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Abstract

Transgenic mouse lines are essential tools for understanding the connectivity, physiology and 

function of neuronal circuits, including those in the retina. This report compares transgene 

expression in the retina of a tyrosine hydroxylase (TH)-red fluorescent protein (RFP) line with 

three catecholamine-related Cre recombinase lines [TH-bacterial artificial chromosome (BAC)-, 

TH-, and dopamine transporter (DAT)-Cre] that were crossed with a ROSA26-tdTomato reporter 

line. Retinas were evaluated and immunostained with commonly used antibodies including those 

directed to TH, GABA and glycine to characterize the RFP or tdTomato fluorescent-labeled 

amacrine cells, and an antibody directed to RNA-binding protein with multiple splicing to identify 

ganglion cells. In TH-RFP retinas, types 1 and 2 dopamine (DA) amacrine cells were identified by 

their characteristic cellular morphology and type 1 DA cells by their expression of TH 

immunoreactivity. In the TH-BAC-, TH-, and DAT-tdTomato retinas, less than 1%, ~6%, and 0%, 

respectively, of the fluorescent cells were the expected type 1 DA amacrine cells. Instead, in the 

TH-BAC-tdTomato retinas, fluorescently labeled AII amacrine cells were predominant, with some 

medium somal diameter ganglion cells. In TH-tdTomato retinas, fluorescence was in multiple 

neurochemical amacrine cell types, including four types of polyaxonal amacrine cells. In DAT-

tdTomato retinas, fluorescence was in GABA immunoreactive amacrine cells, including two types 
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of bistratified and two types of monostratified amacrine cells. Although each of the Cre lines were 

generated with the intent to specifically label DA cells, our findings show a cellular diversity in 

Cre expression in the adult retina and indicate the importance of careful characterization of 

transgene labeling patterns. These mouse lines with their distinctive cellular labeling patterns will 

be useful tools for future studies of retinal function and visual processing.
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Introduction

Transgenic mouse models are one of the major tools currently used for investigations of the 

intricate anatomical, biophysical and functional properties of neuronal cell populations and 

their networks. For instance, studies using mouse models have contributed to the 

identification and manipulation of the connectivity, interactions and activity of neurons 

within a network, which has advanced our understanding of their functional role in neuronal 

processing in multiple structures, including the retina, cortex, hippocampus, olfactory bulb 

and cerebellum (Ramirez et al., 2013, Hammen et al., 2014, Pohlkamp et al., 2014, 

Robinson et al., 2014, Sternson and Roth, 2014, Zhu et al., 2014a, Zhu and Roth, 2014). The 

use of transgenic mouse models has been especially powerful for studies of intrinsic retinal 

circuitry and function, including those of amacrine and ganglion cell subtypes, as well as the 

understanding of the functional connectivity of retinal ganglion cells with central visual 

nuclei (Kim et al., 2010, Kay et al., 2011a, Rivlin-Etzion et al., 2011, Yamagata and Sanes, 

2012, Zhang et al., 2012, Dhande et al., 2013, Farrow et al., 2013, Yonehara et al., 2013, 

Vlasits et al., 2014, Zhu et al., 2014b).

Amacrine cells are classified based on their general morphology, including somal size, the 

stratification pattern of their processes in the inner plexiform layer (IPL), and their 

neurochemical expression (Boycott and Wässle, 1974, Brecha et al., 1979, Karten and 

Brecha, 1980, Kolb et al., 1981, Vaughn et al., 1981, Masland, 1988, Casini and Brecha, 

1991). Based on these criteria, 30 to 40 different amacrine cell types have been identified in 

the mammalian retina (Kolb and Nelson, 1981, Xin and Bloomfield, 1997, MacNeil and 

Masland, 1998, MacNeil et al., 1999, Masland, 2001, Badea and Nathans, 2004). 

Furthermore, the microcircuits these cells form are likely to mediate different functions in 

visual processing within the retina (Masland, 2001, Wässle, 2004).

One well-studied wide-field amacrine cell type is the tyrosine hydroxylase (TH) or 

dopamine (DA) amacrine cell, which is also known as a type 1 DA amacrine cell. This 

amacrine cell synthesizes and releases dopamine, in addition to the inhibitory 

neurotransmitter GABA (Wulle and Wagner, 1990, Hirasawa et al., 2009, Contini et al., 

2010, Hirasawa et al., 2012). The morphology of type 1 DA amacrine cells have been 

thoroughly characterized in retinas of multiple species, including amphibians, rodents, 

lagomorphs, felines and primates using antibodies against TH, the rate-limiting enzyme for 

the synthesis of dopamine (Brecha et al., 1984, Versaux-Botteri et al., 1984, Oyster et al., 
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1985, Mariani and Hokoç, 1988, Nguyen-Legros, 1988, Dacey, 1990, Tauchi et al., 1990, 

Zhu and Straznicky, 1990). Physiological studies indicate multiple retinal functions for 

dopamine, including a role in light/dark adaptation of retinal circuits and serving as the 

output of the retinal circadian clock. Moreover, low levels of dopamine are often 

concomitant with retinal disease including diabetic retinopathy (Teakle et al., 1993, 

Witkovsky, 2004, Aung et al., 2014).

The identification of type 1 DA amacrine cells in transgenic lines have been of great value 

in determining the circuits they participate in within the inner retina. For example, 

transgenic labeling of type 1 DA amacrine cells have aided in defining the connectivity 

between these cells and AII and GABA-containing amacrine cells, ON-cone bipolar cells, 

and melanopsin-containing ganglion cells (Gustincich et al., 1997, Feigenspan et al., 2000, 

Zhang et al., 2007, Contini et al., 2010, Van Hook et al., 2012, Zhang et al., 2012, Newkirk 

et al., 2013). Other studies that used isolated type 1 DA amacrine cells, labeled by human 

placental alkaline phosphatase (hPLAP), report these cells have transient A-type K+, Ca2+ 

and TTX-sensitive Na+ currents, and rhythmic spontaneous action potentials (Feigenspan et 

al., 1998, Xiao et al., 2004). More recently, type 1 DA amacrine cells identified by green 

fluorescent protein (GFP) in retinal whole mounts of a dopamine receptor 2 transgenic 

mouse line were used to characterize their resting spontaneous spike properties and light 

responses (Newkirk et al., 2013).

Despite many advances in understanding type 1 DA amacrine cell function, their functional 

influence on other cells in the retinal network has not been completely established. Studies 

addressing this topic would be greatly facilitated by using a mutant mouse line with Cre 

recombinase activity exclusively in type 1 DA amacrine cells to genetically manipulate 

these cells. In this study, we have evaluated three catecholamine-related transgenic mouse 

lines expressing Cre, and compared them to a previously published TH-RFP mouse line with 

DA amacrine cells expressing red fluorescent protein (RFP) (Zhang et al., 2004). Cre 

expression under the control of TH or dopamine transporter (DAT) regulatory elements is 

expected to provide specific labeling of the type 1 DA amacrine cells in the retina, as in the 

rest of the central nervous system (Gelman et al., 2003, Lindeberg et al., 2004, Zhuang et al., 

2005, Bäckman et al., 2006). However, our studies of the cellular localization of Cre 

reporter expression in the retinas of these mouse lines show that there is a surprisingly small 

percentage or a lack of type 1 DA amacrine cells labeled in these retinas. In contrast, these 

retinas contained ectopic yet reliably identifiable Cre-dependent fluorescently labeled cell 

types in the inner retina, including AII, polyaxonal amacrine cells, monostratified and 

bistratified amacrine cells, displaced amacrine cells, and a few ganglion cells. These Cre-

expressing mouse lines will be of value to other investigations of the aforementioned 

amacrine cells.

Materials and Methods

Animal care and all experiments were carried out in accordance with the guidelines for the 

welfare of experimental animals issued by the U.S. Public Health Service Policy on Human 

Care and Use of Laboratory Animals and the University of California Los Angeles (UCLA) 

Animal Research Committee.
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Mouse lines

Tyrosine hydroxylase-Cre recombinase (TH-Cre) (B6.Cg-Tg (TH-Cre)1Tmd/J; #008601) 

and dopamine transporter-Cre (DAT-Cre) (B6.SJL-Slc6a3tm1.1(cre)Bkmn/J; #006660) 

transgenic mouse lines were obtained from The Jackson Laboratory (Bar Harbor, ME). The 

TH-bacterial artificial chromosome-Cre (TH-BAC Cre) (Tg (TH-Cre) fI172Gsat/Mmucd; 

#029177-UCD) transgenic mouse line was obtained from the Mutant Mouse Regional 

Resource Centers (MMRRC at University of California, Davis, California). The Cre-

dependent tdTomato (B6.Cg-Gt (ROSA)26Sortm14(CAG-tdTomato)Hze/J; #007908) reporter 

line was obtained from The Jackson Laboratory. The TH-red fluorescent protein (TH-RFP) 

mouse line was developed by Dr. Douglas G. McMahon and bred at UCLA for these studies 

(Zhang et al., 2004).

