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Abstract

Background—A central problem in neuroscience is elucidating synaptic connections, the
connectome. Because mammalian forebrains contain many neurons, labeling specific neurons with
unique tags is desirable. A novel technology, Brainbow, creates hundreds of hues by
combinatorial expression of multiple fluorescent proteins (FPs).

New method—We labeled small numbers of neurons, and their axons, with unique hues, by
expressing Brainbow from a helper virus-free Herpes Simplex Virus (HSV-1) vector.

Results—The vector expresses a Brainbow cassette containing four FPs from a glutamatergic-
specific promoter. Packaging HSV-brainbow produced arrays of seven to eight Brainbow
cassettes, and using Cre, each FP gene was in a position to be expressed, in different cassettes.
Delivery into rat postrhinal (POR) cortex or hippocampus labeled small numbers of neurons with
different, often unique, hues. An area innervated by POR cortex, perirhinal (PER) cortex,
contained axons with different hues. Specific axons in PER cortex were matched to specific cell
bodies in POR cortex, using hue.

Comparison with existing methods—HSV-Brainbow is the only technology for labeling
small numbers of neurons with unique hues. In Brainbow mice, many neurons contain the same
hue. Brainbow-adeno-associated virus vectors require transduction of the same neuron with
multiple vector particles, confounding neuroanatomical studies. Replication-competent Brainbow-
pseudorabies virus vectors label multiple neurons with the same hue.

Conclusions—Aittractive properties of HSV-Brainbow include each vector particle contains
multiple cassettes, representing numerous hues, recombination products are stabile, and
experimental control of the number of labeled neurons. Labeling neurons with unique hues will
benefit mapping forebrain circuits.
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1. Introduction

Nervous system functions, ranging from physiological homeostasis to advanced cognitive
tasks, are encoded in specific neuronal circuits, composed of specific neurons and synapses.
Thus, elucidating all the synaptic connections in a specific nervous system, the connectome,
is a central problem in neuroscience, and a challenging task, due to the large numbers of
neurons and synapses in a nervous system. Nonetheless, some remarkable progress has been
made. The entire connectome for the nematode C. elegans was determined by electron
microscopy (White et al., 1986). C. elegans contains a relatively small number, ~300,
neurons; in contrast, mammalian nervous systems, and especially the mammalian forebrain,
are considerably more complex. The mouse forebrain contains 103 to 104 types of neurons
(Sugino et al., 2006), a single rat neocortical column contains ~7,500 neurons (Peters and
Jones, 1984), and human neocortex contains ~10° synapses per cubic mm (Alonso-
Nanclares et al., 2008). Of note, specific projections in mammalian nervous systems have
been mapped using a wide range of techniques (Luo et al., 2008; Zaborszky et al., 2006),
including electron microscopy, classical anterograde and retrograde tracers, genetic tracers
(Lo and Anderson, 2011), genetic synaptic markers (Feinberg et al., 2008), and viruses
(Ekstrand et al., 2008). Specific circuits have been mapped, such as the connections between
the different primate neocortical areas that process visual information (Felleman and Van
Essen, 1991). However, efficient, high-resolution mapping of forebrain circuits, at the level
of individual neurons and axons, remains a challenge.

One challenge for track tracing technologies is to uniquely label individual neurons. Many
track tracing technologies label multiple neurons with the same tag, and obtain resolution
from serial section reconstruction and process tracing. These technologies range from Golgi
staining, as pioneered by Cajal, to specific genetic track tracers, such as expression of a
single fluorescent protein (FP). Specific modifications to these techniques support labeling
neurons with several different tags, such as several fluorescent dyes or two FPs; these
approaches are advantageous for many studies, but, nonetheless, label multiple neurons with
the same tag. Recently, a powerful new technology, Brainbow, was developed that creates
hundreds of hues by combinatorial expression of different FPs (Livet et al., 2007); a
Brainbow cassette contains two to four different FPs, Cre-mediated recombination
probabilistically determines which FP is expressed, and an array of Brainbow cassettes
results in expression of one specific combination of FPs, from hundreds of potential
combinations, or hues. Nonetheless, in Brainbow transgenic mice (Livet et al., 2007),
multiple neurons are labeled with the same hue, because the number of labeled neurons far
exceeds the number of hues produced by Brainbow; this issue exists even with advantageous
Brainbow array integration site, Cre-driver mouse line, and Brainbow promoter. Thus, in
Brainbow mice, serial section reconstruction and individual axon tracing would be required
to map the projections of individual neurons. To address these issues, mice with Brainbow
recombination limited to a specific neuron type might be advantageous; Brainbow mice with
serotonergic-specific Cre-expression have been reported (Weber et al., 2009), but analogous
approaches in the forebrain will likely label large numbers of neurons, resulting in a
challenging axon mapping problem. Further, a number of second-generation Brainbow
constructs in transgenic mice have been explored to increase expression levels, and better
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control Cre-mediated recombination; nonetheless, the use of Brainbow mice for mapping
forebrain circuits remains problematic (Cai et al., 2013).

Neurons might be labeled with unique hues by expressing Brainbow in a limited number of
neurons, using a virus vector. However, as a single Brainbow cassette is several kb, an array
of five to ten Brainbow cassettes will challenge, or exceed, the capacity of a number of virus
vectors. Moreover, a procedure is required to obtain Cre-mediated recombination of
Brainbow in the chosen virus vector. Adeno-associated virus (AAV) vectors that express
Brainbow require multiple infections of the same cell to generate a modest number of colors,
color spectrum varies with distance from the injection site, and this system appears difficult
to use for neuroanatomical applications (Cai et al., 2013). Another approach obtained
multiple hues by coinfecting cells with multiple viruses that each express a single, but
different, FP: A replication-competent pseudorabies virus (PRV) vector containing a single
Brainbow cassette, propagated in the presence of Cre, supports production of progeny virus
that express different FPs, and coinfection of the same cell by multiple progeny viruses
produces different hues (Kobiler et al., 2010). Further, this approach has been used in
transneuronal mapping studies (Card et al., 2011). Nonetheless, this approach labels multiple
neurons with the same hue, due to use of a replication-competent vector that labels many
neurons. Further, PRV vectors that coexpress membrane-bound and soluble FPs have been
used to determine the sequence of connections in a circuit (Boldogkoi et al., 2009). This
approach is useful for transneuronal mapping studies, but expression of the FPs is
predetermined rather than probabilistic, so the number of hues is limited, and these
replication-competent vectors label many neurons with the same hue.

