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Abstract

Retinal expression of transgenes was examined in four mouse lines. Two constructs were driven by 

the choline acetyltransferase (ChAT) promoter: green fluorescent protein conjugated to tau protein 

(tau-GFP) or cytosolic yellow fluorescent protein (YFP) generated through CRE recombinase-

induced expression of Rosa26 (ChAT-CRE/ Rosa26YFP). Two other constructs targeted inhibitory 

interneurons: GABAergic horizontal and amacrine cells identified by glutamic acid decarboxylase 

(GAD65-GFP) or parvalbumin (PV) cells (PV-CRE/Rosa26YFP). Animals were transcardially 

perfused and retinal sections prepared. Antibodies against PV, calretinin (CALR), calbindin 

(CALB), and tyrosine hydroxylase (TH) were used to counterstain transgene-expressing cells. In 

PVxRosa and ChAT-tauGFP constructs, staining appeared in vertically oriented row of processes 

resembling Müller cells. In the ChATxRosa construct, populations of amacrine cells and neurons 

in the ganglion cell layer were labeled. Some cones also exhibited GFP fluorescence. CALR, PV 

and TH were found in none of these cells. Occasionally, we found GFP/ CALR and GFP/PV 

double-stained cells in the ganglion cell layer (GCL). In the GAD65-GFP construct, all layers of 

the neuroretina were labeled, except photoreceptors. Not all horizontal cells expressed GFP. We 

did not find GFP/TH double-labeled cells and GFP was rarely present in CALR-and CALB-

containing cells. Many PV-positive neurons were also labeled for GFP, including small diameter 

amacrines. In the GCL, single labeling for GFP and PV was ascertained, as well as several 

CALR/PV double-stained neurons. In the GCL, cells triple labeled with GFP/CALR/ CALB were 
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sparse. In conclusion, only one of the four transgenic constructs exhibited an expression pattern 

consistent with endogenous retinal protein expression, while the others strongly suggested ectopic 

gene expression.
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Introduction

The availability of transgenic animal strains, especially mice, has changed the research 

strategies of many laboratories. Exploiting the fact that expression of particular proteins can 

be highly specific, targeting of formally characterized cell types to obtain more detailed 

information on anatomy, physiology and cell biology has become a powerful resource in 

biomedical research.

In recent years, a number of transgenic mouse lines that selectively express fluorescent 

proteins (FPs) in retinal cell types have been introduced. For example, in a transgenic mouse 

line containing sequences upstream of the human red and green visual pigments, cone 

photoreceptors can be engineered to express green FP (GFP; Fei and Hughes 2001). Under 

the control of the metabotropic glutamate receptor (mGluR) 6 promoter, both rod and cone 

ON-bipolar cells can be labeled with GFP (Dhingra et al. 2008). GABAergic amacrine cells 

express GFP under the control of the glutamic acid decarboxylase (GAD) promoter (May et 

al. 2008) while glycinergic amacrine cells can be visualized under the control of the glycine 

transporter 1 promoter (Zeilhofer et al. 2005). Moreover, cholinergic amacrine cells can be 

labeled by expressing GFP fused to the human interleukin 2-subunit under the control of the 

mGluR2 promoter (Yoshida et al. 2001; Wang et al. 2007), while dopaminergic amacrine 

cells are visualized using human placental alkaline phosphatase under the control of the 

tyrosine hydroxylase (TH) promoter (Gustincich et al. 1997). In the mouse retina, the 

majority of amacrine cells, including the cholinergic cells (Haverkamp and Wässle 2000), 

contain calretinin (CALR). These neurons expressed GFP in CD44 (cluster of differentiation 

44) mice (Sarthy et al. 2007). Badea and Nathans (2004) developed a genetic method for 

revealing cell morphologies in the mouse retina by using alkaline phosphatase as 

histochemical reporter and performed a quantitative analysis of bipolar, amacrine, and 

ganglion cells. Huberman and colleagues (2008) have screened the library of bacterial 

artificial chromosome transgenic mice with GFP expressed under the control of different 

promoters (Gong et al. 2007). Others observed transient OFF alpha ganglion cells in CALR-

EGFP mice (Pang et al. 2003).