Mouse lines (DAT-tdTomato, TH-tdTomato, and TH-BAC-tdTomato) were generated by 

crossing the Cre-recombinase transgenic mouse lines: TH-Cre (Savitt et al., 2005), DAT-Cre 

(Bäckman et al., 2006) and TH-BAC Cre (Gong et al., 2007) to a tdTomato reporter line 

(Ai14) (Madisen et al., 2010). Breeding was carried out in the UCLA Division of Laboratory 

Animal Medicine facility, and offspring were genotyped to check for Cre and reporter 

expression. Primers used for detecting Cre were oIMR1084 (5′-GCG GTC TGG CAG TAA 

AAA CTA TC-3′) and oIMR1085 (5′-GTG AAA CAG CAT TGC TGT CAC TT-3′). A 

predicted band at ~100 bp indicated the presence of the Cre transgene. Detection of 

tdTomato required two primer sets: 1) oIMR9020 (5′-AAG GGA GCT GCA GTG GAG 

TA-3′) and oIMR9021 (5′-CCG AAA ATC TGT GGG AAG TC-3′) for wild-type forward 

and reverse primers, and 2) oIMR9103 (5′GGC ATT AAA GCA GCG TAT CC-3′) and 

oIMR9105 (5′-CTG TTC CTG TAC GGC ATG G-3′) for the presence of tdTomato. A 

predicted band at 196 bp indicated the transgene for tdTomato, and heterozygote mice had 

predicted bands at 196 and 297 bp. The TH-RFP transgenic mouse line contained a TH-RFP 

transgene consisting of a 4.5 kb fragment of the rat tyrosine hydroxylase promoter ligated to 

DsRed2-1 (Zhang et al., 2004). Primers used for detecting RFP were 5′-GCA CCT TGA 

AGC GCA TGA A-3′ and 5′-CAC TTT GTT ACA TGG GCT GGG-3′. A predicted band at 

~590 bp indicated the presence of the transgene.

Tissue preparation

Male and female adult mice (4–6 weeks old) were deeply anesthetized using 1–3% 

isofluorane (IsoFlo, Abbott Laboratories, North Chicago, IL) and killed by decapitation or 

cervical dislocation. Eyes were enucleated, and the cornea and lens were removed.

Vertical retinal sections—Eyecups were immersion fixed in 4% (w/v) paraformaldehyde 

(PFA) in 0.1 M phosphate buffer (PB), pH 7.4 for 15–60 minutes. Eyecups were 

subsequently washed in 0.1 M PB for 30 minutes and stored in 30% sucrose overnight at 

4°C, and then embedded in optimal cutting temperature medium (Sakura Finetek Inc., 

Torrance, CA) and sectioned vertically at 12 μm. Retinal sections were placed onto gelatin-

coated slides and stored at −20°C until used for immunohistochemistry.

Whole-mount retinal preparation—The retinas were removed from the eyecups, and 

four small incisions were made to lay the retina flat. Retinas were mounted, ganglion cell 
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layer (GCL) up, onto nitrocellulose membrane filters (cat #HABP04700; Millipore 

Corporation, Billerica, MA), and fixed for 30–60 minutes in 4% PFA in 0.1M PB at room 

temperature. Whole-mounted retinas were then processed for immunohistochemistry.

Immunohistochemistry

Vertical retinal sections—Retinal sections were processed for immunohistochemical 

labeling using an indirect immunofluorescence method (Hirano et al., 2005). Frozen retinal 

sections were thawed for 10 minutes at 37°C on a warming plate, then washed three times 

for 10 minutes with 0.1 M PB (pH 7.4). Sections were then incubated in a blocking solution 

of 10% normal goat serum (NGS), 1% bovine serum albumin (BSA) and 0.5% Triton X-100 

in 0.1 M PB for 1 hour at room temperature. Following removal of the blocking solution, the 

primary antibody solution was immediately added to the sections and incubated for 12–16 

hours at 4°C. Primary antibody solution contained 3% NGS, 1% BSA, 0.05% sodium azide 

and 0.5% Triton X-100 in 0.1 M PB. Retinal sections were then washed three times for 10 

minutes in 0.1 M PB. The sections were then incubated in their corresponding secondary 

antibodies goat anti-rabbit, -rat or -mouse conjugated to Alexa 568 or 488 (1:1000; 

Invitrogen, Grand Island, NY) for two hours at room temperature. The secondary antibody 

was removed and sections were washed three times in 0.1 M PB for 10 minutes per wash. 

Sections were air-dried and mounted using Aqua Poly/Mount (Polysciences, Warrington, 

PA). To control for nonspecific binding of the secondary antibody, the primary antibodies 

were omitted in the single-labeling studies.

Whole-mounted retina—Whole-mounted retinas were processed for 

immunohistochemical labeling with a protocol similar to that used for vertical sections. 

Whole-mounted retinas were fixed, washed in 0.1 M PB and then incubated in blocking 

solution overnight at 4°C. The retinas were then transferred to primary antibody solution and 

incubated for 5 days at 4°C. Retinas were washed in 0.1 M PB for 3 times for 20 minutes 

each time, and then incubated in secondary antibodies for 2 days at 4°C. Following removal 

from secondary antibody solution, retinas were washed three times in 0.1 M PB for 20 

minutes for each wash. Similar to the retinal sections, whole-mounted retinas were briefly 

air-dried and mounted using Aqua Poly/Mount.

Antibodies

Retinal sections and whole mounts were processed with the following primary antibodies 

and dilutions: mouse monoclonal antibody against tyrosine hydroxylase (TH) (1:2000; 

MAB5280 clone 2/40/15; Millipore), mouse polyclonal antibody against calretinin (1:2000; 

010399 clone 6B3; Swant, Bellinzona, Switzerland), rabbit polyclonal antibody against 

GABA [1:2000 (transverse sections) and 1:500 (whole mount); A2052; Sigma-Aldrich, St 

Louis, MO, USA], rat polyclonal antibody against glycine [1:3000 (transverse sections) and 

1:1000 (whole mount); IG1002; ImmunoSolution, Everton Park, Queensland, Australia], 

goat polyclonal against choline acetyltransferase (ChAT) (1:250; No. AB144P; EMD 

Millipore), and guinea pig polyclonal antibody against RNA-binding protein with multiple 

splicing (RBPMS; 1:20000; (Rodriguez et al., 2014)). The antibodies used in this study are 

listed in Table 1.
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Confocal image acquisition

The immunostaining images were acquired with a Zeiss 510 Meta or 710 confocal laser 

scanning microscope (LSM, Carl Zeiss, Thornwood, NY) equipped with 488, 543, and 633 

nm laser lines. Confocal scans were captured using a Plan Neofluar 25X 0.8 NA corrected 

water objective and a C-Apochromat 40X 1.2 NA corrected water objective. Projections of 

three images (1024 × 1024 pixels or 2048 × 2048 pixels) with a total of 0.9–1.0 μm 

thickness (z-axis step between 0.3–0.5 μm) were collected and adjusted for brightness and 

contrast in Adobe Photoshop CS2 v.9.02 (Adobe Systems, San Jose, CA).

Quantification of somal number, somal size, and field size

Digital images for cell counting were collected at 0.5 mm intervals from the optic nerve 

head to the peripheral retina in the superior, inferior, temporal and nasal retinal quadrants. 

Four retinal fields (425 × 425 μm2) per quadrant were collected for each retina using a Plan 

Apochromat 20X/0.8 na corrected air objective with a 0.7–1.0 magnification factor or a Plan 

Apochromat 40X/1.2 na corrected water objective. Cells were manually counted from the 

digital images using cell counter in ImageJ (http://rsb.info.nih.gov/ij/index.html) to 

determine cell number and density (cells/mm2).

Somal diameters and dendritic field sizes were measured from whole mounted retinas using 

Zeiss LSM image browser 510 proprietary software (version 3.2; Carl Zeiss). Diameters 

were calculated as the longest distance between any two points on an object’s perimeter, or 

the maximum caliper. Field size measurements were made for five cells in each quadrant of 

a retina. These values were then averaged to determine average field size. Values reported 

are average ± standard deviation.

To characterize the cells expressing the transgenic reporter, whole-mounted retinal 

preparations of the TH-RFP, and the DAT-, TH-BAC-, and TH-tdTomato retinas were 

immunostained using multiple antibodies (Table 1), imaged and analyzed for co-expression. 

To determine the percent of co-localization, the number of RFP or tdTomato fluorescent 

cells and the number of immunoreactive cells that showed co-labeling were counted. Counts 

were made from 2–4 retinas from 2–4 different animals from each mouse line, and 16 retinal 

fields per retina.

