (F, I, L, O) are
higher magnification images of boxed regions in (E, H, K, N), respectively, from the same
or adjacent sections, counter-stained with fluorescent Nissl. Additional labeled areas are
shown in Supplemental Figure 1. (P-R) tdTomato labeling is restricted to neurons in the IO.
(Q, R), double-labeling for tdT and anti-NeuN (Q) or GFAP (R) antibody staining, in
adjacent sections corresponding to the boxed region in (P). Additional data are shown in
Supplemental Figure 2 and Supplemental Table 1.
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Figure 3. H129ΔTK-TT tracing of visual system circuits from rod bipolar cells
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(A) Schematic illustrating visual pathway. (B-I) Retinal sections from PCP2/L7-Cre/GFP
mice. (B) GFP and PKCα mark rod bipolar cells (RBCs; arrow) in uninjected mice. (C)
Retinal tdT expression following intra-vitreal injection of H129ΔTK-TT virus. (D-I) Note
tdT labeling in RBCs (D, arrow), amacrine (E, arrow), and retinal ganglion cells (D, E
arrowheads), but not in photoreceptors (F, arrow) or horizontal cells (G-I, arrow). (J-U)
Central visual relays labeled by H129ΔTK-TT transport. Left panels in (J, M, P, S) illustrate
hemibrains contralateral to injected eye, stained for Nissl and tdT. LGN, lateral geniculate
nucleus; PT, pretectal nucleus; VC, visual cortex; (I-VI), layers of visual cortex (N); SC,
superior collicullus; SuG, superficial gray of SC; Op, optic nerve layer of SC; DpG; deep
gray layer of SC. (S) SCN, suprachiasmatic nucleus; AH, anterior hypothalamus (arrowhead
and arrow, respectively, in (T)). (L, O, R, U) are higher magnification views of the labeled
areas indicated by arrows in (K, N, Q, T), respectively, counter-stained with fluorescent
Nissl. Additional tdT-expressing regions in these mice are shown in Supplemental Figure 3.
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Figure 4. H129ΔTK-TT tracing of main olfactory circuits from ORNs
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(A) Schematic illustrating main olfactory pathway. MOE, Main Olfactory Epithelium;
MOB, Main Olfactory Bulb; Pir, piriform cortex. (B-F) H129ΔTK-TT infected MOE.
Arrows (B-C) indicate labeled ORNs, asterisk olfactory cilia. (D-F) section of MOE doublelabeled for tdT and anti-OMP; arrows indicate double-positive ORN. (G-I) Labeling in the
MOB. (H) higher magnification view of area indicated by arrow in (G). Arrows indicate
mitral cells, arrowheads external plexiform layer in (G, H). Arrowhead in (I) indicates
periglomerular cell. (J-R) tdT labeling of higher order main olfactory relays. AON, anterior
olfactory nucleus (d, m, l, and pv in (J) indicate dorsal, medial, lateral, and posteroventral
parts of AON); Pir, piriform cortex; Insula, insular cortex. Organization of panels as in
Figure 2D-O. Additional labeled brain areas are shown in Supplemental Figure 4.
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Figure 5. H129ΔTK-TT tracing of accessory olfactory circuits

(A) Schematic illustrating VNO system. AOB, accessory olfactory bulb; MeA, medial
amygdala; MPOA, medial preoptic area; BST, bed nucleus of the stria terminalis. (B-C)
H129ΔTK-TT infected VNO. Arrow (C) indicates labeled olfactory receptor neuron,
asterisk olfactory microvilli. (D-O) tdT labeling of higher order accessory olfactory relays.
Arrowhead (E) indicates anterior olfactory nuclei. Organization of panels (D-O) as in Fig.
3(J-U).
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Figure 6. Comparisons of selected brain structures labeled by H129ΔTK-TT in the visual,
olfactory, and cerebellar pathways
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Medial-sagittal and lateral-sagittal plates and labeled structures are from the Franklin and
Paxinos Atlas (Franklin and Paxinos, 2008). Red circles mark tdT-labeled structures on the
indicated saggital planes; green and blue circles mark tdT-labeled structures on adjacent
medial and lateral planes, respectively. Related data are shown in Supplemental Figure 5 and
Supplemental Table 3.
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