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Abstract

In the retina, dopamine is a key molecule for daytime vision. Dopamine is released by retinal
dopaminergic amacrine cells and transmits signaling either by conventional synaptic or by volume
transmission. By means of volume transmission, dopamine modulates all layers of retinal neurons;
however;itiis not well understood how dopamine modulates visual signaling pathways in bipolar cells.
Here, we analyzed Drd1a-tdTomato BAC transgenic mice and found that dopamine D1 receptor
(D1R) is expressed in retinal bipolar cells in a type-dependent manner. Strong tdTomato
fluorescence was detected in the inner nuclear layer and localized to type 1, 3b, and 4 OFF bipolar
cells and type 5-2, XBC, 6, and 7 ON bipolar cells. In contrast, type 2, 3a, 5-1, 9, and rod bipolar
cells did not express Drd1a-tdTomato. Other interneurons were also found to express tdTomato
including horizontal cells and a subset (25%) of All amacrine cells. Diverse visual processing
pathways, such as color or motion-coded pathways are thought to be initiated in retinal bipolar cells.
Our results indicate that dopamine sculpts bipolar cell performance in a type-dependent manner to

facilitate daytime vision.
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Introduction

Dopamine is a neurotransmitter that is released in the retina during daylight conditions. The
modulatory effect of dopamine has been reported in most types of retinal neurons, which is
attributable to dopamine signaling conveyed primarily by volume transmission. Dopamine has been
shown toregulate coupling between photoreceptors to facilitate cone functions (Ribelayga et al.,
2008; Jin et al., 2015), coupling of horizontal cells to alter the efficacy of retinal inhibitory modulation
(Mangel and Dowling, 1985; Dong and McReynolds, 1991; Hampson et al., 1994; Xin and Bloomfield,
1999), and connexin 36 between All amacrine cells to reduce rod-mediated signaling (Deans et al.,
2002; Urschel et al., 2006; Kothmann et al., 2009). In the inner retina, dopamine modulates the
activity of ganglion cells (Vaquero et al., 2001; Ogata et al., 2012; Van Hook et al., 2012) and bipolar
cells (Maguire and Werblin, 1994; Wellis and Werblin, 1995; Ichinose and Lukasiewicz, 2007).
Despite this accrual of knowledge, the location of dopamine receptors to specific retinal neurons has

not been fully investigated.

Among the five types of dopamine receptors (D1-like: D1 and D5 receptors; D2-like: D2, D3, and D4
receptors), D1 receptors (D1Rs) are expressed in many neurons of the retinal network, while D2-like
receptors are detected in photoreceptors and dopaminergic amacrine cells (Cohen et al., 1992;
Veruki and Wassle, 1996; Mora-Ferrer et al., 1999; Stella and Thoreson, 2000; Witkovsky, 2004).
Veruki and Wassle (1996) analyzed D1R localization in the rat retina using immunocytochemical
methods'and reported that the D1R was expressed in bipolar cell types 5, 6, and 8, but not in type 2.
Approximately a dozen bipolar cell types have recently been elucidated in many species; however,
D1R expression has not been re-examined, possibly due to difficulties associated with D1R

immunolabeling in somas (Caille et al., 1996; Deng et al., 2006).
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Bipolar cells are the second-order neurons in the retina and are responsible for encoding image
signaling into separate neural pathways depending on features such as color or motion (Wassle,
2004). These neural pathways are thought to be formed by distinct bipolar cell types (Ghosh et al.,
2004; Pignatelli and Strettoi, 2004; Helmstaedter et al., 2013; Euler et al., 2014). Evidence suggests
that three types of dopaminergic amacrine (DA) cells extend their processes into multiple layers of the
inner plexiform layer (IPL) where bipolar cell axon terminals are located (Zhang et al., 2007; Contini et
al., 2010; Volgyi et al., 2014). DA cell processes receive excitatory inputs from ON bipolar cells and
also make reciprocal connections that return the signal to ON bipolar cells (Dumitrescu et al., 2009;
Contini et al.; 2010). While these studies suggest that bipolar cells are in position to be exposed to
dopamine transmission, dopamine receptor expression in bipolar cells has not been well

characterized, and dopaminergic effects on bipolar cell functions remain to be elucidated.