Intracellular injections

Intracellular injections were performed as described previously (Pérez de Sevilla Müller et 

al., 2007, Müller et al., 2010a, Müller et al., 2010b). tdTomato-expressing cells were 

visualized with a Zeiss 40X water-immersion objective. Borosilicate glass electrodes 

(#60200; A-M Systems; Sequim, WA) were pulled and filled at their tips with 0.5% Lucifer 

Yellow (Sigma-Aldrich) 4% N-(2-aminoethyl)-biotinamide hydrochloride (Neurobiotin; 

Vector Laboratories, Burlingame, CA), and back-filled with 0.1 M Tris buffer, pH 7.4. 

Under visual guidance provided by the tdTomato fluorescence, cells were targeted for 

injection. First, Lucifer Yellow was iontophoresed (−1 nA) into the labeled cells and when 

its morphology could be visualized, the polarity of the current was reversed (+1 nA) and 

Neurobiotin was injected for 3 minutes. After the final injection, the retina was kept in the 

bath solution for at least 30 minutes to allow diffusion of the Neurobiotin. The retinas were 
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fixed in 4% PFA for 10 minutes. Neurobiotin was visualized by incubating injected retinas 

overnight at 4°C with streptavidin–FITC (1:500; Jackson ImmunoResearch, West Grove, 

PA) in 0.1 M PB containing 0.3% Triton X-100 (Sigma-Aldrich). Retinas were washed in 

PB 3 times for a total of 30 minutes and mounted in Vectashield (Vector Laboratories).

Results

General cellular labeling patterns in the TH-RFP, TH-BAC-tdTomato, TH-tdTomato, and 
DAT-tdTomato retinas

TH-RFP—As reported previously, TH-RFP retinas express RFP in sparsely distributed 

somata located in the proximal inner nuclear layer (INL) with numerous processes that 

ramify in the OFF layer of the IPL (Fig. 1A) (Zhang et al., 2004). A few varicose processes 

also ramified in the middle of the IPL (not shown) and in the outer plexiform layer (OPL) 

(Fig. 1A, arrow). There was a lower level of RFP expression in small caliber processes (Fig. 

1A, arrowheads) and small somal diameter amacrine cells (not shown). Somal diameter and 

dendritic field size, as well as the cell’s morphology were analyzed in whole-mount retinas. 

The average diameter of the large RFP fluorescent somata was 12.43 ± 2.33 μm (n=178 

cells; 4 retinas; Table 2) and their average dendritic field size was about 850 μm (n=8 cells; 

3 retinas) (Zhang et al., 2004). The morphology and distribution of the large RFP fluorescent 

cells in TH-RFP retinas are consistent with earlier descriptions of type 1 DA amacrine cells 

in the mouse retina (Fig. 2A) (Ballesta et al., 1984, Versaux-Botteri et al., 1984, Voigt and 

Wässle, 1987, Nguyen-Legros, 1988, Wulle and Schnitzer, 1989, Wulle and Wagner, 1990, 

Gustincich et al., 1997). The density of the type 1 DA amacrine cells was uniform 

throughout the retina with an average of 37 ± 17 cells/mm2 (n=3 retinas; Table 2). TH-RFP 

retinas also contained another amacrine cell type (Fig. 2A, arrow) (Zhang et al., 2004). 

These cells had a lower level of fluorescence and a somal diameter of 9.89 ± 1.24 μm 

(n=136 cells; 2 retinas; Table 2). Their average density was 181 ± 54 cells/mm2 (n= 2 

retinas; Table 2). These observations are also consistent with an earlier report of type 2 DA 

amacrine cells in the TH-RFP retinas (Zhang et al., 2004).

TH-BAC-tdTomato—The TH-BAC-tdTomato retinas contained multiple small and 

medium diameter fluorescent cells that differed based on 1) their somal location in the 

proximal INL and GCL, and 2) the morphology and sparse distribution of their processes in 

multiple strata of the IPL (Fig. 1B and 2B). The most prominent type was a narrow-field 

amacrine cell in the proximal INL with processes that formed lobular processes in the OFF 

sublamina, and varicose arborizations in the ON sublamina of the IPL (Fig. 1B, arrowhead). 

These cells had a small somal diameter that measured 6.48 ± 1.04 μm, (n=300 cells; 4 

retinas; Table 2). The morphological features of this amacrine cell type are similar to 

descriptions of AII amacrine cells (Casini et al., 1995, Wässle et al., 1995, Massey and 

Mills, 1999, Wässle et al., 2009, Pang et al., 2012). A group of medium diameter cells (9.10 

± 0.57 μm; n=71 cells; 4 retinas; Table 2) was also in the INL. In the GCL, there were a few, 

medium somal diameter ganglion cells (10.98 ± 2.24 μm, n=719 cells; 3 retinas; Table 2) 

with axonal processes in the nerve fiber layer (NFL) (Fig. 1B, arrows and 2B arrowheads to 

ganglion cell somata and their axons), and small diameter (6.86 ± 1.06 μm; n=139 cells; 2 
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retinas; Table 2) putative displaced amacrine cells based on the lack of an axonal process. 

The different cell types did not show regional differences in their density.

TH-tdTomato—The TH-tdTomato retinas also had multiple fluorescent cell types in the 

INL and GCL based on the stratification patterns of their processes in the IPL. Their 

processes mainly arborized in the OFF and ON-OFF sublaminae, and few processes 

arborized in the ON sublamina of the IPL (Fig. 1C and 2C). Fluorescent somata in the INL 

were found distal (arrowhead) and proximal (arrow) to the IPL (Fig. 1C). In the INL, cells 

were grouped into small (6.76 ± 0.99 μm; n=236 cells; 2 retinas; Table 2) and medium 

(10.11 ± 1.49 μm; n=84 cells; 2 retinas; Table 2) somal diameters. In the GCL, there were 

also two somal diameter groups, that measured 7.25 ± 1.02 μm and 10.34 ± 1.40 μm (n=36 

and n=44 cells, respectively; 2 retinas; Table 2). The different sized cells in the INL and 

GCL had a similar density in all retinal regions. Medium diameter cells in both the INL and 

GCL had thick lateral processes (Fig. 2C) that extended over 500 μm in diameter (n=10 

cells; 2 retinas). These cells were wide-field amacrine cells located in the INL or displaced 

into the GCL (Fig. 2C) (MacNeil and Masland, 1998, Völgyi et al., 2001, Völgyi et al., 

2009).

DAT-tdTomato—In vertical sections of DAT-tdTomato retinas, there were numerous 

somata in the proximal INL (Fig. 1D) and GCL (Fig. 2D). Their processes were localized in 

a narrow band in the OFF sublamina proximal to the INL, and broadly in the ON sublamina 

of the IPL (Fig. 1D), suggesting multiple types of labeled cells in this line. Some of these 

cells in the INL had robust tdTomato-containing processes that extended into the ON 

sublamina of the IPL (Fig. 1D, arrows). The average somal diameter of the labeled cells in 

the INL was 8.97 ± 1.06 (n=42 cells) and GCL was 9.08 ± 1.61 (n=159 cells; 3 retinas; 

Table 2). The tdTomato cells were spread evenly across the retina, and there were no 

regional differences in density (646 ± 160 cells/mm2 of retina; n=3 retinas; Table 2). 

Comparison of the tdTomato fluorescent somata counts in the GCL versus INL revealed 

fewer cells in the GCL (~13%) compared to the INL (~87%) (Fig. 2D).

Characterization of the fluorescent cells in the transgenic retinas using specific amacrine 
and ganglion cell immunohistochemical markers

TH-RFP retina—Previous studies have established that type 1 DA amacrine cells form a 

population of wide-field amacrine cells that robustly express TH-immunoreactivity in their 

somata and processes that mainly ramify in stratum 1 of the IPL in the mouse retina 

(Ballesta et al., 1984, Versaux-Botteri et al., 1984, Wulle and Wagner, 1990, Gustincich et 

al., 1997, Witkovsky, 2004). In the TH-RFP retinas, large diameter fluorescent amacrine 

cells in the INL and their processes contained TH immunoreactivity (Fig. 3A). TH 

immunostaining in finer caliber processes was more prominent compared to RFP 

fluorescence (Fig. 3A, arrowheads). All large diameter RFP fluorescent somata contained 

TH immunoreactivity and conversely all TH immunoreactive somata contained RFP 

fluorescence (Table 3) in all retinal regions of whole-mount preparations. Consistent with 

previous studies, the small diameter and weakly fluorescent somata did not contain TH 

immunoreactivity (not shown) (Gustincich et al., 1997, Zhang et al., 2004, Knop et al., 

2011).

Vuong et al. Page 8

Neuroscience. Author manuscript; available in PMC 2016 October 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To aid in determining the level of stratification of the RFP fluorescent processes, we used a 

calretinin antibody, which labels amacrine cells and ganglion cells in the INL and GCL, and 

their processes in strata 1/2, 2/3, and 3/4 of the IPL (Fig. 3B) (Haverkamp and Wässle, 2000, 

Ghosh et al., 2004). RFP fluorescent processes were in strata 1, 2/3, and 3, and in the OPL. 