However, not all the experiments brought the expected results. In a paper of Haverkamp and 

colleagues (2009), four transgenic mouse lines were examined in detail. Expression of 

enhanced GFP (EGFP) driven by the CALR and parvalbumin (PV) promoter was found in 

amacrine, displaced amacrine and ganglion cells. Comparison of EGFP expression and 

CALR/PV immunolabeling showed that not all cells were double labeled. Expression of 

EGFP under the control of the choline acetyltransferase (ChAT) promoter was found in 
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amacrine cells; however, the fluorescent cells did not correspond to the well-characterized 

cholinergic (starburst) cells of the mouse retina. Similarly, the expression of EGFP driven by 

the promoter for the serotonin (5-HT) 3A receptor (5-HT3AR) was restricted to type 5 

bipolar cells. In contrast, immunostaining for 5-HT3AR was found in synaptic hot spots in 

sublamina 1 of the inner plexiform layer and was not related to type 5 bipolar cells. Despite 

these results, the authors concluded that these mouse lines are extremely useful for 

microelectrode targeting of well-defined retinal neuron types; they have investigated one 

such transgenic cell type in detail, identifying it as a wide-field ON–OFF gamma-

aminobutyric acid (GABA)-containing cell type (Knop et al. 2014).

In this study, retinal expression of fluorescent transgenes is examined in four transgenic 

mouse lines. Two constructs are related to the cholinergic system: one is expressing GFP 

conjugated to the axonal tau protein (ChAT-tauGFP mouse line; Grybko et al. 2011), while 

the other expresses yellow FP (YFP) in ChAT-CRE neurons (Chat-RosaYFP; Ivanova et al. 

2010; Gong et al. 2007; Hao et al. 2013). The other two constructs are related to the most 

frequent inhibitory interneuron populations: the GABAergic horizontal and amacrine cells 

which can be identified by their glutamic acid decarboxylase 65 (GAD65) content (GAD65-

GFP; Lopez-Bendito et al. 2004) while the other is the PV-containing amacrine cell 

population (PVRosa-YFP; Hippenmeyer et al. 2005) and some ganglion cell types 

(Haverkamp and Wässle 2000). These constructs can possibly be useful for 

microanatomical, physiological and pharmacological research. Exact identification of the 

transgene-expressing cells may facilitate the use of these animals in studying the 

development of certain retinal cell types, from early embryonic age through adulthood, since 

neuron generation in the mouse retina lasts for more than 20 days. Several characteristic 

endogenous markers are expressed only late, often only after birth (Young et al. 1985; 

Bagnoli et al. 2003), and many genes switch on temporarily (Zhang et al. 2006). It may also 

be possible to follow certain cell types involved in retinal degenerative disorders to examine 

the effects of therapeutic intervention.

Materials and methods

Transgenic mice

All procedures were performed in accordance with the University of Montana Institutional 

Animal Care and Use Committee (AUP 026-11). After wean, mice were socially housed in 

gender-specific groups of 4–5 littermates per cage. Mice were housed in a room equipped 

with light timers set on a 12:12 light/dark cycle. The animals used in this study were 

between 10 and 20 weeks of age. Four mouse lines were used in this study:

1. Chat-tauGFP mice (n = 4) in which GFP is conjugated to the axonal protein tau 

(Grybko et al. 2011).

2. Chat-Rosa mice (n = 6; Ivanova et al. 2010; Yi et al. 2015) which were obtained 

by crossing homozygous ChAT-CRE (GM24 founder line, MMRRC 017269-

UCD; Gong et al. 2007) with homozygous Rosa26YFP mice (Jackson Labs 

stock number 007920; Soriano 1999; Madisen et al. 2009).
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3. PV-Rosa mice (n = 4; Yi et al. 2014), which were obtained by crossing 

homozygous PV-CRE mice (Hippenmeyer et al. 2005; stock #008069; Jackson 

Labs, Bar Harbor, ME) with homozygous Rosa26YFP mice.