We used the Drd1a-tdTomato BAC transgenic mouse (line 6) developed for D1R research in the
striatum (Ade et al., 2011) to investigate D1R-expressing cells in the retina. We employed bipolar cell
type-specific markers (Haverkamp et al., 2005; Wassle et al., 2009) and single-cell dye-injection
techniques to characterize D1R expression in each bipolar cell type. tdTomato was expressed
throughout cells including dendrites and axon terminals, allowing us to investigate colocalization with
type-specific:markers. We found evidence that D1Rs are expressed in a bipolar cell type-specific

manner, indicating that dopamine regulates specific neural streams at the bipolar cell level.
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Materials and Methods

Mice

Animal protocols were approved by the Institutional Animal Care and Use Committee of Wayne State
University. Wild-type mice (C57BL/6J) used for in-house heterozygous transgenic mice breeding,
were obtained from Jackson Laboratories (Bar Harbor, ME), as were Drd1a-tdTomato mice (line 6)
(JAX stock-number 16204). These mice harbor Drd1a BAC (RP23-47M2), which contains the entire
Drd1a gene plus 185 kb of 5’ upstream sequence modified to replace the ATG codon plus 180 bp
Drd1a coding sequence with tdTomato cDNA (Shuen et al., 2008). Several transgenic lines were
generated from this strategy, including line 6, as reported by Ade et al. (2011). Mice were genotyped
using standard polymerase chain reaction (PCR) methods on tail sample DNA using the following
primers: Drd1a-tdTomato forward 5’-3° CTTCTGAGGCGGAAAGAACC and Drd1a-tdTomato reverse
5-3 TTTCTGATTGAGAGCATTCG. A single 750 bp product identified mice that were positive for
Drd1a-tdTomato expression. Gus8.4-green fluorescent protein (Gus-GFP) mice were kindly donated
by Dr. Margolskee (Huang et al., 1999; Huang et al., 2003). Clomeleon 1 mice (B6. Cg-Tg(Thy1-
Clomeleon)1Gjau/J) (Clm1-YFP) were purchased from Jackson Laboratory (JAX stock number
013161). Heterozygous Drd1a-tdTomato and Gus-GFP transgenic mice were maintained by in-
house breeding:for more than five generations. Colonies of CIm1-YFP mice were also maintained in-
house. Double transgenic mice with Drd1a-tdTomato and Gus-GFP or Drd1a-tdTomato and Cim1-

YFP were generated to investigate D1R colocalization with types-7 and -9 bipolar cells, respectively.

Retinal preparation

Mice (28-60 days old; male) were euthanized using carbon dioxide and pneumothorax. Eyes were
removed and placed in cooled, oxygenated dissecting HEPES-buffered solution containing (in mM):
5
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137 NaCl, 2.5 KClI, 2.5 CaCl,, 1.0 MgCl,, 10 HEPES, 28 glucose, adjusted to pH 7.4 with NaOH.
Using a dissecting stereomicroscope, the cornea and lens were quickly removed to obtain the eye-
cup. For some experiments, the retina was marked to identify dorsal and ventral sides. The eyecups
were fixed using.4% paraformaldehyde in 0.1 M PB, pH 7.4, for 30 min at room temperature. After
fixation, retinas were separated from the sclera, rinsed several times in 0.1 M PB, and cryoprotected
in 30% sucrose overnight at 4 °C. The tissue was embedded in Tissue Freezing Medium (EMS) and
was sectioned vertically at 14—16 ym with a Microm HM 525 cryostat (Thermo Fisher Scientific,
Waltham;"MA). Cryosections were collected on histo-bond slides (Fisher Scientific). For whole-mount
retinal preparation, the retina was isolated from the eye-cup in oxygenated HEPES-buffered solution,
and was flattened on filter paper (EMD Millipore, Billerica, MA). Then, the tissue was fixed using 4%
paraformaldehyde for 30 min, washed with 0.1M PB, pH 7.4 and processed for free-floating

immunohistochemistry.