RFP fluorescent processes in strata 2/3 and 3 were fainter in comparison to calretinin 

fluorescent processes. The small diameter RFP fluorescent cells and their processes in 

stratum 2/3 were calretinin immunoreactive (Fig. 3B).

Next, we tested for GABA and glycine expression in the RFP fluorescent cells. All RFP 

fluorescent cells contained GABA immunoreactivity (Fig. 3C, arrowhead), but they did not 

contain glycine immunoreactivity (Fig. 3D, arrow). These findings are consistent with 

previous reports on type 1 and 2 DA amacrine cells (Wulle and Wagner, 1990, Nguyen-

Legros et al., 1997, Völgyi et al., 1997).

TH-BAC-tdTomato retina—In the TH-BAC-tdTomato retinas there were very few 

medium to large diameter fluorescent cells with TH immunoreactivity (Fig. 4A, inset). In 

retinal whole-mount preparations, 0.32% (n=50/15415 cells; 4 retinas; Table 3) of the 

fluorescent cells contained TH immunoreactivity. Conversely, about 11% (n=50/449 cells; 4 

retinas) of the TH-immunoreactive cells expressed tdTomato fluorescence.

Varicose tdTomato fluorescent processes ramified extensively in strata 1, 2/3, 4, and 5 of the 

IPL, and there were also thin, smooth fluorescent processes in the NFL (Fig. 1B and 4A, 

bottom). There were fewer fluorescent processes in strata 1 and 2/3 compared to strata 4 and 

5 of the IPL (Fig. 1B and 4). tdTomato fluorescent cells with calretinin immunoreactivity 

were in the INL (not shown) and in the GCL (Fig. 4B) and their co-localized processes were 

in the OFF sublamina of the IPL.

Overall, calretinin and GABA immunoreactivity was co-localized to about 9% and 8% 

(n=1587/17303 and 930/12576 cells; 3 retinas) of the total number of tdTomato fluorescent 

cells, respectively (Fig. 4B and C; Table 3). The majority of the GABA immunoreactive 

cells were in the GCL (74%) and fewer (9%) were in the INL (Table 3). The small diameter 

cells in the GCL (6.86 ± 1.06 μm; n=139 cells; 2 retinas; Table 2) were identified as 

displaced amacrine cells based on their expression of GABA immunoreactivity (Fig. 4C). 

The medium diameter (9.10 ± 0.57 μm; n=20 cells; 2 retinas; Table 2) cells in the INL (Fig. 

5A, left panel, arrows) were GABA immunoreactive, and had processes that ramified 

extensively in the OFF sublamina of the IPL. These wide-field amacrine cells had field sizes 

that were greater than 300 μm (n=10 cells; 2 retinas) in diameter and were found throughout 

the retina, but were infrequent overall (Fig. 5A, left panel, arrows).

About 85% (n=40/47 cells; 2 retinas; Table 3) of the tdTomato-expressing cells in the INL 

contained glycine immunoreactivity (Fig. 4D, arrowhead), and displayed a stratification 

pattern in the IPL similar to AII amacrine cells (Fig. 1B and 4D) (Wässle et al., 1995, 

Menger et al., 1998, Massey and Mills, 1999). In the proximal INL, small diameter (6.48 ± 

1.04 μm; n=300 cells; 2 retinas; Table 2) cells were characterized by lobular appendages in 

the OFF sublamina, and varicose arborizations in the ON sublamina of the IPL (Fig. 4 and 

5A, right panel). These findings support the suggestion that AII amacrine cells are labeled in 
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this line. AII amacrine cells in whole mounted retinas were in clusters in all retinal regions 

(Fig. 5A, right panel). Medium somal diameter cells in the GCL measured 10.98 ± 2.24 μm 

(n=719 cells; 3 retinas; Table 2). About 25% of the fluorescent cells were not 

immunoreactive for GABA or glycine, and had smooth axon-like processes that extended 

along the NFL, suggesting they are ganglion cells (Fig. 5B, left). To test this possibility, 

whole-mounted retinas were immunostained with an antibody to RBPMS, a specific marker 

for retinal ganglion cells (Rodriguez et al., 2014). About 24% of the total tdTomato cells 

(n=947/3911 cells; 3 retinas) in the GCL contained RBPMS (Table 3; Fig. 5B, right panel, 

arrowheads). Less than 0.5% (n=50/10802 cells; 3 retinas) of the fluorescent cells in the INL 

contained RBPMS immunoreactivity (Table 3). The tdTomato cells that did not co-localize 

with GABA, glycine, or RBPMS are less than 5% and 1% of the tdTomato cells in the INL 

and GCL, respectively. The tdTomato cells that were co-localized with RBPMS 

immunoreactivity were few overall, and sparsely distributed, with some cell bodies that 

were in close proximity and others that were further apart (Fig. 5B, right panel, 

arrowheads). The somal size of the tdTomato cells that co-localized with RBPMS 

immunoreactivity in the INL ranged from 7.92 to 15.29 μm, and averaged 10.02 ± 2.25 μm 

(n=50 cells; 3 retinas; Figure 6A). Those in the GCL ranged from 7.44 to 19.27 μm, and 

averaged 10.98 ± 2.24 μm (n=719 cells; 3 retinas; Figure 6B). Collectively these findings 

indicate that multiple ganglion cell subtypes are likely to be labeled in this line (Sun et al., 

2002, Völgyi et al., 2009).

TH-tdTomato retina—In vertical sections of TH-tdTomato retinas there were few 

medium to large diameter fluorescent cells with TH immunoreactivity (Fig. 7A inset). 

Numerous fluorescent cells also contained calretinin in both the INL and GCL, and their 

processes ramified in a distinct band in stratum 2/3 of the IPL, and weaker bands in strata 1 

and 4 of the IPL (Fig. 7B, D). tdTomato cells were positive for GABA immunoreactivity 

(Fig. 7C) in the INL and GCL, but lacked glycine immunoreactivity (Fig. 7D).

The small diameter cells (6.76 ± 0.99 μm; n=236 cells; 2 retinas; Table 2) in the INL were 

monostratified cells with processes in stratum 1 or 2/3 (Fig. 7B). The small diameter cells in 

the GCL (7.25 ± 1.02 μm; n=36; 2 retinas; Table 2) had processes that primarily ramified in 

stratum 2/3 (not shown), similar to type 2 DA amacrine cells. The medium diameter somata 

(10.11 ± 1.49 μm; n=84 cells; 2 retinas; Table 2) in the proximal INL had multiple primary 

processes that formed a thick band in the ON-OFF sublamina and other processes that were 

distributed throughout the IPL (Fig. 1C and 7). The medium diameter somata (10.34 ± 1.40 

μm; n=44 cells; 2 retinas; Table 2) in the GCL primarily ramified in stratum 4 of the IPL 

(Fig 1C and 7).

In retinal whole mounts, about 81% (n=1483/1829 cells; 3 retinas; Table 3) of the 

fluorescent somata contained calretinin immunoreactivity. The majority (89%) of the 

tdTomato fluorescent somata in the INL (Fig. 8B) and GCL (Fig. 8C) contained GABA 

immunoreactivity (n=221/248 cells; 2 retinas; Table 3). In whole-mounted retinas very few 

cells in the INL (1.5%; n=16/1062 cells; 2 retinas; Table 3) contained glycine 

immunoreactivity (Fig. 8A, arrows).
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There were several types of tdTomato cells that contain GABA immunoreactivity, and a few 

that contained ChAT (Fig. 9A and B) or TH immunoreactivity (Fig. 9C). ChAT 

immunoreactivity was in about 6% (n=63/1038 cells; 2 retinas; Table 3) of the tdTomato 

fluorescent cells. About 6% (n=141/2238 cells; 4 retinas; Table 3) of the fluorescent cells 

contained TH immunoreactivity (Fig. 98C arrow vs. arrowheads). Conversely, about ~28% 

(n=141/507 cells; 4 retinas, Table 3) of the TH-immunoreactive cells expressed tdTomato 

fluorescence. In addition, another group of GABA immunoreactive cells in the TH-

tdTomato retinas was the wide-field amacrine cells. In order to illustrate the individual 

morphological attributes of the wide-field amacrine cell types labeled in this mouse line, we 

performed intracellular injections of Neurobiotin into tdTomato-expressing cells in whole 

mount preparations. At least four types of polyaxonal amacrine cells contained tdTomato 

fluorescence. Classification of the polyaxonal amacrine cells was determined based on their 

cellular localization, dendritic branching, and axon-like processes (Famiglietti, 1992a, b, 

Völgyi et al., 2001, Wright and Vaney, 2004, Völgyi et al., 2009, Greschner et al., 2014). In 

the INL, there were two types of polyaxonal amacrine cells: one that had radially oriented 

processes with prominent varicosities, which arborized in stratum 2 of the IPL (Fig. 10A), 

and the second type corresponded to type 1 DA amacrine cells, which arborized in stratum 1 

of the IPL (Fig. 10A′). Cellular reconstructions of the Neurobiotin injected cells highlighted 

the morphological differences between the two cell types; the radially oriented polyaxonal 

amacrine cells had prominent thin and smooth, axon-like processes that extended 1–2 mm 

from the cell body (Fig. 10A″) and the type 1 DA amacrine cells had wide-field processes 

that extended about 1 mm in diameter from the cell body (Fig. 10A‴). The GCL also had 

two types of polyaxonal amacrine cells, which are differentiated by asymmetrical (Fig. 10B) 

and radially oriented (Fig. 10B′) processes. The processes of the asymmetrical polyaxonal 

amacrine cells had numerous spines (Fig. 10B) and tended to have long axon-like processes 

that spanned the retina, and often they were over 1 mm in length (Fig. 10B″). In contrast, the 

processes of the radial polyaxonal amacrine cells had numerous varicosities (Fig. 10B′) and 

they extended about 1 mm in diameter from the cell body (Fig. 10B‴). The processes of 

both types of displaced polyaxonal amacrine cells arborized in stratum 5 of the IPL (Fig. 

