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Introduction

The expression of fluorescent proteins in
defined subsets of neurons has become a
powerful tool for neurobiology. One lim-
itation of this technology is that the ma-
jority of BAC transgenic mice harnessing
this technology use enhanced green fluo-
rescent protein (EGFP) as the fluoro-
phore. As a result, the ability to simulta-
neously visualize two cell populations in
the same preparation is limited by the lack
of lines using contrasting fluorophores.
Here we report the successful application
of tdTomato protein for this purpose.
Historically, the creation of transgenic
lines expressing non-EGFP fluorophores
in defined neuronal populations has been
met with only limited success, possibly be-
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cause of toxicity issues, particularly for
red spectral variants (Vintersten et al.,
2004; Long et al., 2005). Using the regula-
tory promoter elements of the type la do-
pamine receptor gene (Drdla), we created
a BAC transgenic line that identifies the
direct pathway of the basal ganglia
(Drdla-tdTomato). In combination with
the existing GENSAT BAC transgenic line
identifying the indirect pathway (Drd2-
EGFP), this new transgenic line creates a
novel platform for the study of basal gan-
glia physiology. The choice of tdTomato
as a reporter may also prove useful in
other circuits in which the simultaneous
visualization of two defined cell popula-
tions is desired.

The basal ganglia are important for a
wide range of behaviors from decision
making to movement (Graybiel, 2005).
Within the basal ganglia circuitry, striatal
medium spiny neurons (MSNs) project
either directly or indirectly to the substan-
tia nigra pars reticulata. The so-called “di-
rect” (or striatonigral) and “indirect” (or
striatopallidal) pathways of the basal gan-
glia are functionally important because
they exhibit opposing influences both on
the activity of the output thalamic nuclei
and on behavior (Albin et al., 1995; Wich-
mann and DeLong, 1998). Despite the
well described anatomical and functional
differences between the direct and indi-
rect pathways, the ability to study the syn-
aptic physiology of MSNs in these two
pathways has been limited until recently.

BAC transgenic mice created by the

GENSAT project have enabled the visual-
ization of pathway specificity for striatal
MSNss in live preparations (Gong et al.,
2003). Because in rodents the type 1a and
2 dopamine receptors are expressed on
MSNss in the direct and indirect pathways,
respectively (Le Moine and Bloch, 1995;
Yungetal., 1995), expressing EGFP under
these two different dopamine receptor
promoters identifies MSNs in each of the
pathways (Drdla, direct pathway; Drd2,
indirect pathway) (Gong et al., 2003). The
ability to identify MSN cell types in live
preparations is particularly useful for elec-
trophysiological studies in which these
cells are otherwise indistinguishable. Us-
ing the GENSAT mice, electrophysiologi-
cal experiments have revealed differences
in both intrinsic synaptic properties and
disease involvement between MSNs in the
two pathways, highlighting the impor-
tance of studying MSNs with reference to
their pathway (Day et al., 2006; Kreitzer
and Malenka, 2007; Shen et al., 2007;
Surmeier et al., 2007; Ade et al., 2008).
One major limitation of the existing
GENSAT lines is that both pathways can-
not be simultaneously visualized because
the fluorescent reporters are the same.
Consequently, two separate colonies of
animals are needed to obtain the data for
both pathways. This approach not only
increases experimental variability because
experiments are separated in space, time,
and genetic background, but also in-
creases costs because of the number of an-
imals and additional time for data acqui-
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sition that is required. To overcome this
obstacle, we created a direct pathway
BAC transgenic mouse line, Drdla-
tdTomato, that expresses a contrasting
color fluorophore. By using this line in
combination with the indirect pathway
GENSAT line, Drd2-EGFP, it is now
possible to visualize MSN’s in both path-
ways simultaneously.

Materials and Methods

Drdla-tdTomato BAC transgenic

A BAC clone (RP23-47M2) containing the en-
tire Drdla plus 185 kb of 5" upstream sequence
was used. The tdTomato cDNA (Shaner et al.,
2004) with a synthetic bovine growth hormone
(BGH) polyadenylation signal was inserted
into the Drdla BAC clone using homologous
recombination in Escherichia coli (Lee et al.,
2001). The tdTomato cDNA replaced the ATG
codon plus 180 bp of coding sequence in the
Drdla gene. Recombined BACs were linearized
by Ascl digestion, gel purified, and electro-
eluted from the gel slice. After filter dialysis
(VSWP02500 filter; Millipore, Billerica, MA),
the BAC fragment concentration was adjusted
to 1 ng/ul and microinjected into pronuclei of
B6SJLF1 mouse oocytes (Feng et al., 2004). Six
independent founder lines of Drdla-tdTomato
BAC transgenic mice were generated, and line
5 is described in this paper.