Helper virus-free Herpes Simplex Virus (HSV-1) plasmid (amplicon) vectors (Fraefel et al.,
1996; Geller and Breakefield, 1988) have attractive properties for supporting Brainbow
expression in small numbers of neurons, thus labeling specific neurons with unique hues. As
these vectors are replication-defective, the number of transduced neurons can be
experimentally controlled, via the titer of the inoculum. Importantly, the molecular biology
of HSV-1 DNA replication and packaging provides a convenient method to produce an array
of Brainbow cassettes: HSV-1 DNA replication is biphasic; first, the input DNA molecules
are replicated, and, second, rolling circle replication produces concatamers (Roizman and
Sears, 1993). With helper virus-free packaging of HSV-1 vectors, an HSV-1 genome-sized
(~152 kb) array of concatamers is packaged into HSV-1 particles (Fraefel et al., 1996). For
example, using an ~20 kb vector, seven or eight concatamers are packaged into a single
HSV-1 particle. Thus, a single infection event could label neurons with a wide range of
hues. Moreover, Brainbow recombination might be supported during vector packaging; Cre-
mediated recombination can occur during HSV-1 vector replication and packaging
(Logvinoff and Epstein, 2001). Thus, as Cre can be present only during packaging, and can
be absent from the mammalian brain, the specific Brainbow configuration produced during
packaging will be stable thereafter.

Here we describe labeling small numbers of forebrain neurons, and their distant axons, with
unique hues, by expressing a Brainbow array from a HSV-1 vector. A Brainbow cassette,
containing four axon-targeted FPs, was placed under the control of a glutamatergic neuron
subtype-specific promoter (Rasmussen et al., 2007; Zhang and Geller, 2010), and inserted
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into a HSV-1 vector. Packaging this vector produced arrays of Brainbow, and, following
packaging in the presence of Cre, each of the four FP genes was in a position to be
expressed, in different Brainbow cassettes. Injection of a vector stock into rat postrhinal
(POR) cortex or hippocampus labeled small numbers of neurons in each area with different,
and often unique, hues. Further, in an area that receives a large projection from POR cortex,
perirhinal (PER) cortex (Agster and Burwell, 2009; Burwell and Amaral, 1998), specific
axons were labeled with different hues. Specific axons in PER cortex could be matched to
specific neuronal cell bodies in POR cortex, based on hue. As detailed in the discussion, the
primary advantage of HSV-Brainbow is the unique capability to label individual neurons
with unique hues; in contrast, Brainbow transgenic mice or replication-competent Brainbow-
PRV vectors label multiple neurons with the same hue.

2. Methods

2.1. Materials

Restriction endonucleases and DNA modifying enzymes were from New England Biolabs.
DNAs, including PCR primers, were synthesized by Genscript. CMV-Cre, pBS185, was
obtained from Addgene. 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 Lipofectamine® was from Life Technologies.
Vectashield was from Vector Laboratories.

2.2. Plasmids and HSV-1 vectors

Each FP gene/transcription unit contained a Kozak consensus translation start sequence
(Kozak, 1987) followed by an axon-targeting sequence (the 22 N-terminal amino acids from
GAP-43 (Liu et al., 1994)) fused to a specific FP gene, and a specific polyadenylation site.
The Brainbow cassette (Fig. 1A) contained Asc |, a 6 bp spacer, Pme |, LoxP (inverted
orientation, no ATG), emerald green FP (EmGFP)/mouse a-globin polyadenylation
sequence, Clal, Sac Il, mOrange2/bovine growth hormone polyadenylation sequence (non-
coding complementary strand, inverted), Nhe |, LoxP (standard orientation), 10 bp spacer,
LoxP (inverted orientation), Spe |, LSSmKate2/human B-globin polyadenylation sequence,
Xho I, Bgl 11, enhanced blue FP-2 (EBFP2)/SV40 early region polyadenylation sequence
(non-coding complementary strand, inverted), LoxP (standard orientation), ShaB I, a 6 bp
spacer, and Pac I. The Brainbow cassette was synthesized (Genscript) as four fragments,
each in pUC57, and then assembled. The first fragment contained the Brainbow backbone,
the EmGFP/mouse a-globin polyadenylation sequence, and an initial red FP gene (TagRFP-
T/human B-globin polyadenylation sequence); the second fragment contained mOrange2/
bovine growth hormone polyadenylation sequence; the third fragment contained EBFP2/
SV40 early region polyadenylation sequence; and the fourth fragment contained
LSSmKate2/human B-globin polyadenylation sequence. The mOrange2/bovine growth
hormone polyadenylation sequence fragment and the EBFP2/SV40 early region
polyadenylation sequence fragment were sequentially inserted into the Brainbow backbone/
EmGFP/TagRFP-T construct using the indicated flanking sites (listed above); the initial RFP
(TagRFP-T) was excised and the LSSmKate2/human p-globin polyadenylation sequence
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was inserted to yield the Brainbow cassette. The DNA sequence of this Brainbow cassette is
in Supporting Fig. S1.

pVGLUT1linker contains the mouse VGLUT1 promoter and first intron (7 kb and 4.6 kb
fragments, respectively) (Rasmussen et al., 2007; Zhang et al., 2012). pVGLUT 1linker was
digested with Asc | and Pac |, the Brainbow cassette was excised from pUC57 using the
same enzymes, and the Brainbow cassette was inserted into pVGLUT1linker to yield
pVGLUT1brainbow.

2.3. Brainbow recombination assay

Recombination was assayed by PCR; the 5’ primer was 5’
GAGTCTTTGCTTCTCGCTTCCCTGC 3’ (proximal to the 3’ end of the VGLUT1
promoter, sense); and the 3’ primers were 5 CAGAAGGCAGCTTAACGGTACTTGG ¥
(from the mouse a-globin polyadenylation sequence, antisense; amplifies the EmGFP gene);
5 ATGGCTGGCAACTAGAAGGCACAGC 3’ (from the bovine growth hormone
polyadenylation sequence, antisense; amplifies the mOrange2 gene); 5/
TAGGCAGAATCCAGATGCTCAAGGC 3 (from the human B-globin polyadenylation
sequence, antisense; amplifies the LSSmKate2 gene); and 5’
AGAAAGCAGACCAAACAGCGGTTGG 3 (from the SV40 early region polyadenylation
sequence, antisense; amplifies the EBFP2 gene).

2.4. Cells and vector packaging

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). A CMV-Cre
plasmid was added to specific packaging procedures (70 ng CMV-Cre (pBS185, Addgene)
per 0.4 ug pVGLUT 1brainbow; excess CMV-Cre inhibits packaging). Vector stocks were
purified and concentrated as described (Fraefel et al., 1996; Sun et al., 1999). Purified
vectors were titered on BHK cells by counting GFP positive cells at 24 hours post-
transduction; for three vector stocks prepared in the presence of Cre, and used for
experiments in the rat brain, the titers were 1.0 to 1.5 x 108 infectious vector particles
(IVP)/ml, as measured in the EmGFP channel (see below). To optimize the packaging and
recombination procedures, over ten vector stocks were examined, and exhibited similar
titers. Wild-type HSV-1 was not detected (<10 plaque forming units/ml) in any of these
vector stocks.