10B, B′).

Finally, TH-tdTomato fluorescent somata in the GCL did not contain RBPMS 

immunoreactivity (not shown), indicating that retinal ganglion cells in the TH-tdTomato 

retina do not express Cre activity.

DAT-tdTomato retina—Retinas of the DAT-tdTomato line had fluorescent cells 

primarily in the INL (Fig. 1D, 2D, and 11) and processes in strata 1, 3, 4, and 5 (Fig. 11B). 

The tdTomato cells were GABA immunoreactive (Fig. 11C), but they were not TH, 

calretinin, or glycine immunoreactive (Fig. 11A, B, D).

To test whether there are multiple types of labeled amacrine cells, we made intracellular 

injections of Neurobiotin into tdTomato-expressing cells in retinal whole mount 

preparations. In the INL, the tdTomato fluorescent cells are predominantly composed of two 

types of bistratified amacrine cells (Fig. 12A, B) and one type of monostratified amacrine 

cell (Fig. 12C). The large field bistratified amacrine cells had an average somal diameter of 

9.55 ± 0.21 μm (n=3 cells; 2 retinas), and an average dendritic field of 670.00 ± 26.94 μm in 
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the OFF sublamina and 665.00 ± 33.80 μm in the ON sublamina of the IPL (Fig. 12A, A′). 

On this basis we classified these bistratified amacrine cells as wide-field amacrine cells. On 

the other hand, the more frequently occurring medium-field bistratified amacrine cells had 

an average somal diameter of 11.00 ± 1.55 μm (n=4 cells; 2 retinas), and an average 

dendritic field size of 388.00 ± 84.24 μm in the OFF sublamina and 297.00 ± 62.65 μm in 

the ON sublamina of the IPL (Fig. 12B, B′). In addition, the INL had wide-field amacrine 

cells that arborized in stratum 1 of the IPL (Fig. 12C, C′). This cell had a soma size of 10.6 

μm and a dendritic field size of 885.2 μm (n=1 cell; 2 retinas). Finally, in the GCL we found 

displaced amacrine cells with an average soma size of 10.0 ± 0.28 μm (n=3 cells; 2 retinas) 

and a smaller dendritic field size (229.00 ± 48.41 μm) compared to the monostratified cells 

in the INL (Fig. 12D, D′). Together, the analysis of Neurobiotin injected tdTomato 

fluorescent cells in whole mount retinas and GABA immunoreactivity in the transverse 

sections suggests that there are multiple amacrine cell types.

Discussion

This study has evaluated Cre-mediated fluorescence in the retinas of three Cre transgenic 

mouse lines crossed with a tdTomato reporter line (Ai14) (Savitt et al., 2005, Bäckman et 

al., 2006, Gong et al., 2007, Madisen et al., 2010). These Cre-expressing retinas either 

lacked or had a low percentage of type 1 DA amacrine cells. In comparison, the previously 

characterized TH-RFP, TH-PLAP and TH-GFP mouse lines, only have labeled type 1 and 2 

DA amacrine cells (Gustincich et al., 1997, Matsushita et al., 2002, Zhang et al., 2004, Knop 

et al., 2011).

The cellular expression patterns in retinas of many transgenic lines, including both Cre and 

BAC-Cre lines (Rowan and Cepko, 2004, Haverkamp et al., 2009, Lu et al., 2009, Siegert et 

al., 2009, Ivanova et al., 2010) includes: 1) the ectopic expression of the transgene in cell 

types that do not endogenously express the gene, 2) the incomplete expression of the 

transgene in its endogenous cell types, or 3) a combination of both (Gong et al., 2007, 

Haverkamp et al., 2009, Ivanova et al., 2010). These patterns of Cre-induced tdTomato 

fluorescence are also seen in our screen of the dopamine transmitter-related Cre lines: the 

TH-BAC- and TH-tdTomato retinas had incomplete labeling of type 1 DA amacrine cells as 

well as numerous other ectopically labeled amacrine cells, and the DAT-tdTomato retina 

had bistratified and monostratified amacrine cell types, but no labeling of the type 1 DA 

amacrine cells.

Transgenic expression of fluorescent reporters

TH-RFP—The fluorescent labeling pattern in the TH-RFP transgenic mouse line is similar 

to previous findings by Zhang et al. (2004). The TH-RFP line contains type 1 DA amacrine 

cells, which were defined by their characteristic morphology, including a medium to large 

soma, extensive wide-ranging arborizations in stratum 1 of the IPL, and TH (Fig. 3A) and 

GABA (Fig. 3C) immunoreactivity. In addition, TH-RFP retinas contain type 2 DA 

amacrine cells. However, type 2 DA amacrine cells in mouse retina, have not been reported 

to contain TH immunoreactivity (Zhang et al., 2004) suggesting an absence or a very low 

level of TH protein (Stuber et al., 2015).
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TH-BAC-, TH-, and DAT-Cre lines

TH-BAC-tdTomato—The TH-BAC-Cre line was generated by inserting a Cre gene into 

the intron at the start of a Th gene coding region (ATG) (<150kb) into a BAC vector (Gong 

et al., 2007). Cre expression was in TH-immunoreactive neurons in all of the catecholamine 

cell groups (Gong et al., 2007). In addition, Cre-induced EGFP fluorescence was in some 

striatal and hypothalamic neurons that were not TH-immunoreactive (Komori et al., 1991, 

Marin et al., 2005, Gong et al., 2007). Interestingly, other lines in this series, including the 

ChAT, Slc6a4, Drd1a and Drd2, which were produced by the same BAC-Cre strategy, also 

showed ectopic cell expression in the central nervous system (Gong et al., 2007). Ectopic 

Cre activity was also common in our study of the TH-BAC-tdTomato retinas. In contrast to 

the rest of the central nervous system, TH-BAC-tdTomato retinas had a very low percentage 

of Cre-expressing TH-immunoreactive cells. However, there were numerous other amacrine 

cells, and a small number of ganglion cells with Cre activity.

Fluorescent cells in the TH-BAC-tdTomato retinas were immunoreactive for the amacrine 

cell transmitters, GABA and glycine, and the ganglion cell marker, RBPMS (Rodriguez et 

al., 2014). The majority (85%) of the fluorescent amacrine cells in the INL were the glycine-

immunoreactive AII amacrine cells (Table 3) based on their morphology (Wässle et al., 

1995, MacNeil and Masland, 1998, Menger et al., 1998, Massey and Mills, 1999). In 

addition, the co-expression of tdTomato fluorescence and RBPMS-immunoreactivity 

indicates the presence of labeled retinal ganglion cells in the TH-BAC-tdTomato line. These 

cells comprise a low percentage (less than 0.5% in the INL and ~24% in the GCL, Table 3) 

of the total number of Cre-expressing retinal cells. The range of the soma diameters (7.44 to 

19.27 μm; n=719 cells; 3 retinas) of the labeled cells in the GCL and the distribution of 

labeled dendrites to all IPL laminae suggests multiple fluorescent ganglion cell types (Sun et 

al., 2002, Völgyi et al., 2009). These findings suggest that there are multiple labeled 

ganglion cell types in this line, and reliable identification of specific ganglion cell types 

would be difficult in this line. However, this line would useful for studying AII amacrine 

cells, due to their robust labeling.

The remaining cells that do not co-localize with GABA, glycine or RBPMS, which make up 

less than 6% of the total tdTomato cells, possibly have a low level of GABA, glycine or 

RBPMS, and the strong tdTomato signal possibly masked the antibody fluorescence in the 

cells. Another possibility is that these cells may be non-GABA or –glycine amacrine cells 

(Kay et al., 2011b).