Genotyping

Genotyping of Drdla-tdTomato transgene is
done using the following primers: BGH-F (for-
ward primer), 5-CTT CTG AGG CGG AAA
GAA CC-3; dDR4 (reverse primer), 5-TTT
CTG ATT GAG AGC ATT CG-3. PCR proto-
col is 30 cycles of 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s. PCR product is 600 bp.

Tissue fixation and immunohistochemistry
Tissue was minimally processed to avoid loss of
endogenous fluorescent signal. Animals aged
4—6 weeks were anesthetized by 250 mg/kg
2,2,2-tribromoethanol delivered intraperito-
neally before transcardial perfusion with 4%
paraformaldehyde in PBS. All animal proce-
dures were done humanely and according to
protocol approved by the Institutional Animal
Care and Use Committee of Duke University.
Brains were dissected and a Leica VTS-1000
vibratome (Leica Microsystems, Bannock-
burn, IL) was used to section 50 wm slices.
Brain slices were Hoechst stained and then
mounted using Fluoromount G (Southern
Biotechnology Associates, Birmingham, AL).
For immunostaining, slices were incubated
with a 1:1000 dilution of MeCP2 rabbit poly-
clonal antibody (Zhou etal., 2006) (kindly pro-
vided by A. West, Duke University) or a 1:800
dilution of NeuN mouse monoclonal antibody
(Millipore) in PBST (PBS with 4% normal goat
serum, 0.1% Triton X-100) for 48 h. Slices were
incubated in secondary antibodies, Alexa 488
goat anti-rabbit IgG, or Alexa 568 goat anti-
mouse IgG (Invitrogen, Carlsbad, CA) for 1 h
before final PBS washes and mounting.
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Modification of the Drd7a BAC clone (RP23-47M2) in E. coli by homologous recombination. Two small fragments of

BAC DNA (black bars; A box and B-box) were amplified by PCR and incorporated into a target fragment to act as homologous
sequences for recombination. The target fragment also contained a tdTomato cDNA followed by a flippase excisable neo gene.
Through lambda Red protein-mediated homologous recombination in £. coli, the sequence (tdTomatoBGH-flp-neo-flp) flanked
by the homologous fragments was inserted into the BAC clone at the desired location. The neo cassette was excised by arabinose-

induced flippase expression.

Imaging and data analysis

Images were obtained from dorsolateral stria-
tum of 4- to 6-week-old mice using a Zeiss
(Thornwood, NY) LSM510 inverted confocal
with a 63X/1.4 numerical aperture (NA) oil
objective. Excitation wavelengths were 405
(Hoechst), 488 (EGFP), and 561(tdTomato)
nm. Similar results were obtained from analy-
ses of dorsomedial and nucleus accumbens re-
gions (data not shown). For quantification
purposes, cells for analysis were first chosen
solely by criteria regarding the nuclear staining
images: (1) the presence of clear nuclear
Hoechst staining and (2) localization within
neuronal tissue (i.e., nuclei clearly in white
matter or blood vessels could easily be disre-
garded as non-neuronal, and in fact, never had
associated fluorescence). Once the population
of cells for analysis was defined, the images
with fluorescence from each of the fluoro-
phores was queried for the presence of colocal-
izing fluorescence (see example in supplemen-
tal Fig. 2, available at www.jneurosci.org as
supplemental material). In separate experi-
ments, we determined that 74 —83% of the cells
selected for analysis in this manner were neu-
ronal, depending on the marker used for im-
munostaining [NeuN (74%; n = 480 cells) or
MeCP2 (83%; n = 839 cells)] (see example in
supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). Based
on this observation, an intermediate value of
80% was used to estimate the number of unla-
beled cells that were neuronal. For the low-
magnification images in Figure 2, multiple im-
ages were taken using a 10X objective on an
epifluorescent microscope and digitally joined
to create a composite image (Photoshop

Elements; Adobe Systems, San Jose, CA). Elec-
trophysiological rig images were taken using an
Olympus (Tokyo, Japan) BX51WI microscope
and a 40/0.8 NA water-immersion objective.
Images were captured using a Dage IR-1000
CCD camera (Dage-MTI, Michigan City, IN)
and Scion FG Capture software (Scion,
Frederick, MD).