2.5. Stereotactic injections of vector stocks into rat POR cortex

The Seton Hall University Institutional Animal Care and Use Committee (IACUC) and the
VA Boston Healthcare System IACUC approved all the animal procedures. Adult male
Sprague-Dawley rats (250-300 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. Each rat received one
injection of a pVGLUT lbrainbow vector stock into either POR cortex or hippocampus. The
injection coordinates in POR cortex were anterior-posterior (AP) —8.0, medial-lateral (ML)
+6.0, dorsal-ventral (DV) —5.2 (Paxinos and Watson, 1986). The injection coordinates in the
dentate area of the hippocampus were AP -3.3, ML +2.0, DV -3.5. AP is measured relative

J Neurosci Methods. Author manuscript; available in PMC 2016 January 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 6

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 at each site over 5 minutes, and after 5 additional minutes, the needle was
slowly retracted.

2.6. Section preparation

Brains were perfused with 50 ml phosphate buffered saline (PBS) followed by 200 ml of 4
% paraformaldehyde in PBS, postfixed in 4 % paraformaldehyde in PBS (4 hr, 4 °C),
cryoprotected in 25 % sucrose in PBS (2 days, 4 °C) (Zhang et al., 2000), and 25 um coronal
sections were prepared using a freezing microtome. In POR cortex or hippocampus, sections
were prepared proximal to the injection site. In PER cortex, sections were prepared from
regions that receive projections from neurons proximal to the injection site, as previously
determined (Zhang et al., 2010b). Sections were mounted in Vectashield and stored at —20
°C before imaging (Livet et al., 2007).

2.7. Microscopy

The excitation excitation/absorption and emission spectra have been published for
LSSmKate2 (Piatkevich et al., 2010), mOrange2 (Shaner et al., 2008), EmGFP (Tsien,
1998), and EBFP2 (Ai et al., 2007). The maximum efficiency wavelengths for excitation and
emission for each FP are in Table 1.

Imaging was performed on two different microscopes, with similar results (one microscope
was located at Harvard Medical School, and as the laboratory relocated during this study,
the second microscope was located at Rutgers Medical School). First, a Zeiss LSM 510
confocal microscope: All images were obtained using a Plan-Apochromat 63x/1.4 oil
objective (Zeiss) and with the same settings. Four sets of excitation and emission conditions
were used; each condition is specific for one of the four FPs in pVGLUT 1brainbow. The
458 nm Argon laser line was used for imaging LSSmKate2 with emission bandpath set as
LongPass 560 nm; the 543 nm HeNe laser line was used for imaging mOrange2 with
emission bandpath set as 565-615 nm; the 488 nm Argon laser line was used for imaging
EmGFP with emission bandpath set as 500-550 nm; a pulse laser line set at 740 nm
(Coherent Chameleon) was used for imaging EBFP2 with emission bandpath set as 390-465
nm. Second, imaging was performed on a Nikon Alr spectral confocal microscope: All
images were obtained with the same settings, and all high power images were obtained using
a Nikon Plan-Apochromat 60x/1.4 oil objective. Again, four sets of excitation and emission
conditions were used, and each condition is specific for one of the four FPs in
pVGLUT1brainbow. The 488 nm Argon ion laser line was used to excite both LSSmKate2
and EmGFP, the 561 laser line was used to excite mOrange2, and the 405 laser was used to
excite EBFP2. To detect the fluorescence emission, the following band pass filters were
prepared using the spectral detector of the Alr confocal microscope: 626-696 nm for
LSSmKate2, 576-626 nm for mOrange2, 506-556 nm for EmMGFP, and 426-476 nm for
EBFP2. The settings used with each microscope were designed to match each FP’s
excitation and emission spectra and minimize cross-talk effects.
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2.8. Image processing

Images were obtained in imageJ, and converted to .tif files for each channel, for a specific
image. These .tif files were imported into Photoshop, converted to RGB 8 bit format,
uniformly adjusted for levels, brightness, contrast, dust and scratches, and gamma, assigned
colors, and then merged.

2.9. Relative color levels and matching axons to cell bodies

To quantify the levels of each channel in a cell body or axon, we wrote a macro in ImagelJ in
which the user draws a contour around a cell body or axon, and the program then calculates
the average intensity within the contour for each channel. These data were used to calculate
the relative fraction of each channel compared to sum of all four channels, for each cell body
and axon.

We developed a metric to calculate the distance between a specific axon and a specific cell
body. For each color (channel), the differences between the axon and cell body were
calculated and squared (for example, [Baxon 5 = Beell body 36]2), and these four values were
summed. This sum is the metric for the color distance.

This is an empirical method for quantifying the hue and matching cell bodies to axons based
on hue. We did not attempt to correlate the observed hues to the predicted hues based on
vector structure, as hue distribution is likely determined by a number of parameters, in
addition to the genetically encoded hues. Other variables that affect the hue distribution
include the relative stabilities of the different FPs in different neuron types, and the
penetrance of different light frequencies through the section.

3. Results

3.1. Construction of a HSV-1 vector that expresses brainbow

We designed a new Brainbow cassette that followed the Brainbow-2.1 model (Livet et al.,
2007), but contained current FP genes (Fig. 1A). We chose four monomeric FPs with readily
separable excitation and emission spectra, and favorable protein stabilities and fluorescent-
quantum properties. For red, orange, green, or blue FPs, we used LSSmKate2 (Piatkevich et
al., 2010), mOrange2 (Shaner et al., 2008), EmGFP (Tsien, 1998), or EBFP2 (Ai et al.,
2007), respectively. To target each FP to axons, we fused the axon-targeting domain from
GAP-43 (Liu et al., 1994) to the N-terminus of each FP. Each FP gene was followed by an
efficient polyadenylation sequence; to facilitate selective detection of each FP gene by PCR,
a different polyadenylation sequence followed each FP gene. In this Brainbow design, each
of the four FPs can be placed in a position to be expressed by either inversions alone (Fig.
1B) or a deletion followed by an inversion (Fig. 1C). If Cre-mediated recombination occurs
at a significant level, then the probabilities for expression of each FP are likely to be similar.

This Brainbow cassette was inserted into a HSV-1 vector that contains the vesicular
glutamate transporter-1 (VGLUT1) promoter and a standard vector backbone, yielding
pVGLUT1brainbow (Fig. 2A). The VGLUT1 promoter, in HSV-1 vectors, restricts
expression to VGLUT1-containing glutamatergic neurons in the rat forebrain (Rasmussen et
al., 2007; Zhang and Geller, 2010); VGLUT1-containing glutamatergic neurons are the
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predominate type of glutamatergic neuron in the neocortex and hippocampus (Fremeau et
al., 2004).