In-situ hybridization

Retinal sections were processed for single-label immunohistochemistry (IHC) and in situ hybridization
(ISH) experiments or in combination for double-labeling. For IHC, sections were immersed in 0.3%
hydrogen peroxide in 0.1 M phosphate buffer (PB) for 30 min to quench endogenous peroxidases and
then placed in blocking buffer (1% bovine serum albumin, 0.1% Triton X-100, 0.1M PB) for 1 hour at
room temperature to reduce non-specific binding. Sections were incubated in fresh blocking buffer
containing rabbit polyclonal anti-dsRed (1:500; Clontech Laboratories, Inc., Mountain View, CA) at
room temperature for 18 hours followed by biotinylated goat anti-rabbit secondary antibody (1:1000;
Vector Laboratories, Burlingame, CA) in 0.01M phosphate-buffered saline (PBS), 0.1% Triton X-100
(PBST) for 2 hours. Retinal sections were then processed with avidin/biotin reagents (VectaStain

Elite Kit, Vector Laboratories) in PBST for 1 hour and developed using 0.04% 3, 3’-diaminobenzidine
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tetrahydrochloride hydrate (DAB) with 0.006% hydrogen peroxide. Sections were then dehydrated
through graded concentrations of alcohol, cleared in xylenes, and coverslipped with Permount®
mounting medium (Thermo Fisher Scientific). All light microscopy images were captured by a Zeiss

Axiophot microscope fitted with a MicroFire camera (Carl Zeiss, Oberkochen, Germany).

For ISH, sections were rinsed in 2% saline-sodium citrate (SSC; 1xSSC is 0.15 M sodium chloride
and 0.015 M sodium citrate, pH 7.0) and acetylated at room temperature in 0.25% acetic anhydride in
0.1M triethanolamine (TEA, pH 8) for 15 min. Sections were washed in distilled water, dehydrated in
graded concentrations of alcohol and air-dried for 30 min. Each slide was covered with 70 pl
hybridization buffer (50% formamide, 10% dextran sulfate, 3x SSC,1xDenhardt's solution, 0.1 mg/mi
yeast tRNA,10 mM dithiothreitol, and 50 mM sodium phosphate buffer, pH 7.4) containing

2.5%x10° dpm of the **S-labeled D1R cRNA probe (accession# NM010076; nucleotides 1484-2196).
Sections were coverslipped, loaded into a humidified chamber, and placed in an oven at 55°C for 18
hours. After hybridization, sections were rinsed in 2x SSC and incubated in 200 pg/ml ribonuclease
Ain 10 mM Tris-HCI, 0.5 M NaCl, pH 8 at 37 °C for 1 hour. Stringent washes were performed by
incubation in decreasing concentrations of SSC (2%, 1%, and 0.5x) at room temperature followed by
0.1x SSC for 1 hour at 70 °C. Sections were washed in distilled water, dehydrated in graded

concentrations of alcohol, and air-dried.

To visualize hybridization, sections were loaded into a film cassette with Biomax MR autoradiographic
film (Carestream Health, Rochester, NY) and stored for 4—10 days in a darkroom before film
development. As a positive control, the D1R cRNA probe was hybridized to thin sections of mouse
striatum. The results showed heavy labeling within the caudate/putamen, nucleus accumbens, and
olfactory tubercle, and lower levels of signal in the cerebral cortex and septal nucleus (data not
shown). We also processed controls to confirm the specificity of D1R mRNA expression in retinal

sections. Signal denoting D1R mRNA hybridization was detected in sections incubated with *°S-
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labeled D1R cRNA anti-sense probe (Figure 1B1), but not in retinal sections hybridized to **S-labeled
D1R cRNA sense probe or in sections pre-treated with RNAse followed by hybridization to %s-
labeled D1R cRNA anti-sense probe (Figure 1B2-B3). These results provide evidence for specific

D1R cRNA probe detection of endogenous D1R mRNA.

For combined IHC and ISH, sections were first processed for IHC as described and then fixed again
post-DAB development using 4% paraformaldehyde for 15 minutes. Following extensive rinsing,
sections were dehydrated in graded concentrations of alcohol and placed in xylenes to remove pap
pen residue. Sections were then rehydrated and the ISH procedure was performed as described with
successful hybridization verified on autoradiographic film. Sections were dipped in liford KSD

emulsion (Polysciences, Warrington, PA) for 16—28 days prior to development and coverslipping.
Immunofluorescence and Antibody characterization