TH-tdTomato—The TH-Cre line transgene used in this study consists of a Cre gene driven 

by a 9 kb genomic fragment of the rat TH promoter. This line was obtained from the 

Jackson Laboratory (Savitt et al., 2005). The initial characterization of this line showed Cre-

induced hPLAP activity and GFP expression in TH-immunoreactive neurons in all of the 

catecholaminergic cell groups examined (Savitt et al., 2005). In the retina, Cre activity was 

also reported in amacrine cells with processes that ramify extensively and broadly in the 

middle of the IPL. The authors noted that the pattern of cellular expression of Cre activity in 

the retina varied in the five TH-Cre lines they generated for their studies. In another TH-Cre 

line, also generated using the same 9 kb TH rat genomic fragment, type 1 DA amacrine cells 
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were shown to express Cre and TH immunoreactivity, and hPLAP activity (Gelman et al., 

2003). In a TH-Cre line generated with an IRES-Cre sequence inserted into the 3′ 

untranslated region of the TH gene, Cre activity was expressed by some cells in the GCL 

(Lindeberg et al., 2004). In contrast to these earlier findings, we observed a more complex 

cellular labeling pattern than the initial descriptions of the TH-Cre line (see Fig. 4 (Gelman 

et al., 2003)).

In these TH-Cre lines, Cre activity was in many but not all TH immunoreactive neurons in 

the dopamine-containing cell groups, and in addition, Cre activity was in many neurons in 

regions that do not contain TH immunoreactive neurons in the adult central nervous system 

(Min et al., 1994, Gelman et al., 2003, Lindeberg et al., 2004, Savitt et al., 2005, Lammel et 

al., 2015, Stuber et al., 2015). Regions with ectopic expression of Cre activity include the 

interpeduncular nucleus, supramammillary nucleus, and midline ventral tegmental area 

(VTA) regions of the posterior and anterior ventral midbrain (Lindeberg et al., 2004, Savitt 

et al., 2005, Lammel et al., 2015). In the retina of the TH-Cre line evaluated in this study, 

Cre activity was in a small percentage of the TH-immunoreactive amacrine cells and most of 

the Cre activity was in in non-TH immunoreactive amacrine cells.

In the TH-tdTomato retina, Cre-dependent fluorescent cell bodies are in the INL and GCL, 

and their processes ramify in strata 1, 2/3, and 4 of the IPL. TH-tdTomato fluorescent cells 

contained GABA, TH, ChAT and calretinin immunoreactivity. These results indicate 

multiple cell types, with ~89% of the total number of tdTomato fluorescent cells containing 

GABA immunoreactivity. Possible explanations for the lack of GABA or glycine 

immunoreactivity in a small percentage of tdTomato fluorescent amacrine cells could be that 

they have low levels of the neurotransmitters, which cannot be detected by antibodies, or 

these amacrine cells are members of the recently described non-GABA or -glycine 

immunoreactive amacrine cell group (Kay et al., 2011b). The most prominently labeled 

GABA-immunoreactive cell types were the polyaxonal amacrine cells (Fig. 12), which 

could be readily identified in retinal whole-mounts based on their somal size and the 

extensive arborization of their processes (Lin and Masland, 2006). The polyaxonal amacrine 

cell type that is localized to the INL and stratifies in stratum 2 of the IPL is most similar to 

the WA2 amacrine cell type (Lin and Masland, 2006). Both of these cells share multiple 

features including the same somata localization in the INL, level of IPL stratification 

(stratum 2), and axonal field size (~2–3 mm) (Lin and Masland, 2006). The other two types 

of displaced polyaxonal amacrine cells that stratify in stratum 5 of the IPL have not been 

reported in previous studies. This TH-Cre line will be highly useful for future studies of 

polyaxonal amacrine cells with the aim to better define their biophysical properties, 

connectivity and functional relationships.

DAT-tdTomato—The DAT-Cre line used in this study was generated by inserting an IRES 

sequence followed by the Cre gene into the 3′ untranslated region of the Dat gene (Bäckman 

et al., 2006). Cre-mediated fluorescence, and Cre and DAT immunoreactivity were restricted 

to dopaminergic neurons in the VTA, substantia nigra pars compacta (SNpc) and retrorubral 

field, and weak Cre activity was also in neurons in the periglomerular layer of the olfactory 

bulb, and in some weakly expressing neurons in the hypothalamus (Bäckman et al., 2006, 

Lammel et al., 2015). In a DAT-BAC-iCre line, Cre activity was also confined to TH 
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immunoreactive neurons in all of the dopaminergic groups in the central nervous system 

(Turiault et al., 2007). In addition, in a third DAT-Cre line with the Cre gene inserted 

downstream of the DAT promoter region, Cre immunoreactivity and activity was mainly in 

TH immunoreactive neurons in the VTA and SNpc, and in a few neurons in the cortex, 

septum and hippocampus (Zhuang et al., 2005). TH immunoreactive cells are not reported in 

cortex, septum and hippocampus of the adult central nervous system (Chinta and Andersen, 

2005, Prakash and Wurst, 2006) indicating sparse ectopic Cre activity in this particular line.

Unlike the findings in the central nervous system of the DAT-Cre lines, where Cre activity 

is reported to be predominantly or exclusively located to neurons in the dopamine-

containing cell groups (Zhuang et al., 2005, Bäckman et al., 2006, Turiault et al., 2007, 

Lammel et al., 2015), in the retina, the predominant type 1 DA amacrine cell does not 

express detectable levels of the tdTomato reporter, suggesting Cre activity is absent in these 

cells. The lack of Cre expression in type 1 DA amacrine cells is surprising, since DAT 

immunoreactivity is in type 1 DA amacrine cells in the rat and bullfrog retina (Cheng et al., 

2006), and there is high affinity uptake of dopamine by type 1 DA amacrine cells in the cat 

and rabbit retina (Ehinger and Floren, 1978, Pourcho, 1982, Tauchi et al., 1990).

In contrast, the present study shows that the DAT-tdTomato retinas robustly express Cre-

mediated fluorescence predominantly in two bistratified amacrine cell types and two 

monostratified amacrine cell types. The tdTomato fluorescent cell bodies contained GABA 

immunoreactivity, but lacked TH and glycine immunoreactivity (Fig. 11 and 12) (Gustincich 

et al., 1997, Zhang et al., 2004, Sarthy et al., 2007, Knop et al., 2011, Brüggen et al., 2014, 

Knop et al., 2014).

Retinal sections from the DAT-tdTomato line revealed two predominant bands of 

stratification (stratum 1 and strata 3, 4, and 5) in the IPL (Fig. 1D, 11B, and 12), and retinal 

whole mounts had an average of 646 ± 160 fluorescent cells/mm2 of retina (Fig. 2D). There 

were two bistratified amacrine cells and they differed from the previously reported A1 

bistratified cells because the A1 somata are in the GCL and their processes primarily stratify 

near the GCL and few reach out towards the INL (Badea and Nathans, 2004). The small 

field size bistratified amacrine cells (Fig. 12B) in the DAT-tdTomato retina are similar to 

medium-field bistratified amacrine cells, which have processes that stratify in two principal 

laminae and have a field size of 150–200 μm (Badea and Nathans, 2004). Although the 

presence of a diversity of medium-field bistratified amacrine cells has been observed 

(MacNeil and Masland, 1998, Badea and Nathans, 2004, Haverkamp and Wässle, 2004), 

unique to this DAT-tdTomato mouse line is tdTomato expression in wide-field bistratified 

amacrine cells (Fig. 12A). The wide-field bistratified amacrine cell of the DAT-tdTomato 

mouse line is most similar in morphology to the asymmetrical bistratified amacrine cell in 

rabbit retina (MacNeil and Masland, 1998). However, the asymmetrical bistratified amacrine 

cell arborizes in strata 2 and 4 of the IPL, and has a noticeably smaller field size. This 

finding indicates the DAT-tdTomato retinas contain a novel wide-field bistratified amacrine 

cell.

In addition to the observation of bistratified amacrine cells, the DAT-tdTomato line has at 

least two populations of monostratified amacrine cells. The first monostratified amacrine 
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cell was in the INL, and its processes ramifed in stratum 1 of the IPL (Fig. 12C). Based on 

Neurobiotin intracellular injections, these cells have a large dendritic field size and are wide-

field amacrine cells. These cells are similar in morphology and stratification pattern to the 

stratum 1 amacrine cell identified in rabbit retina (Vaney, 1986, Xin and Bloomfield, 1997, 

Li et al., 2002). In addition, the stratum 1 monostratified amacrine cell is similar to the 

WA-1 amacrine cells in the mouse retina, although the WA-1 is always displaced to the 

GCL (Lin and Masland, 2006). The second type of monostratified amacrine cell was 

displaced to the GCL (Fig. 12D). These cells have a medium-field dendritic field diameter 

(229 ± 48.41 μm), and a morphology and stratification pattern similar to the previously 

described for DA1 cells in the guinea pig retina (Kao and Sterling, 2006). However, this 

particular morphology and stratification pattern has not been described in mouse retinas, 

thus making it difficult to make an accurate comparison. Therefore, this DAT-tdTomato line 

showed multiple wide-field bistratified and monostratified amacrine cell types.