3.2. Packaging pVGLUT1brainbow into HSV-1 particles, with Cre-mediated recombination

pVGLUT1brainbow was packaged into HSV-1 particles, using our standard helper-virus
free packaging system (Fraefel et al., 1996; Sun et al., 1999), without or with the addition of
a plasmid that expresses Cre. The rolling circle phase of HSV-1 DNA replication produces
concatamers (Roizman and Sears, 1993) (Fig. 2B), and with HSV-1 plasmid vectors, a
HSV-1 genome-sized array of concatamers is packaged into HSV-1 particles, as shown by
pulse field gel electrophoresis and Southern analysis (Fraefel et al., 1996). The HSV-1
genome is ~152 kb, and pVGLUT 1brainbow is ~20 kb; thus, 7 or 8 concatamers of
pVGLUT1brainbow should be packaged into each HSV-1 vector particle. With vector
packaging in the absence of Cre, we expected that only the initial configuration of Brainbow
(Fig. 1A) would be produced and packaged into HSV-1 particles; only EmGFP would be in
a position to be expressed from the VGLUT1 promoter. Importantly, Cre-mediated
recombination can occur during HSV-1 vector replication and packaging (Logvinoff and
Epstein, 2001). Thus, with vector packaging in the presence of Cre, we expected that Cre-
mediated recombination would position each of the four FP genes in pVGLUT1brainbow in
a position to be expressed from the VGLUT1 promoter (Fig. 1B and C), in different
Brainbow cassettes.

We identified the FP gene or genes proximal to the VGLUT1 promoter in different
Brainbow cassettes, either without or with Cre-mediated recombination. We performed PCR
on DNA isolated from either E. coli or from vector stocks prepared without or with Cre
expression. The 5" PCR primer was located at the 3’ end of the VGLUT1 promoter, and each
of four 3’ primers were located in each of the four polyadenylation sequences at the 3’ end of
each FP gene (Fig. 1A). Thus, in a specific Brainbow cassette, PCR will amplify only the FP
gene proximal to the VGLUT1 promoter, and in a position to be expressed from this
promoter. The results showed that using DNA isolated from either E. coli or from a vector
stock prepared in the absence of Cre, only the EmGFP gene was detected by PCR (Fig. 3A);
only this FP gene was in a position to be expressed from the VGLUT1 promoter. In contrast,
using a vector stock prepared in the presence of Cre, each of the four FP genes was detected
by PCR (Fig. 3A); thus, in different Brainbow cassettes, each FP gene was in a position to
be expressed from the VGLUT1 promoter. This is a semi-quantitative assay, and the
different intensities of the four bands should be interpreted cautiously (see discussion).

pVGLUT1brainbow is likely to support expression of 100 to 200 hues, similar to that
observed in Brainbow mice (Livet et al., 2007). The theoretical maximum hue number for a
Brainbow array is given by the formula for sampling with replacement independent of order
(DeGroot and Schervish, 2002), the binomial (b+f-1, b); b=sampling number, or the number
of Brainbow cassettes in the array, f=number of sample choices, or the number of FP genes
in a Brainbow cassette; or (b+3, b) for pVGLUT1brainbow. pVGLUT1brainbow is likely to
be packaged as arrays of 7 or 8 Brainbow, resulting in theoretical maxima of 120 or 165
hues, respectively. Similarly, a well-studied Brainbow mouse contained 8 arrays and
supported expression of 89 to 166 hues (Livet et al., 2007).
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3.3. pVGLUT1brainbow labels cultured fibroblast cells with different hues

The four FPs contained in pVGLUT 1brainbow; LSSmKate2 (Piatkevich et al., 2010),
mOrange2 (Shaner et al., 2008); EmGFP (Tsien, 1998), and EBFP2 (Ai et al., 2007); were
chosen because they have well-separated excitation/absorption and emission maxima (Table
1), enabling each FP to be selectively detected in the presence of the other three FPs, by
using four different excitation and emission conditions, or channels, as detailed in the
methods. In particular, LSSmKate?2 is advantageous for spectral separation from mOrange2
because it is excited by green light and emits red light (Table 1 and cited references).
Further, each of the other three FPs have excitation and emission spectra that are non-
overlapping.

Cultured fibroblast cells were transduced with a pVGLUT 1brainbow vector stock prepared
in the presence of Cre, and one day later fixed. Expression from the VGLUT1 promoter in
fibroblast cells represents ectopic expression that declines rapidly at longer times after gene
transfer (Rasmussen et al., 2007; Zhang and Geller, 2010). HSV-1 DNA in a virus (or
vector) particle is in a condensed state and lacks nucleosomes (Roizman and Sears, 1993).
Thus, immediately following infection, HSV-1 virus or vector DNA is not coated with
nucleosomes (Muggeridge and Fraser, 1986), which may facilitate ectopic expression from
the VGLUT1 promoter (or other promoters). Over time, HSV-1 DNA is coated with
nucleosomes, and latent HSV-1 virus DNA contains nucleosomes (Deshmane and Fraser,
1989), enabling regulated expression from specific promoters. Expression of each FP was
analyzed using confocal microscopy. The results revealed that different fibroblast cells
contained different hues, and these hues usually represented expression of multiple FPs (Fig.
3B). Specifically, in this photomicrograph, one cell is yellow (left side), and another cell is
greenish-blue (right bottom). Over ten vector stocks supported similar hue distributions in
this assay.

3.4. pVGLUT1brainbow labels neurons in the rat forebrain, and their axons, with different

hues

pVGLUT1brainbow vector stocks prepared in the presence of Cre were injected into POR
cortex (one injection site) in the left hemisphere of six rats, the rats were sacrificed at 4 or 8
days after gene transfer, and expression was analyzed. Using these gene transfer conditions
and a vector containing a neuron-specific promoter, POR cortex contains the vast majority
of the transduced cells, which are spatially grouped together, located mostly in the deeper
layers of neocortex, and are neurons, as established by costaining for recombinant gene
products and a neuronal marker (Zhang et al., 2005). Further, cell counts showed that POR
cortex contained ~300 transduced cells, but only low numbers of transduced cells (1-4 3-
galactosidase (B-gal)-immunoreactivity (IR) cells) were observed in specific neocortical
areas with large projections to POR cortex, including PER cortex (Zhang et al., 2005).
Further, using these gene transfer conditions, the VGLUTL1 promoter in a HSV-1 vector
supports >90 % specific expression in glutaminergic neurons (costaining for $-gal-IR and
phosphate-activated glutaminase (PAG)-IR, a glutamatergic neuron marker), and the
VGLUT1 promoter supports >90 specific expression in VGLUT1-containing neurons
(costaining for f-gal-IR and VGLUT1-IR) (Rasmussen et al., 2007; Zhang and Geller,
2010).