Results

Using the same BAC clone that was used
to create the GENSAT Drdla-EGFP line
(RP23-47M2), we inserted the cDNA en-
coding tdTomato downstream of the reg-
ulatory promoter elements of the Drdla
gene (Fig. 1). This construct was used to
create Drdla-tdTomato BAC transgenic
mice. Characterization of the transgenic
progeny identified a line in which the
basal ganglia pathway specificity was well
preserved and similar to the GENSAT
Drd1a-EGFP line (Fig. 2). A survey of
nonstriatal brain expression patterns also
revealed labeling similar to the GENSAT
Drdla-EGFP line (supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material; compare with GENSAT
images for dopamine receptor D, , identi-
fication numbers 37 and 32) and are con-
sistent with reported expression patterns
of the Drdla gene (Weiner et al., 1991).
Importantly, the intensity of the
tdTomato fluorophore was adequate for
visualization using a typical electrophysi-
ological recording microscope (Fig. 3D).
On a technical note, we also generated
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Low-magpnification view of striatal projections demonstrates pathway specificity of BAC transgenic mice. A-C, Sagittal sections from GENSAT Drd7a-EGFP transgenic (A), GENSAT

Drd2-EGFP transgenic (B), and Drda-tdTomato BAC transgenic (€) mouse lines. Fluorescence can be visualized in striatal cell bodies as well as projecting axons and terminals. Scale bar, T mm. GPe,
Globus pallidus externa; SNr, substantia nigra pars reticulata; Str, striatum.

Drdl-mCherry lines, but these were
found to be inferior for this purpose be-
cause the intensity of the fluorophore was
lower and intracellular aggregates were
prominent (data not shown).

We next crossed the GENSAT indirect
pathway line (Drd2-EGFP) with our di-
rect pathway line (Drdla-tdTomato) to
determine the fidelity of these markers for
identifying their respective pathways. Be-
fore this, evaluation of the integrity of the
expression patterns of the GENSAT
Drdla-EGFP and Drd2-EGFP BAC trans-
genic lines at the cellular level was not pos-
sible because both pathway markers were
the same fluorophore. Using confocal mi-
croscopy, simultaneous visualization of
fluorescence resulting from the Drdla-
tdTomato and Drd2-EGFP transgenes in
the dorsolateral striatum revealed that
<1% of cells had detectable coexpression
ofboth fluorophores (n = 311 cells from 3
animals) (Fig. 3). Second, Drdla-
tdTomato and Drd2-EGFP expressing
cells were present in approximately equal
numbers (Drdla-tdTomato, 35%; n =
1246 cells; Drd2-EGFP, 26%; n = 588
cells), which is in agreement with the stri-
atal composition of direct and indirect
pathway MSNs (Gerfen, 2004). Both of
these findings were also observed in dor-
somedial and ventral striatal regions (data
not shown). The lack of colocalization be-
tween the Drdla-tdTomato and Drd2-
EGFP markers demonstrates the high de-
gree of integrity of the segregation of these
markers and indicates that the positive
predictive value of correctly assigning a
pathway to a fluorescent cell is very high.

One practical approach to obviate the
need to use two separate transgenic lines
has been to study a nearby nonfluorescent
cell under the assumption that it belongs
to the opposite pathway as the fluorescent
cells (Kreitzer and Malenka, 2007; Ade et
al., 2008). However, for this alternative

Figure 3.

Accurate dual-pathway resolution at the cellular level is possible using a confocal or typical electrophysiological rig

microscope. A=D, Striatum from Drd Ta-tdTomato '9/Drd2-EGFP 9 mice using confocal microscopy (63X objective, 50 wm brain
slice; A-C) and electrophysiological rig microscope (40X objective, 300 um brain slice; D). 4, EGFP. B, tdTomato. €, Merged

image. Scale bars, 10 m.

method to be accurate, the BAC trans-
genic lines would need to faithfully report
100% of the MSNs in a given pathway,
and the imaging technique used to iden-
tify fluorescent cells would also need to be
100% sensitive in detecting “true posi-
tives.” In light of these issues, we next es-
timated the positive predictive value of
correctly assigning a nonfluorescent cell
in a single transgenic line to the opposite
pathway by evaluating the percentage of

striatal neurons that fail to be identified by
either pathway marker. Because MSNs
comprise >90% of the total striatal neu-
rons (Kemp and Powell, 1971; Gerfen,
2004), these numbers provide a close ap-
proximation of the number of unlabeled
MSNE.