Ectopic and incomplete expression of Cre-induced fluorescence in the retina

All three Cre lines were characterized by a low percentage or lack of type 1 DA amacrine 

cells with Cre-induced fluorescence (Fig. 4A, 7A, and 9A). In these retinas, the majority of 

Cre-expressing cells were glycine- or GABA-immunoreactive amacrine cells. In addition, in 

the TH-BAC-tdTomato line, a small number of ganglion cells expressed Cre-dependent 

fluorescence. The TH-BAC- and TH-Cre retinas also showed partial penetrance of Cre into 

type 1 DA amacrine cells. The limited Cre-mediated fluorescence in type 1 DA amacrine 

cells may also be due to a low number of copies of Cre constructs knocked into the genome 

compared to the labeling of a majority of TH immunoreactive cells in the TH-RFP, TH-

PLAP and TH-GFP retinas (Heintz, 2001, Gelman et al., 2003, Lindeberg et al., 2004, Savitt 

et al., 2005, Zhuang et al., 2005, Bäckman et al., 2006, Gong et al., 2007, Lammel et al., 

2015).

Ectopic expression of Cre activity in amacrine cells is a predominant feature of the DAT-, 

TH-BAC- and TH-Cre lines. One possible reason is that there is a positional influence of the 

exogenous DAT or TH genomic DNA inserts, in which their integration into the genome 

changes endogenous expression patterns (Gong et al., 2007). Another factor that may 

influence ectopic Cre activity is the lack of regulatory regions to switch off the Th gene 

(Min et al., 1994, Gelman et al., 2003). In addition, perhaps there is a retina-specific 

regulatory element lacking in these constructs or epigenetic factors that are needed to 

properly direct DA amacrine cell expression (Telese et al., 2013). Ectopic expression can 

also be a result of the transient expression of the Dat or Th gene during retinal development. 

For instance, in the central nervous system, transient, developmental expression of Th gene 

occurs in the same regions showing ectopically Cre-expressing cells in mature tissue 

(Komori et al., 1991, Gong et al., 2002, Marin et al., 2005, Gong et al., 2007). It is possible 

the transient expression of the Th gene in amacrine cell progenitors accounts for the multiple 

ectopic labeled amacrine cell types observed in the TH- and TH-BAC-Cre retinas.

Conclusion

Retinas of the three Cre lines characterized in this report can serve as a platform for future 

investigations of amacrine cells. The TH-BAC-tdTomato retina can be better used to study 
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AII amacrine cells. Retinas of TH-tdTomato mouse line can be used for studying polyaxonal 

wide-field amacrine cells, including their synaptic partners, intrinsic properties, and specific 

functions in visual processing. The DAT-tdTomato retina contains multiple types of labeled 

wide-field bistratified and monostratified amacrine cells.
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Highlights

1. TH-RFP retinas only express fluorescently labeled type 1 and 2 dopamine (DA) 

amacrine cells.

2. TH-BAC-tdTomato retinas mainly express fluorescently labeled AII amacrine 

cells, and a few type 1 DA amacrine cells.

3. TH-tdTomato retinas express fluorescently labeled GABA-containing amacrine 

cells, including polyaxonal amacrine cells.

4. DAT-tdTomato retinas express fluorescently labeled two monostratified and two 

bistratified amacrine cell types.
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Figure 1. Transgene reporter expression in four transgenic catecholamine-related mouse lines
RFP and tdTomato expression driven by catecholamine specific promoters displayed a 

heterogeneous labeling of amacrine cells in the retina. (A) RFP expression is limited to a 

subset of amacrine cells in the INL and their processes in stratum 1 of the IPL (arrowheads) 

and the OPL (arrows). (B) TH-BAC-tdTomato line had transgene expression in narrow-field 

amacrine cells (arrowhead), medium diameter amacrine cells, and putative ganglion cells 

and their axons in the NFL (arrows). tdTomato expression in the processes was distributed 

throughout the IPL. (C) TH-tdTomato reporter expression was in small- and medium-sized 

somata in the INL and GCL. There were three primary bands of labeling in the IPL. (D) 
DAT-tdTomato line had tdTomato expression in medium diameter amacrine cells in the 

INL. tdTomato expression in the processes was distributed in strata 1, 3, 4, and 5 of the IPL. 

OPL: outer plexiform layer. IPL: inner plexiform layer. INL: inner plexiform layer. GCL: 

ganglion cell layer RFP: red fluorescent protein. DAT: dopamine transporter. Scale bar: 20 

μm.
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Figure 2. Reporter expression in whole-mounted retinas of the transgenic lines
Reporter expression in whole-mounted retinas was in soma and processes of cells that were 

distributed throughout the entire retina. (A) RFP expression in amacrine cells bodies in the 

INL and their processes in strata 1 and 2/3 of the IPL. Lower levels of RFP were in smaller 

soma (arrow). (B) tdTomato expression in the TH-BAC-tdTomato line showed extensive 

labeling of narrow-field amacrine cells, medium-sized amacrine cells, and putative ganglion 

cells and their axons (arrowheads). (C) tdTomato expression in the TH promoter was in cell 

somata primarily localized in the INL and a few in the GCL. (D) tdTomato expression in the 

DAT-tdTomato line showed extensive labeling of medium-sized amacrine cells. tdTomato 
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expression under the DAT promoter was in cell somata primarily localized in the INL and a 

few in the GCL. Bottom panels are the z-plane rotation of the whole mount image. Scale 

bar: 50 μm.
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Figure 3. RFP fluorescence compared to TH, calretinin, GABA, and glycine immunoreactivity
Co-localization of TH, calretinin, and GABA immunoreactivity with RFP fluorescence 

showed the TH-RFP line contained labeled type 1 and 2 DA amacrine cells. (A) Large soma 

sized RFP fluorescent cell (type 1 DA amacrine cells) was co-localized with TH 

immunoreactivity. Arrowhead: TH immunoreactivity was stronger in fine caliber processes 

compared to RFP fluorescence. (B) Calretinin immunoreactivity was not co-localized with 

large soma-sized RFP fluorescent cells, but did co-localize with small soma-sized RFP 

fluorescent cells. RFP labeled processes were in strata 1, 2/3, and weakly in 3. (C) All RFP 

expressing amacrine cells contained GABA immunoreactivity. Arrowhead showed co-

localization. (D) RFP expressing cells did not contain glycine immunoreactivity. Arrow 

indicates lack of co-localization between RFP fluorescence and glycine immunoreactivity. 

Scale bar: 20 μm.
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Figure 4. Expression of tdTomato fluorescence and TH, calretinin, GABA, and glycine 
immunoreactivity in vertical sections of the TH-BAC-tdTomato retinas
(A) TH-BAC-tdTomato cells rarely co-localized with TH immunoreactive amacrine cells. 

Inset showed a rare case of co-labeling of a cell with tdTomato fluorescence and TH 

immunoreactivity. (B) A subset of TH-BAC-tdTomato expressing cells co-localized with 

calretinin immunoreactivity in the GCL. (C) TH-BAC-tdTomato expression is in some 

GABA immunoreactive cells. (D) There is tdTomato expression in some glycine 

immunoreactive cells. Arrowheads indicate co-localization. Arrows highlight cells that did 

not co-localize. Scale bar: 20 μm.
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Figure 5. Characterization of TH-BAC-tdTomato whole-mounted retinas reveal several distinct 
types of amacrine cells
Several amacrine cell types are labeled in the TH-BAC-tdTomato line. (A) In the INL there 

were infrequently occurring wide-field amacrine cells that arborized in the OFF sublamina 

(left panel, arrows). They had polyaxonal properties, and their processes extended more than 

200 μm laterally across the retina. Also in the INL were clusters of glycine immunoreactive 

amacrine cells. Defined by a narrow-field morphology, these cells were AII amacrine cells 

(right panel). (B) In the GCL tdTomato expression was in displaced amacrine cells, and 

ganglion cells and their axons (left panel). Arrowheads point to cells co-localized with 
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RBPMS immunoreactivity, a retinal ganglion cell marker, indicating the presence of 

tdTomato fluorescent ganglion cells (right panel). Scale bar: 50 μm.
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Figure 6. Distribution of co-localized RBPMS immunoreactive cells in TH-BAC-tdTomato 
retinas
(A) Frequency of co-localized RBPMS somal diameters in the INL. The average somal 

diameter in the INL was 10.02 ± 2.25 μm (n=50 cells). (B) Frequency of somal diameters of 

RBPMS co-immunoreactive cells in the GCL. The average somal diameter in the GCL was 