J Neurosci Methods. Author manuscript; available in PMC 2016 January 30.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

The results showed that specific neurons in POR cortex were labeled with different hues,
and these hues usually represented expression of multiple FPs. A low power view using
brightfield illumination shows a section containing POR cortex (Fig. 4A), and a low power
view of this section using the four channels designed to detect expression of each FP
revealed several tens of labeled neurons in POR cortex (Fig. 4B). Under high power, a
confocal stack of some of these neurons revealed cell bodies labeled with different hues, and
short segments of axons that were also labeled with different hues (Fig. 4C). Further, two
other sections contained cell bodies labeled with different hues, and some of these cell
bodies also contained labeling in proximal processes (Fig. 4D and E); also, short segments
of axons not connected to a cell body were labeled with different hues. The fluorescent
signal in these sections is restricted to small numbers of well-separated neurons, and thus is
not background auto-fluorescence from most or all of the cells in the sections. Specific cell
bodies or axons were labeled blue, green, orange, yellow, pink, or red, or different shades of
each hue. Most of these hues represent expression of multiple FPs. The signal exhibits a
range in intensity; some neurons are entirely filled, and some neurons exhibit signal
primarily proximal to the membrane, due to the axon/membrane-targeting domain (Liu et
al., 1994) fused to each FP. This range in signal intensity is similar to that observed using a
HSV-1 vector that expresses a single axon-targeted gene, an axon-targeted $-gal, from the
VGLUT1 promoter (Zhang et al., 2010b). Further, the inserts in Fig. 4C—E show that
specific labeled neurons exhibit normal morphology, consistent with the known properties
of this vector system to produce minimal cytopathic effects and inflammatory response
(Fraefel et al., 1996; Olschowka et al., 2003).

Next, we analyzed expression in axons in PER cortex, as PER cortex receives a large
projection from POR cortex (Agster and Burwell, 2009; Burwell and Amaral, 1998). Of
note, using these gene transfer conditions, many of the transduced neurons in POR cortex
project to PER cortex, as shown by expressing an axon-targeted p-gal from the VGLUT1
promoter, and the 8 day survival time used for this rat is sufficient to label axons in distant
neocortical areas (Zhang et al., 2010b). Importantly, using pVGLUT 1brainbow, a confocal
stack from a region of PER cortex that is innervated by the transduced neurons revealed
axons were labeled with different hues (Fig. 4F), including one extended axon and a number
of other axons in cross section. As detailed above, using these gene transfer conditions, the
vast majority of the transduced neurons are in POR cortex; PER cortex contains =1 % of the
number of transduced cell bodies as POR cortex (Zhang et al., 2005). Thus, after injecting
pVGLUT1brainbow into POR cortex, the Brainbow-expressing axons in PER cortex likely
represent the axons of transduced neurons in POR cortex.

Next, to show that HSV-Brainbow can label neurons in another forebrain area,
pVGLUT1brainbow vector stocks prepared in the presence of Cre were injected into the
dentate gyrus of the hippocampus (one injection site) in the left hemisphere of three rats, the
rats were sacrificed at 4 days after gene transfer, and expression was analyzed. Using these
gene transfer conditions and a vector containing a neuron-specific promoter, neurons in the
granule cell layer and the hilar region are transduced (Zhang et al., 2009). A low power view
under brightfield illumination shows a section containing the hippocampus and proximal
areas (Fig. 5A), and a low power view of this section using four channels to detect each FP
revealed labeled neurons in the dentate gyrus (Fig. 5B). Under medium power (Fig. 5C), or
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high power (Fig. 5D), confocal stacks of some of these neurons revealed cell bodies labeled
with different hues, and some of these cell bodies also contained proximal processes; also,
short segments of axons that were not attached to a cell body were labeled with different
hues. These cell bodies were located in either the granule cell layer or the hilar region.
Further, two other sections contained cell bodies labeled with different hues, and some of
these cell bodies also contained labeling in proximal processes (Fig. 5E and F); again, short
segments of axons not connected to a cell body were labeled with different hues. One
neuron in the granule cell layer, labeled with a blue hue, contains a proximal axon that
extends for ~50 pm (Fig. 5E, left side). As in POR cortex, the labeling is restricted to small
numbers of well-separated neurons, and is not background auto-fluorescence. Again,
specific cell bodies or axons were predominately blue, green, orange, yellow, pink, or red, or
different shades of each hue, representing expression of multiple FPs. Some neurons were
entirely filled, and other neurons were labeled primarily proximal to the membrane, due to
the axon/membrane-targeting domain (Liu et al., 1994) fused to each FP; this range in signal
intensity is similar to that supported by a HSV-1 vector that expresses a single axon-targeted
gene (Zhang et al., 2010b). Further, the inserts in Fig. 5D and E show that specific labeled
neurons exhibit normal morphology; this vector system to produces minimal cytopathic
effects and inflammatory response (Fraefel et al., 1996; Olschowka et al., 2003), consistent
with the normal neuronal morphology.

3.5. Specific axons can be matched to specific neuronal cell bodies, based on hue

We quantified the relative hue distributions in specific neuronal cell bodies in POR cortex
and specific axons in PER cortex. Using a macro in imageJ, we drew a contour around a
specific cell body or axon, and the macro determined the average density within the contour,
in each of the four channels.

We quantified the hue, or channel, distributions for 167 neuronal cell bodies in serial
coronal sections that contained the injection site and proximal regions from a rat sacrificed
at 8 days after gene transfer. This analysis captured most of the transduced neurons, as these
sections contained most of the transduced neurons. The results showed that the chosen laser
intensities excited the four FPs to approximately equal levels, as shown by the similar
average intensities (Table 1). More importantly, for the different cell bodies, each channel
exhibited a range in the intensity relative to the other channels, indicating that different cell
bodies were labeled with different hues. The four channels exhibited a 1.6- to 3.3-fold range,
and up to a 5.9-fold range with inclusion of a small number of outlier cell bodies. The blue
channel exhibited a modestly larger range than the other three channels. This larger range
may reflect a larger range in stability of this FP compared to the other three FPs in different
neuron types, and/or a larger range in blue light transmission through the section, or other
issues. Thus, a graph of the four channels for the 167 cell bodies was arranged based on the
signal in the blue channel (Fig. 6). Examination of the relative intensities of the four
channels for these cell bodies showed that many cell bodies had unique channel
distributions, or unique hues, and some cell bodies exhibited similar distributions to other
cell bodies.
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Next, we determined the hue, or channel, distributions for 17 axons in PER cortex (Fig. 7),
found in four proximal 25 pm sections. These 17 axons showed a range of hue distributions.
Of note, specific subsets of these 17 axons showed similar hue distributions, and may
represent axon collaterals from the same neuron.

We used the color, or channel, distributions to match specific axons in PER cortex to
specific neuronal cell bodies in POR cortex. For each axon and each cell body, for each
color (channel), the differences between a specific axon and a specific cell body were
calculated and squared (for example, [Baxon 5 = Beell body 36]9), and these four values were
summed. This sum was used as the metric for the color distance between a specific axon and
a specific cell body. For each of the 17 axons, the color distance to each of the 167 cell
bodies was calculated. The results showed that specific axons could be matched to a specific
cell body; there was a several fold difference between the best match and the second-best
match (Table 2). However, some specific axons showed similar color matches to more than
one cell body, suggesting that transducing 2-3 fold fewer neurons than the 167 transduced
neurons in this rat might benefit this analysis.