Retinal thin sections and whole-mount preparations were washed several times in 0.1 M PBS and
blocked in a-solution containing 3% normal donkey serum (NDS) and 0.5% Triton-X 100 in PBS for 1
hour at room temperature. Primary antibodies generated in different host species were diluted in 1%
NDS and 0.5% Triton-X 100 in PBS. Sections were incubated with primary antibodies overnight at
room temperature and whole-mount preparations with filter paper attached were incubated for 3 days
at4 °C. Following primary antibody incubation, retinal tissues were washed and incubated in a
mixture of secondary antibodies, conjugated with Alexa 488, 568, 594, or 647 (Life Technologies,
Carlsbad, CA) at room temperature for 2 hours. The dilution for secondary antibodies ranged from
1:200-1000. Sections were washed and coverslipped using ProLong Gold antifade reagent (Life
Technologies). The preparation was viewed with a confocal microscope (TCS SP2 or SP8, Leica,
Wetzlar, Germany) using a 63x oil, 63% water or 20x water immersion objective lens. Images were

captured at a resolution of 1024x1024 pixels or 1024x256 pixels, with line and frame average setup
8
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to 3. The z-step for stack images was 0.3 ym and the zoom factor was 2.5 or 3.0. For double- or
triple-labeled tissue, the sequential scanning was performed to eliminate crosstalk between channels

and to separate signals from each other.

Details of the primary antibodies used are provided in Table 1 and Table 2. In transgenic mouse lines,
anti-GFP and-anti-dsRed were used to obtain stronger GFP/YFP signals and tdTomato fluorescence,
respectively. All antibodies were purchased from vendors or gifted from scientists. All antibodies
have been characterized and are listed in JCN (RRID). Dopamine D1 receptor, CtBP, and ribeye

antibodies were characterized and compared to previous reports (Figures 1D, 5B).

Protein isolation and Western blot

Retinas from Drd1a-tdTomato (n=2) and C57BL/J6 (n=2) wild-type mice were dissected and placed in
ice—cooled radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, cat.no. 89900) and
homogenized. Protein concentrations were determined using the BCA Protein Assay Kit (Thermo
Fisher Scientific; cat. no. 23227) and 80 ug protein samples were run on 10% acrylamide gels.

After electrophoretic separation, proteins were transferred onto polyvinylidene (PVDF) membranes
(Bio-Rad laboratories, Hercules, CA) for 90 minutes at a constant voltage of 150 V. Membrane was
blocked in 8% dry milk in 1x TBS/Tween 20 (TBST) for 1 hour at room temperature then incubated
overnight at 4°C.in primary antibody, monoclonal mouse anti-D1R, diluted 1:500 in 1x TBST with 4%
milk. After several washes, the membrane was incubated in secondary goat anti-mouse antibody
conjugated to horseradish peroxidase (HRP) (cat. no. 554002, BD Biosciences, San Jose, CA)

diluted 1:1000 in 1x TBST with 4% milk for 1 hour at room temperature. Protein bands were detected
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using chemiluminescent HRP substrate (WBKLS0100, Millipore) and imaged on a Fluorochem E

imager (Protein Simple, San Jose, CA).

Neurobiotin injection

Retinal slice.preparations were made using oxygenated HEPES buffered solution. The retina was
isolated from the eye-cup, placed on a piece of filter membrane (HABGO01300, Millipore) and cut into
slices (250 um thickness) using a hand-made chopper. The retinal preparations were stored in an
oxygenated box at room temperature. For neurobiotin injection, each slice preparation was
transferred.to a chamber on a microscope stage and perfused with Ames' medium buffered with
NaHCO3 (294 mOsm) (Sigma, St. Louis, MO), which was continuously bubbled with 95% O, and 5%
COgz (pH 7.4 at 30°C). The intracellular solution contained the following (in mM): 111 K-gluconate, 1.0
CaCly, 10 HEPES, 1.1 EGTA, 10 NacCl, 1.0 MgCl,, 5 ATP-Mg, and 1.0 GTP-Na, adjusted to pH 7.2
with KOH (269 mOsm). A fluorescent dye, sulforhodamine B (0.005%, Sigma), and neurobiotin (0.5
%, Vector Lab)were included in the pipette solution. Whole-cell patch recordings were made from
tdTomato stained cell somata in retinal slices by viewing them with an upright microscope (Slicescope
Pro 2000, Scientifica, East Sussex, UK) equipped with a charge coupled device (CCD) camera
(Retiga-2000R, Q-Imaging). Whole-cell recordings were continued for 10—15 min to ensure that the
neurobiotin filled the entire cell. Electrodes were pulled from borosilicate glass (1B150F-4; World
Precision Instruments, Sarasota, FL) with a P1000 Micropipette Puller (Sutter Instruments, Novado,
CA) and had resistances of 7-11 MQ. Immediately after whole-cell recording, a sulforhodamine B
image was captured using the CCD camera to photograph the live retinal preparation. After dye
injection, the slice preparation was fixed using 4% paraformaldehyde for 30 min, incubated with
streptavidin-conjugated Alexa 488 (1:200, Life Technologies), rabbit anti-DsRed (1:500, Clontech

Laboratories), and goat anti-ChAT antibody (1:200, EMD Millipore) overnight at room temperature.
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Then, the preparation was incubated with donkey secondary antibodies; Alexa 568 anti-rabbit and
Alexa 647 anti-goat (Life Technologies) for 2 hours at room temperature. The slice preparation was
carefully placed on a histo-bond slide, which was sealed with anti-fade reagent (ProLong Gold, Life

Technologies) and coverslipped.