Evaluating Drdla-tdTomato'®/Drd2-
EGFP'® mice in this manner, we found
that greater than one-third (39%) of the
striatal neurons were not fluorescent for
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either of the two pathway markers (Fig. 4).
To verify that the failure to detect fluores-
cence in all of the neurons was not unique
to our new transgenic line, we also exam-
ined the striatum from animals doubly
transgenic for the two GENSAT lines,
Drd1a-EGFP'¥/Drd2-EGFP ‘¢ mice. In the
doubly transgenic GENSAT mice, an even
greater percentage of neurons (50%)
lacked detectable fluorescent reporter ex-
pression (Fig. 4). Because our analysis
measures only detectable fluorescence
from the markers without further signal
amplification by immunocytochemical
techniques or mRNA analysis, we cannot
conclude whether the unlabeled cells are a
result of a failure of the transgene to be
expressed, a failure of the expression level
to reach a detectable threshold, or a com-
bination of these factors. Because neither
of those techniques can be used to aid de-
tection in live preparations such as are re-
quired for slice physiology or live brain
imaging, our findings are particularly rel-
evant for these applications. As such, be-
cause a substantial fraction of MSNis fail to
detectably express the pathway-specific
transgenes, we have demonstrated that as-
signing a nonfluorescent neuron to the
opposite pathway in a single transgenic
animal has a high degree of error (~33%).
The overall impact of this error on any
given dataset will vary depending on the
true magnitude of the difference in the pa-
rameter being measured for MSNs in the
two pathways.

Finally, because one important appli-
cation of these tools is to facilitate electro-
physiological recording experiments, we
tested the ability to identify fluorescent
neurons reliably on a typical electrophys-
iological rig using acute brain slices as
would be prepared for recordings (i.e.,
300 um thickness) from Drdla-
tdTomato '¢/Drd2-EGFP'® doubly trans-
genic mice. In these experiments, a phase-
contrast illumination image was taken,
and all cell bodies in the focal plane were
first identified. Subsequently, fluorescent
images for each fluorophore (tdTomato
and EGFP) were compared for signal that
colocalized with the cell bodies. We iden-
tified a similar percentage of positively
fluorescent cells under these conditions as
with confocal microscopy. However, un-
der these conditions, more cells appeared to
colocalize with signal from both fluoro-
phores (up to 15%). This discrepancy with
the confocal data (<1% colocalization) is
likely caused by contamination from signal
of nearby cells in the z-axis as a result of the
inherent limitations imposed by the slice
thickness and averaging of signal volume
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BAC transgenics fail to assign pathway identity to a significant fraction of striatal neurons. Confocal images of

striatum from Drd7a-tdTomato *%/Drd2-EGFP*® mice (top left) and Drd7a-EGFP '9/Drd2-EGFP 9 mice (top right) (red, tdTomato;
green, EGFP; blue, Hoechst dye). Percentage of fluorescent neurons is indicated by colored bars (green, EGFP; red, tdTomato; light
gray, nonfluorescent; Drd1a-tdTomato, 35%; n = 1246 cells; Drd2-EGFP, 26%; n = 588 cells; Drd1a-EGFP'%/Drd2-EGFP *® mice,
50%; n = 607 cells). Unlabeled neurons were calculated by the following equation: number of nonfluorescent cells X 0.8. The
percentage of fluorescent neurons was determined by the following ratio: number of fluorescent cells/(number of fluorescent cells

+ unlabeled neurons).

with epifluorescent microscopy. This source
of error can be mitigated in live recording
conditions, in which the investigator has the
ability to scan the z-axis more thoroughly
and take care to ensure that the fluorescent
signal truly and maximally coincides with
the visualized cell body.

Discussion

In this study, we describe a new BAC
transgenic mouse line that uses tdTomato
asareporter to identify MSNs in the direct
pathway of the basal ganglia. This re-
source, for the first time, makes it possible
to study live MSNs simultaneously in the
direct and indirect pathways. Using this
dual transgenic platform, we were also
able to test several assumptions about the
validity of the existing BAC transgenic

lines as basal ganglia pathway-specific re-
porters. We determined that the positive
predictive value of correctly assigning a
pathway to a fluorescent cell is very high
(<1% coexpression of the markers),
whereas the assignment of pathway to a
nonfluorescent cell has a much lower de-
gree of accuracy.

Given these findings, by using the
Drdla-tdTomato ¢/ Drd2-EGFP'® doubly
transgenic mouse platform for pathway-
specific studies of MSNs, one can avoid
the additional experimental variability as-
sociated with performing experiments in
two separate transgenic lines and extra
costs associated with both husbandry and
data acquisition time. To facilitate this ap-
proach, we recommend a simple breeding
strategy in which 100% of the offspring
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are positive for both markers, further ob-
viating the time and expense of genotyp-
ing. This is accomplished by the use of
breeding pairs in which one parent is ho-
mozygous for the Drdla-tdTomato trans-
gene and the other is homozygous for the
Drd2-EGFP transgene. All of the resulting
offspring are then heterozygous for both
markers.

In summary, we have successfully used
the red variant, tdTomato, for directed
neuronal subtype expression in mouse
brain. The stable, nontoxic expression of
fluorophores that contrast with EGFP has
been difficult historically, but is impor-
tant for studies in which two cell popula-
tions are to be simultaneously visualized.
Visualization of the direct and indirect
pathways of the basal ganglia is one such
application for this technology; however,
many other potential applications exist.
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