4. Discussion

In this study, we establish that mammalian forebrain neurons, and their axons, can be
labeled with unique hues, using a HSV-1 vector that expresses Brainbow. The two critical
properties of Brainbow, arrays and recombination to probabilistically choose the expressed
FP from each Brainbow cassette, were achieved during vector packaging. Following
delivery of HSV-Brainbow vector stock into two forebrain areas, small numbers of neurons,
and their axons, were labeled with differed hues. Some neurons were labeled with unique
hues. Axons in a specific neocortical area could be matched to cell bodies in a distant
neocortical area, based on hue.

Within a specific Brainbow array that was packaged into a specific vector particle, Cre-
mediated recombination likely supported the expression of different FPs from different
Brainbow cassettes. Using this packaging system, we previously showed that concatamers of
a vector, produced during the rolling circle phase of HSV-1 DNA replication (Roizman and
Sears, 1993), are packaged into HSV-1 particles (Fraefel et al., 1996). Here, we used PCR to
show that packaging a HSV-Brainbow vector, in the presence of Cre, supported
recombination; after packaging, each FP was in a position to be expressed, in different
Brainbow cassettes. However, we did not directly show that within one specific Brainbow
array, packaged into a specific HSV-1 particle, different Brainbow cassettes express
different FPs. Of note, if replication occurred after recombination, then adjacent Brainbow
cassettes would express the same FP, and, potentially, all the Brainbow cassettes in a
specific array might express the same FP. Inversely, if recombination occurred after
replication, then adjacent Brainbow cassettes will express different FPs, except for the
probability that recombination results in expression of the same FP from adjacent cassettes.
Previous and current results favor the latter possibility. Cre supports efficient recombination
during HSV-1 replication and packaging; using a HSV-1 helper virus that contained a
packaging site flanked by loxP sites, packaging in the presence of Cre resulted in vector
stocks that contained <0.1 % HSV-1 (Logvinoff and Epstein, 2001): Thus, Cre excised the
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packaging site from >99.9 % of the HSV-1 genomes, suggesting that Cre can support
recombination in most Brainbow cassettes. Further, using pVGLUT 1brainbow, the vast
majority of the transduced neurons were labeled with hues that require expression of
multiple FPs, indicating that recombination occurred within specific Brainbow arrays.
Different HSV-Brainbow vector stocks likely encode similar distributions of hues; as
recombination during packaging is efficient, reaching >99.9 % in one study (Logvinoff and
Epstein, 2001), recombination likely approaches equilibrium for the different potential
recombination products, resulting in different vector stocks encoding similar hue
distributions. Moreover, HSV-Brainbow vector stocks likely encode most of the potential
hues, as recombination likely approaches equilibrium during packaging, and over ten vector
stocks supported similar hue distributions after transduction of fibroblast cells.

HSV-Brainbow produced a large number of hues, as determined by quantifying the hues in
167 neurons in POR cortex, in one rat. A number of variables likely determine hue
distribution, including the hues encoded in a specific HSV-Brainbow after recombination,
the relative stabilities of the different FPs in different neuron types, the penetrance of
different light frequencies through the section, and other variables. Thus, we empirically
quantified and compared hues for different neurons, and we did not attempt to assign
specific observed hues to specific predicted hues based on vector structure. Individual HSV-
Brainbow particles encode a large number of potential hues, and single transduction events
will label neurons with a wide range of hues; a single HSV-Brainbow particle contains
seven or eight arrays of Brainbow, encoding theoretical maxima of 120 or 165 hues,
respectively. In contrast, as AAV-Brainbow or PRV-Brainbow encode small number of hues
(one to four hues), these approaches depend upon transducing the same neurons with
multiple vector particles to generate a larger hue distribution, and hue distribution varies
with distance from injection site (Boldogkoi et al., 2009; Cai et al., 2013; Card et al., 2011;
Kobiler et al., 2010). With HSV-Brainbow, neurons that are proximal to the injection site
likely receive multiple HSV-Brainbow particles, but we did observe a change in hue
distribution with distance from the injection site; this is likely because single HSV-
Brainbow particles encode large numbers of hues, and the hues produced by multiple
transduction of the same neurons are likely similar to at least one of the hues encoded by
single HSV-Brainbow particles. Thus, using HSV-Brainbow, the hue distribution is likely to
display minimal variation with the amount of injected vector, and the percentage of
transduced neurons that contain unique hues can likely be improved by varying the titer of
injected HSV-Brainbow. Of note, in the experiments reported here, specific neurons in POR
cortex were labeled with unique hues, although we did not systematically optimize the
percentage of transduced neurons that contain unique hues by varying the amount of injected
HSV-Brainbow vector stock.

The primary advantage of HSV-Brainbow is the unique capability to label individual
neurons with unique hues. Additional attractive properties of HSV-Brainbow include that a
single vector particle contains a sufficient number of Brainbow cassettes to produce a large
number of hues, the recombination products are stabile, and control of the number of labeled
neurons. In contrast, AAV-Brainbow vectors express only one fluorescent protein from each
vector genome, consequently require multiple infections of the same cell to produce
different hues, and display different classes of hue profiles at different distances from the
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injection site (Cai et al., 2013). Thus, the number of neurons expressing unique, or useful,
hues is difficult to control. Similarly, Brainbow expressed from a replication-competent
PRV vector requires coinfection of the same cell by multiple viruses that each express a
single FP (Kobiler et al., 2010); PRV-Brainbow can support transneuronal mapping studies
(Card et al., 2011), but this approach labels multiple neurons with the same hue, due to use
of a replication-competent vector that transduces many neurons. Brainbow mice label many
more neurons than there are hues, thus requiring serial section reconstructions to trace
axons, and such analyses have been problematic to date, given the large numbers and high
densities of labeled axons (Cai et al., 2013; Livet et al., 2007). While the use of both a cell
type-specific promoter and a regulated Cre to mediate Brainbow recombination may
produce analyzable numbers of labeled neurons in specific midbrain nuclei (Weber et al.,
2009), such approaches are likely to be problematic in the more complex forebrain. Further,
Brainbow mice require stabile Brainbow recombination products, thereby constraining
potential Brainbow designs by requiring irreversible recombination, or temporal regulation
of Cre expression, or other complex solutions (Cai et al., 2013). In contrast, HSV-Brainbow
addresses many of these limitations: HSV-Brainbow produces a useful number of hues from
single HSV-1 vector particles, which contain arrays of seven or eight Brainbow cassettes;
multiple infections of the same neuron by multiple vector particles is not required. Further,
the Brainbow recombination products are stable; HSV-Brainbow recombination occurs
during vector packaging, and Cre is absent from the vector stocks and the transduced
animals. Additionally, specific neurons can be labeled with unique hues by transducing a
predetermined number of neurons; these HSV-1 vectors are replication defective, and the
number of transduced neurons can be controlled by choosing an appropriate amount of
vector to inject into the brain.