Data analysis

D1R mRNA expression in the ISH experiments was analyzed by counting silver grains within a 6.6
pum circle positioned over the center of tdTomato-positive (n=171) or tdTomato-negative (n=103)
somata across the inner nuclear layer (INL) from the vertical retinal sections processed for combined
IHC and ISH. The numbers of grains per tdTomato-positive or -negative cell were averaged across

nine retinal images obtained from three tdTomato mice and compared by paired t-test (alpha <0.05).

Image analysis:was performed using AutoQuant X3 and Image-Pro Premier 3D software (Media
Cybernetics, Rockville, MD). We used the deconvolution, 3D, and colocalization analysis functions.
For image deconvolution, spherical aberration was auto-detected for each channel based on
objective lens immersion refractive index (RI), specimen mounting medium Rl and distance from the

coverslip. The 3D confocal images were then deconvoluted.

Cell markers and tdTomato fluorescence colocalization was initially examined by rotating the 3D
images and by analyzing series of single optical sections (0.3 um thick) from collected z-stack
images. We also used mathematical analysis. For OFF bipolar cells, we measured fluorescent

intensities of both markers and tdTomato across somas using AutoQuant X3. Brightness of images
11

John Wiley & Sons
This article is protected by copyright. All rights reserved.



Journal of Comparative Neurology Page 12 of 50
was set at sub-saturated levels. Arbitrary fluorescence of both markers and tdTomato was normalized
to the maximum intensity of cell markers, and plotted across the cell (edges designated 0% and

100%).

For small objects such as CtBP puncta colocalization analysis, we performed two-dimensional cross
correlation coefficient analysis using a custom Matlab (MathWorks, Natick, MA) code (TI wrote) (Soto
et al., 2011; Zinchuk et al., 2011). Images of CtBP puncta and HCN1 were excised (3 x 3 um). Single
digital sections (0.3 um) of two colors are separated into two grayscale images. Background noise
levels were reduced to O levels. 2D correlation coefficient program compares two images dot by dot
using the equation:

P o)
R(i,j) = VG CG)

The maximum-of correlation coefficient is 1. The correlation coefficient of images was compared to
that of images when one channel was rotated 90°. The correlation coefficient was plotted in 3D mesh

graph using Matlab.
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Results
Drd1a-tdTomato mouse

Dopamine is a key molecule for retinal daytime function. We used the Drd1a-tdTomato line 6 BAC
transgenic reporter mouse to investigate cell-type specificity of D1R expression in the retina. These
mice express tdTomato fluorescence driven by the D1R gene locus, as demonstrated in medium
spiny neurons of the striatum known to express the endogenous D1R (Ade et al., 2011; Thibault et al.,

2013).

Within the retina, expression of tdTomato was observed in cell bodies of many neurons located in the
INL and ganglion cell layer (GCL), as well as dendrites and axons in both the outer plexiform layer
(OPL) and the IPL (Figure 1A). No tdTomato was found in photoreceptors in the outer nuclear layer
(ONL). To determine whether tdTomato was localized to authentic D1R neurons, we performed ISH
using %3-labeled D1R cRNA probes on retinal sections double labeled for tdTomato immunoreactivity.
The probe was tested on the retinal sections (Figure 1B1-B3). Silver grains within the emulsion layer
indicative of endogenous D1R mRNA expression were concentrated over the majority of tdTomato
positive soma (Figure 1C1-C2). In neurons of the INL, 10.18 + 0.3 grains were associated with
tdTomato-positive soma compared to 3.49 + 0.2 grains found over tdTomato-negative cells
(p<0.0001, paired t-test, n=3 mice). Grains observed in the area of tdTomato-negative cells might be
attributable to mRNA transport through axons/dendrites (Kindler et al., 2005), or background noise.
Nevertheless; the grains were highly concentrated over tdTomato-positive cells, indicating that D1Rs