10.98 ± 2.24 μm (n=719 cells).
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Figure 7. Expression of tdTomato fluorescence and TH, calretinin, GABA, and glycine 
immunoreactivity in vertical sections of TH-tdTomato retinas
(A) Most tdTomato fluorescent amacrine cells in the INL did not contain TH 

immunoreactivity. However, there were some amacrine cells in the INL (inset) that co-

labeled with TH immunoreactivity. (B) Many cells labeled in the TH-tdTomato line co-

expressed calretinin immunoreactivity. These cells were in the INL and GCL, and their 

processes corresponded with strata 1, 2/3, and 4. (C) TH-tdTomato expressing cells in 

transverse sections was primarily GABA immunoreactive, in both the INL (arrowhead) and 

GCL (inset). (D) In vertical sections, tdTomato fluorescence did not co-localize with glycine 

immunoreactivity (arrows). Scale bar: 20 μm.
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Figure 8. TH-tdTomato expression is limited to amacrine cells
In whole-mount TH-tdTomato retinas, tdTomato fluorescence was in GABA 

immunoreactive amacrine cells and very few glycine immunoreactive amacrine cells. (A) 
Arrows point to the few tdTomato-expressing cells that co-labeled with glycine 

immunoreactivity in the INL. (B) Most GABA immunoreactivity robustly co-localized with 

tdTomato expression in the INL. Some tdTomato expressing cells had low levels of GABA 

immunoreactivity. (C) All tdTomato expression in cells in the GCL co-labeled with GABA 

immunoreactivity. Scale bar: 50 μm
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Figure 9. tdTomato fluorescence is in some starburst and type 1 DA amacrine cells in TH-
tdTomato retinas
tdTomato fluorescence in the TH-tdTomato line was in a subset of starburst and type 1 DA 

amacrine cells. (A) ChAT immunoreactivity co-localized with a few tdTomato expressing 

cells in the INL. (B) ChAT immunoreactivity was in a subset of tdTomato expressing cells 

in the GCL. (C) TH immunoreactivity co-labeled with some tdTomato expressing cells in 

the INL (arrowheads), but tdTomato expression was not in all type 1 DA amacrine cells, as 

indicated by TH immunoreactive cells that lack tdTomato fluorescence (arrows). Scale bar: 

50 μm.
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Figure 10. Intracellular injections of Neurobiotin reveals multiple populations of polyaxonal 
wide-field amacrine cells
tdTomato fluorescence in the TH-tdTomato line labeled different morphological types of 

polyaxonal wide-field amacrine cells. (A) An example of a polyaxonal amacrine cell in the 

INL with radial and varicose processes that arborized in strata 2 and 3 of the IPL. (A′) 
Intracellular fill of a type 1 DA amacrine cell and its processes were in stratum 1 of the IPL. 

(A″) Cellular reconstruction of a wide-field polyaxonal amacrine cell. (A‴) Cellular 

reconstruction of a type 1 DA amacrine cells in the INL. (B) Neurobiotin intracellular 

injection of a polyaxonal amacrine in the GCL. Processes showed many dendritic spines in 

stratum 5 of the IPL. (B′) An example of a polyaxonal amacrine in the GCL that had 

varicose processes. (B″) Cellular reconstruction of polyaxonal amacrine cell in B, which was 

defined by an asymmetrical dendritic arborization. (B‴) Cellular reconstruction of 

polyaxonal amacrine cell in B′, which was an example of a polyaxonal amacrine cell with 

varicose and radial dendritic arborizations. Scale bar: A, A′, B, and B′ = 50 μm, A″ = 300 

μm, A‴ = 100 μm, B″ and B‴ = 300 μm
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Figure 11. Expression of tdTomato fluorescence compared to TH, calretinin, GABA, and glycine 
immunoreactivity in vertical sections of DAT-tdTomato retinas
(A) tdTomato fluorescence did not co-localize with TH immunoreactivity. (B) tdTomato 

expression in the DAT-tdTomato line did not co-localize with calretinin immunoreactivity. 

tdTomato processes were distributed between the calretinin immunoreactive plexuses. The 

tdTomato processes were in strata 1, 3, 4, and 5. (C) All tdTomato fluorescent cells 

expressed GABA immunoreactivity, (D) but they were not glycine immunoreactive. Scale 

bar: 20 μm.
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Figure 12. Neurobiotin intracellular injections of DAT-tdTomato fluorescent cells show multiple 
populations of bistratified and monostratified amacrine cells
DAT-tdTomato expressing cells consisted of multiple populations of amacrine cells. (A) An 

example of a wide-field bistratified amacrine cell in the INL with symmetrical and varicose 

processes that arborized in strata 1, 4 and 5 of the IPL. (A′) Cellular reconstruction of a 

wide-field bistratified amacrine cell. It had long processes in the OFF sublamina (black) and 

ON sublamina (red), and extended over 500 μm in diameter. (B) Neurobiotin intracellular 

injection of a medium-field bistratified amacrine cell in the INL. Processes in strata 1, 3, 4, 

and 5 of the IPL. (B′) Cellular reconstruction of medium-field bistratified amacrine cell in B, 

which was defined by radial dendritic arborizations. (C) Neurobiotin intracellular injection 

of a wide-field amacrine in the INL. There were multiple processes that arborized in stratum 

1 of the IPL. (C′) Cellular reconstruction of the wide-field amacrine cell in C, which was 

defined by long and radial dendritic arborizations. (D) Neurobiotin intracellular injection of 

a displaced amacrine in the GCL. There were multiple processes that arborized in stratum 4 

of the IPL. (D′) Cellular reconstruction of the displaced amacrine cell in D. Scale bar: 100 

μm
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Table 1

List of primary antibodies

Antibody Host Immunogen Source Dilution

calretinin mouse Recombinant human calretinin-22k Swant, Bellinzona, Switzerland; Lot 
no 010399 clone 6B3 1:2000

ChAT goat human placental enzyme Millipore, Billerica, MA, USA; 
AB144P 1:250

GABA rabbit GABA conjugated with bovine serum albumin 
(GABA- BSA)

Sigma-Aldrich, St Louis, MO, USA; 
A2052 1:2000

glycine rat Glycine conjugated to paraformaldehyde and carrier 
protein thyroglobulin

ImmunoSolution, Everton Park 
QLD, Australia; IG1002 1:3000

RBPMS guinea pig
RBPMS4-24 with N- terminal cys; 
GGKAEKENTPSEA NLQEEEVRC-KLH conjugate

Rodriguez et al. 2014; GP15029-3, 
GP15029- FRB15027-3 1:20000

tyrosine hydroxylase mouse Purified tyrosine hydroxylase (EC 1.14.16.2) from a 
rat pheochromocytoma

Millipore, Billerica, MA, USA; 
MAB5280 clone 2/40/15 1:2000
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Table 2

Summary of density and somal size

transgenic animal line # of transgenic cells per mm2 (mean ± SD) somal size (μm) (mean ± SD)

TH-RFP
type 1: 37 ± 17 12.43 ± 2.33

type 2: 181 ± 54 9.89 ± 1.24

INL: GCL:

TH-BAC-tdTomato 1793 ± 731
6.48 ± 1.04a 6.86 ± 1.06c

9.10 ± 0.57b (0.92%) 10.54 ± 1.53d (30.51%)

INL: GCL:

TH-tdTomato 189 ± 37
6.76 ± 0.99a 7.25 ± 1.02e

10.10 ± 1.49b (10.84%) 10.34 ± 1.40f (10.22%)

INL: GCL:

DAT-tdTomato 646 ± 160 8.97 ± 1.06 9.08 ± 1.61

a
glycine-immunoreactive amacrine cells with small somal sizes

b
GABA-immunoreactive amacrine cells with large somal sizes (0.92% or 10.84% of transgenic cells in INL)

c
displaced amacrine cells with small somal sizes

d
displaced amacrine and ganglion cells with large somal sizes (30.51% of transgenic cells in GCL)

e
displaced amacrine cells with small somal sizes

f
displaced amacrine cells with large somal sizes (10.22% of transgenic cells in GCL)
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Table 3

Summary of immunohistochemical labeling

transgenic animal line immunoreactivityM % colocalized

TH-RFP

type 1
anti-TH 100

anti-GABA 100

type 2
anti-TH 0

anti-GABA 100

TH-BAC-tdTomato

anti-TH 0.32 ± 0.06

INL: GCL:

anti-GABA 8.51 ± 0.40 74 ± 1.7

INL: GCL:

anti-glycine 85.11 ± 1.51 0

anti-calretinin 9.06 ± 1.23

INL: GCL:

anti-RBPMS 0.46 ± 1.41 24.21 ± 12.17

TH-tdTomato

anti-TH 5.95 ± 1.53

anti-GABA 89.11 ± 1.9

anti-glycine 1.50 ± 0.03

anti-calretinin 81.08 ± 1.35

anti-ChAT 6.10 ± 1.99

DAT-tdTomato

anti-TH 0

anti-GABA 100

anti-calretinin 0
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