The major limitation of the current HSV-Brainbow is that although expression levels are
sufficient to clearly label neurons, different neurons were labeled to different intensities.
Some neurons were filled, whereas other neurons exhibited fluorescence predominately near
the plasma membrane. These levels of labeling are similar to those observed with HSV-1
vectors expressing a single gene from the VGLUT1 promoter (Zhang et al., 2010b). Of note,
higher levels of expression might be obtained by modifying the vector. In particular,
expression levels from the VGLUT1 promoter might be improved. An initial analysis of the
VGLUT1 promoter identified a basal promoter that is not glutamatergic-specific, and
glutamatergic-specific elements, likely enhancers, in both the upstream promoter and first
intron (Zhang et al., 2011). Thus, substitution of the VGLUT1 basal promoter with a strong
basal promoter, and/or use of cancatamers of the glutamatergic-specific upstream elements
might increase expression levels. Also, the four polyadenylation sites used here were all
from non-neuronal genes, and use of polyadenylation site(s) from highly expressed neuronal
genes might be beneficial. Further, a woodchuck hepatitis virus post-transcriptional
regulatory element often increases mMRNA expression levels from specific virus vectors, and
could be explored.

This HSV-Brainbow vector labeled VGLUT1-containing glutamatergic neuron cell bodies
in POR cortex or hippocampus with different hues, and many cell bodies were labeled with
unique hues. Because these HSV-1 vectors are replication defective, the number of
transduced neurons can be selected by adjusting the amount of vector injected into the brain.
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Here, we labeled 167 neurons in POR cortex, and for an array of seven or eight of these
Brainbow cassettes (4 FPs per cassette), the theoretical maximum number of hues is 120 or
165, respectively. Thus, some specific sets of neurons were labeled with the same hue, and
specific hues that are proximal in color space may be difficult to separate using present
methodology. A higher percentage of the transduced neurons might be labeled with unique
hues by reducing the amount of injected vector, thereby transducing fewer neurons.

We matched distant axons in PER cortex to transduced neuronal cell bodies in POR cortex
based on hue. Brainbow hues were previously shown to be stable over considerable
distances in axons (Livet et al., 2007). The four FPs used in the present Brainbow were
efficiently transported into axons; each of these FPs is a monomer (Ai et al., 2007;
Piatkevich et al., 2010; Shaner et al., 2008; Tsien, 1998), facilitating intracellular transport,
and each FP was fused to the axon-targeting domain from GAP-43 (Liu et al., 1994).
Consistent with both previous results and the present Brainbow design, the hue was
relatively uniform in axons we imaged for over 50 pm. To determine the hue for a cell body,
we outlined the entire cell body and determined the average hue within the cell body.
Specific axons could be matched to specific neuronal cell bodies, as reflected by the small
color distance between the axon and cell body, and with confidence, reflected by a 2.5 fold
difference between the best color match and the next-best match. However, some axons
matched well to more than one cell body, reflected by a relatively small fold difference
between the best and the next-best match. As noted above, transduction of fewer neurons
might result in a higher percentage of transduced neurons that contain unique hues, and a
higher percentage of unambiguous matches of specific axons to specific cell bodies.

Mapping forebrain circuits will benefit from the capabilities to label small numbers of
neurons with unique hues, and to match specific axons to distant cell bodies, based on hue.
For example, glutamatergic neurons in POR cortex project to more than ten other
neocortical areas, but the specific areas that receive axon collaterals from the same neurons
remains to be determined (Agster and Burwell, 2009). Of note, the capability to match
specific axons to specific cell bodies based on hue could be used to map multiple axon
collaterals, in multiple neocortical areas, that arise from a single neuron. Additional
specificity for the subtype of neuron that is labeled could be obtained from using specific
neuron-subtype specific promoters to express Brainbow and/or from targeting gene transfer
to specific types of neurons (Cao et al., 2011). Further, postsynaptic neurons could be
identified by either coexpressing a transneuronal marker, such as wheat germ agglutinin
(Zhang et al., 2010b), with Brainbow, or by targeted gene transfer of HSV-1 vectors across
specific synapses (Zhang et al., 2012). Moreover, local circuits might be mapped by
developing HSV-Brainbow that express dendrite-targeted FPs; a dendrite-targeted GFP
(Kameda et al., 2008) has been established in HSV-1 vectors (Zhang et al., 2012). Of note,
the neurons that were studied here are part of circuit that can encode essential information
for specific visual object discriminations (Zhang et al., 2010a); thus, mapping the
projections of these neurons may illuminate visual information processing. In summary, the
capabilities to label neurons with unique hues and determine the projections of these neurons
may benefit elucidating the mammalian connectome, and the physiological functions of
specific circuits.
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Abbreviations

AAV adeno-associated virus

AP anterior-posterior

B-gal jB-galactosidase

DV dorsal-ventral

DMEM Dulbecco’s modified minimal essential medium

EmGFP emerald green FP

EBFP2 enhanced blue FP-2

FBS fetal bovine serum

FPs fluorescent proteins

HSV-1 Herpes Simplex Virus

IR immunoreactivity

IVP infectious vector particles

ML medial-lateral

PER perirhinal

PAG phosphate-activated glutaminase

POR postrhinal

PRV pseudorabies virus

VGLUT1 vesicular glutamate transporter-1
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Highlights

Brainbow creates hundreds of hues by combinatorial expression of fluorescent
proteins

In Brainbow mice, multiple neurons contain the same hue, as many neurons are
labeled

HSV-brainbow labels small numbers of neurons, and their axons, with unique hues

Specific axons can be matched to specific neuronal cell bodies, based on hue
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Fig. 1.
The Brainbow design, and recombination events that can support expression of each FP. (A)

The Brainbow transcription unit, as constructed in E. coli, before Cre-mediated
recombination; the initial order of the FP genes. The Brainbow transcription unit contains
the VGLUTL1 promoter (black segment with arrow), loxP sites (black triangles), and four FP
genes (EmGFP (Tsien, 1998), green; mOrange2 (Shaner et al., 2008), yellow; LSSmKate2
(Piatkevich et al., 2010), red; or EBFP2 (Ai et al., 2007), blue); the orientation of each gene
is indicated by a white arrow; and each gene is followed by a unique polyadenylation site
(Al* to A4™). Cre-mediated recombination between loxP sites in an inverted orientation
leads to inversion, which is reversible; Cre-mediated recombination between IoxP sites in
the same orientation leads to deletion, which is irreversible. (B) Inversions can support
expression of each FP gene. The first line shows the product of an inversion between the
first and second loxP sites. The second line shows the product of an inversion between the
first and fourth loxP sites; and the third line shows the product of a subsequent inversion
between the first and second loxP sites. (C) A deletion followed by an inversion can support
expression of each FP gene. The first line shows the product of a deletion between the
second and fourth loxP sites in the initial orientation; the second line shows the product of a
subsequent inversion. The third line shows the product of a deletion between the first and
third loxP sites in the initial orientation; the fourth line shows the product of a subsequent
inversion.
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Fig. 2.
The structure of pVGLUT 1brainbow and the production of Brainbow arrays by rolling circle