are primarily expressed in tdTomato cells of the retina.
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We also analyzed whether tdTomato-expressing cells colocalized with D1R immunoreactivity. The
specificity of this antibody in mouse retinal tissue was assessed by immunoblot (Figure 1D) and found
to be consistent with previous reports (Jarvie et al., 1989; Luedtke et al., 1999). D1R
immunoreactivity was observed in the OPL and part of the IPL (n=3 mice, Figure 1E1-E4). Punctate
D1R immunostaining was mainly colocalized with processes of tdTomato-expressing cells both in the
OPL and IPL, with stronger immunoreactivity seen in the s3 stratum; examples of non-localization
were much less frequent. However, signal was difficult to observe in the soma region of the INL
(Figure 1E2-E4) making it impossible to identify the morphologies of cells expressing D1Rs unless
combined with tdTomato-immunofluorescence. We also examined tdTomato-expressing cells using
whole-mount retinal preparation (Figure 1F-1) and found similar distributions of cellular tdTomato
fluorescence across central vs. peripheral retina. Taken together, both the ISH and IHC results
indicate that tdTomato-positive cells express endogenous D1R, and that the tdTomato transgenic

mouse offers. advantages for investigating D1R-expressing cells of the retina.

OFF cone bipolar cells

Thirteen types of bipolar cells have been identified, including five types of OFF bipolar cells, seven
types of ON'bipolar cells, and a single rod bipolar cell type (Helmstaedter et al., 2013; Ichinose et al.,
2014). OFF bipolar cell types can be identified with specific antibodies (Wassle et al., 2009). We used
immunolabeling techniques to examine OFF bipolar cell types that colocalize with tdTomato. All OFF
bipolar cell markers labeled particular bipolar cells as well as subsets of amacrine cells and ganglion
cells. These cells ramify their processes and dendrites in the IPL, which obscured bipolar cell axon
terminal colocalization with tdTomato fluorescence. Thus, we analyzed bipolar cell dendrites and

somas in order to determine colocalization with tdTomato.
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First, an anti-neurokinin 3 receptor (NK3R) antibody was used to identify both type 1 and 2 OFF
bipolar cells. Synaptotagmin 2b (Syt2b) co-labeling was employed to distinguish type 2 OFF bipolar
cells (Figure 2A-2D). All type 1 OFF bipolar cells (*, NK3R-only) were found to colocalize with
tdTomato, an.observation that was confirmed with fluorescence intensity analysis (18 cells, n=2 mice;
Figure 2E). Type 2 OFF bipolar cells, labeled both with NK3R and Syt2b antibodies, were all

tdTomato negative (78 cells, n=4 mice; Figure 2F).

Second, other antibodies were used that were selective for single types of OFF bipolar cells, and we
were able to determine tdTomato colocalization. Type 3a bipolar cells were labeled with HCN4,
which were all tdTomato negative (22 cells, n=3 mice; Figure 3A-3B). Type 3b cells were labeled with
protein kinase A (PKA) RIIB, which were all tdTomato positive (56 cells, n=3 mice; Figure 3C-3D).
Type 4 cells were labeled with calsenilin (Csen), which were all tdTomato positive (81 cells, n=3 mice;

Figure 3E-3F).

To verify the colocalization of OFF bipolar cell markers with tdTomato, we compared baseline
fluorescence levels outside of cells (-20 to 0% location in Figure 2E, 2F, 3B, 3D, and 3F) to levels
obtained from the center of the cell (40 to 60% location in Figure 2E, 2F, 3B, 3D, and 3F). Type 1, 3b,
and 4 cells exhibited significantly higher intensity in the inside as compared to outside of the cell
(p<0.01 for all-types, paired t-test) indicating that these cells colocalize tdTomato protein. In contrast,
tdTomato intensities of type 2 and 3a cells were similar between baseline (outside) and the inside of
cells (p=0.2 for type 2, p=0.09 for type 3a, paired t-test) indicative of no colocalization. Collectively,
these data suggest D1R was expressed in OFF bipolar cells in a type dependent manner: types 1, 3b,

and 4 were D1R-expressing bipolar cells, whereas types 2 and 3a were D1R-negative.

15

John Wiley & Sons
This article is protected by copyright. All rights reserved.



Journal of Comparative Neurology Page 16 of 50

ON bipolar cells

The investigation of tdTomato colocalization with ON bipolar cell types was challenging because
immuno-markers are only available for type 6 cells (Wassle et al., 2009). We overcame this limitation
with a combination of transgenic reporter mice, neurobiotin injections, and IHC to characterize D1R

expression in ON bipolar cells.

Type 5 cells are defined as ON bipolar cells whose axon terminals ramify between the ON-OFF
border (~40% of the IPL depth) and the ON choline acetyltransferase (ChAT) band (stratum 3 or S3)
(Ghosh et al., 2004). Different sets of type 5 cells have been recognized in many species of the retina
(Ghosh et al., 2004; Fyk-Kolodziej and Pourcho, 2007; Helmstaedter et al., 2013; Ichinose et al.,
2014). We distinguished 3 sets of type 5 cells in the mouse retina using morphological and
physiological analyses (Ichinose et al., 2014). Type 5-1 cells responded to light with sustained
kinetics and had narrowly ramified axon terminals. Type 5-2 cells were transiently responding cells
with wider axonterminals. Finally, type 5-XBC cells exhibited the widest pattern of axon ramification
in a mono-layer fashion, as reported originally by Helmstaedter et al. (2013). These cells also
responded to light transiently similar to type 5-2 cells. In addition, we found that type 5-2 and XBC

cells express Na™ channels and HCN channels (paper in submission).

To investigate whether type 5 cells colocalized with tdTomato, we initially tried neurobiotin injection.
We labeled five type 5 cells; three cells colocalized with tdTomato (Figure 4A). Two other cells did not

colocalize with tdTomato (Figure 4B). The former resembled type 5-XBC and the latter looked like the
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type 5-1 cell. However, because of the inefficiency of neurobiotin injection to label type 5 cells, we

sought an additional approach to identify this cell type.

Immunostaining with the Hyperpolarization-activated Cyclic Nucleotide-gated potassium channel 1
(HCN1) antibody revealed HCN1 localization near the ON ChAT band where axon terminals of type 5
ramify (Figure 5A) (Muller et al., 2003; Cangiano et al., 2007). We tested whether HCN1 signaling
was a marker for a subset of type 5 cells and if these cells colocalized with tdTomato. HCN-1
immunoreactivity was observed in the entire IPL with strong signals in the s3 stratum (Figure 5A). To
examine whether HCN1 immunoreactivity colocalized with bipolar cell terminals, we used CtBP2
antibody, a ribbon synapse marker. CtBP2 antibody was verified (Methods, Figure 5B1-B2). We
found that the majority of CtBP puncta in the area colocalized with strong HCN1 signaling (Figure 5C,
and 5D), which was confirmed by 2D correlation coefficient analysis (Figure 5F). This result
suggested that HCN1 is a type 5 ON bipolar cell marker. We conducted neurobiotin injection to
individual type 5 cells and found that type 5-2 and XBCs colocalized with bright HCN1 signaling
(paper in submission). HCN1 strong signaling completely colocalized with tdTomato fluorescence,

indicating that type 5-2 and XBCs express D1Rs (Figure 5E, 5G).

We investigated whether type 5-1 cells also colocalized with tdTomato. We counted CtBP2 puncta in
a layer of the IPL where HCN1 strong immunoreactivity was observed. We found that the majority of
CtBP punctaiin the layer colocalized with HCN1 signaling and a portion of the puncta did not
colocalize with HCN1 (Figure 5D and 5H). The minor portion of CtBP puncta without HCN1
immunoreactivity (15.3 = 1.2%, n=12 fields) is likely from type 5-1 bipolar cells because type 5-2 and
XBC cells colocalized with HCN1. We also counted CtBP puncta with tdTomato fluorescence at the

same layer near ON ChAT band. Similarly, a portion of CtBP (18.7 + 1.4%, n=10 fields) did not
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colocalize with tdTomato (Figure 51). No differences were observed between CtBP puncta vs. HCN1
and the puncta vs. tdTomato (P=0.08), suggesting that type 5-1 cells did not colocalize with tdTomato.

Taken together, these results suggest that type 5-1 cells did not express D1Rs.

Colocalization of type 6 bipolar cells with tdTomato was examined using Syt2b, a marker for types 2
and 6 of bipolar cells (Figure 6A1). Entire structures of type 2 cells were intensely labeled, while only
axon terminals of type 6 cells were observed in the inner portion of the IPL (Figure 6A) (Wassle et al.,
2009). 