DNA replication. (A) A schematic diagram of pVGLUT 1brainbow. The VGLUT1 promoter
(wavy segment with arrow) supports expression of Brainbow (clear segment). The vector
backbone contains an HSV-1 origin of DNA replication (oris, black circle with white
interior in the short line segment) and an HSV-1 a sequence (cross hatched segment), which
contains the packaging site; these elements support replication and packaging of the vector,
respectively. A cassette of three polyadenylation sites (tri-poly A, black segment) was
placed 5’ to the VGLUT1 promoter to reduce any effects on expression from the HSV-1
immediate early 4/5 promoter (contained in short line segment). Sequences from pBR322
(diagonal line segment) support growth in E. coli. (B) Concatamers of the vector are
produced during the second, rolling circle phase, of HSV-1 DNA replication (Roizman and
Sears, 1993). A HSV-1 genome-sized concatamer of the vector is packaged into a HSV-1
particle (Fraefel et al., 1996; Roizman and Sears, 1993); the HSV-1 genome is ~152 kb, and
pVGLUT1brainbow is ~20 kb; thus, an array of 7 or 8 p\VGLUT1brainbow is packaged into
a HSV-1 particle.
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Fig. 3.
Packaging pVGLUT1brainbow in the presence of Cre resulted in recombination that placed

each FP in a position to be expressed from the VGLUT1 promoter, and multiple FPs were
coexpressed in the same fibroblast cells. (A) PCR analysis of pVGLUT1brainbow DNA
prepared from E. coli, and after packaging in the absence or presence of Cre. The 5" primer
was located proximal to the 3’ end of the VGLUT1 promoter, and the four 3’ primers were
located in each of the four polyadenylation sequences following each FP gene. Before
recombination, the predicted size of the PCR products is 910 bp (EmGFP gene (G)).
Following recombination to place each FP gene proximal to the VGLUT1 promoter, the
predicted sizes of the PCR products are 910 bp (EmGFP gene, size unchanged by
recombination), 903 bp (mOrange2 gene (0)), 958 bp (LSSmKate2 gene (R)), and 915 bp
(EBFP2 gene (B)). DNA was isolated from E. coli, or from vector stocks prepared in either
the absence of presence of Cre. For each sample DNA, four PCR reactions were performed;
each reaction contained the 5" primer and one of the 3’ primers. The analysis showed that
only a vector stock prepared in the presence of Cre supported recombination that placed
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each FP gene proximal to the VGLUTL1 promoter. (B) A confocal image showing that BHK
fibroblast cells, fixed at 1 day after transduction with pVGLUT 1brainbow packaged in the
presence of Cre, contained different hues. Scale bar: 50 pm.
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Fig. 4.
pVGLUT1brainbow supports labeling of POR cortex neurons and axons, and distant axons

in PER cortex, with different hues. Rats were sacrificed at 4 days (A-E) or 8 days (F) after
gene transfer, brains were sectioned, and confocal stacks were analyzed. (A) A brightfield,
low power view of POR cortex in a section proximal to the injection site. The arrow
indicated the rhinal sulcus. (B) A low power view of Brainbow labeled neurons in the same
section as in (A). (C) A high power view of the boxed area from (B). Neurons and proximal
axons that contain different hues are shown. Arrows, cell bodies; arrowheads, axons. (D and
E) High power views of neurons and proximal axons, in POR cortex, that contain different
hues, from different sections. Some of the labeled cell bodies contain proximal processes,
particularly in (D). Also, some axons that are not connected to a cell body are visible. (F) A
high power view of PER cortex that shows one axon for ~50 um in length (arrow) and other
axons in cross section (arrowheads). Scale bars: (A and B) 250 pm, (C-E) 50 um, (F) 50 um.
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Fig. 5.
pVGLUT1brainbow can label neurons and proximal axons in the hippocampal dentate gyrus

with different hues. Rats were sacrificed at 4 days after gene transfer, and confocal stacks
were collected. (A) A brightfield, low power view of the hippocampus and adjacent areas in
a section proximal to the injection site. (B) A low power view of Brainbow labeled neurons
in the same section as in (A). (C) A medium power view of the boxed area from (B)
showing Brainbow labeled cells. Arrows, cell bodies. (D) A high power view of the boxed
area from (C) showing Brainbow labeled neurons and proximal axons. Arrows, cell bodies;
arrowheads, axons. (E and F) High power views of Brainbow labeled neurons and proximal
axons from different sections that contain the dentate gyrus. Some of the labeled cell bodies
contain proximal processes, particularly a blue neuron on the left side of (E) contains an
axon that extends for ~50 um. Also, some axons that are not connected to a cell body are
visible. Scale bars: (A) 500 pm, (B) 250 um, (C) 100 um, (D-F) 50 um.
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Fig. 6.

The distribution of hues for 167 neuronal cell bodies in POR cortex. Proximal to the
injection site in POR cortex, specific transduced cell bodies were outlined. Within each
contour, the percentages of the four colors (channels) were determined using a computer
program. The cell bodies were ordered based on the size of the signal in the EBFP2 channel
(EmGFP, green; mOrange2, yellow; LSSmKate2, red; or EBFP2, blue). The graph shows
the color profiles for these 167 cell bodies.

% Color

150 160

8
3

J Neurosci Methods. Author manuscript; available in PMC 2016 January 30.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al.

Fig. 7.

Page 28

The distribution of hues for 17 axons in PER cortex. In several proximal sections in PER

cortex, axons were outlined. Within each contour, the percentages of the four colors

(channels) were determined using a computer program. The axons were ordered based on
the size of the signal in the EBFP2 channel. The graph shows the color profiles for these 17
axons. Some of these axons displayed similar hue profiles, and were likely axons collaterals

from the same neuron.
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Table 2

Matching of axons in PER cortex to neuronal cell bodies in POR cortex based on hue.

Axon  Shortest distance (cell body number)  Fold difference, shortest and next distance (cell body humber)
1 0.00054 (4) 29(2)
2 0.00011 (19) 6.3 (22)
3 0.0012 (27) 2.7(32)
4 0.00015 (36) 2.5(42)
5 0.0011 (27) 1.1 (43)
6 0.0011 (27) 1.1 (43)
7 0.0019 (37) 1.5 (43)
8 0.000099 (53) 1.8 (45)
9 0.00034 (65) 5.6 (78)
10 0.00026 (78) 3.1(66)
11 0.00073 (70) 1.0 (76)
12 0.00032 (78) 1.6 (96)
13 0.0010 (65) 1.4 (78)
14 0.00051 (96) 1.9 (78)
15 0.00049 (96) 1.8 (78)
16 0.0022 (96) 1.4 (126)
17 0.00072 (118) 1.0 (132)

Page 30

For each axon and each cell body, for each color (channel), the differences between the axon and cell body were calculated and squared (for

example, [Baxon 5 = Bcell body 36]2), and these four values were summed. This sum is the metric for the color distance between a specific axon
and a specific cell body. For each of the 17 axons, the color distance to each of the 167 cell bodies was calculated.
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