4. GAD65-GFP mice (n = 6), in which GFP is driven by the GABA synthesizing 

enzyme GAD65 (Lopez-Bendito et al. 2004).

Each of these transgenic mouse lines yields GFP or YFP fluorescence in surviving slices in 

subpopulations of neurons throughout the central nervous system.

Tissue preparation

Animals were anesthetised with isoflurane and transcardially perfused first with 

physiological saline and then with ice-cold 4 % paraformaldehyde dissolved in 0.1 M 

phosphate buffer. The eyes were dissected from the orbits, cut open along the edge of the 

cornea and the lens was removed. Postfixation was carried out overnight. After fixation, the 

samples were thoroughly washed in phosphate buffered saline (PBS) for 4–6 h. Samples 

were then immersed in 30 % sucrose in phosphate buffer, sectioned in a cryostat at 15 µm, 

collected on positively charged glass slides, and stored at −20 °C until use.

Immunohistochemistry

After bringing tissues to room temperature, sections were preincubated for 1 h in an 

antibody diluent solution described previously (Gábriel et al. 1992). Double- and triple-

labeling experiments were designed for each construct based on the transgenes inserted 

(Table 1). The primary antibodies were from commercial sources and listed in Table 2. In 

our experience, the antibody used to label GFP fully cross-reacts with YFP. As a procedure 

common to all experiments, the GFP/YFP marker linked to the transgene was developed 

with fluorescent secondary antibodies emitting in the green wavelength. Based on a previous 

thorough description of the neurochemical markers in mice (Haverkamp and Wässle 2000), 

an anti-calretinin antibody was utilized to label, among others, the cholinergic cell 

populations; an anti-calbindin 28 kDa antibody labeled the horizontal and AII amacrine 

cells. Dopaminergic cells were marked with an anti-TH antibody, while an anti-parvalbumin 

antibody labeled a number of amacrine and ganglion cell types (Table 2). Final dilutions of 

the primaries were made with the antibody diluent. After overnight incubation, samples were 

washed in PBS for 6 × 10 min and the secondary antibodies were applied as follows: donkey 

anti-chicken Alexa 488 (1:400; Life Technologies); donkey anti-rabbit Alexa 647 (1:200; 

Life Technologies) and donkey anti-goat Alexa 350 (1:200; Life Technologies). Controls 

have been made by omitting the primary antibodies, in which case relatively weak or no 

intrinsic fluorescence of the genetically modified cells was seen in the green wavelength, 

with the exception of the GAD65-GFP construct, where the intrinsic GFP fluorescence 

remained strong even after fixation of the tissue. Crossreactivity of the non-corresponding 

secondary antibodies have also been checked in pairs (the chicken primary against the anti-

goat and anti-rabbit secondary, the goat primary against the anti-rabbit, and anti-chicken 

secondary and rabbit primary against the anti-chicken and anti-goat secondary). No 

crossreactivity was observed in these experiments. In some experiments, we utilized peanut 

agglutinin (PNA) conjugated to rhodamine (Vector Laboratories) to selectively label cone 
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photoreceptors (Mieziewska et al. 1991). PNA-rhodamine was mixed with the anti-GFP 

primary antibody at a concentration of 1:200–1:500.

Imaging

Images were acquired with the Fluoview confocal imaging system (FV-1000; Olympus 

America, Center Valley, PA, USA) with the lasers and the filter settings optimized for the 

above described Alexa dyes. Individual and serial optical slices (0.5–2 µm thick) were 

scanned using the Fluoview 3.1 program. Images were adjusted for contrast only. Further 

processing (assembling tables and labeling individual figures) was made with the functions 

of Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA).

Results

Retinal expression in the ChAT-tauGFP mouse strain

In the retina of ChAT-tauGFP mice, we saw no labeling without antibody application and 

observed only weak staining when we examined the sections after anti-GFP 

immunocytochemistry. The tauGFP staining spanned the entire retina width, reminiscent of 

the Müller glial cells (Fig. 1a). The inner and outer limiting membranes are clearly labeled 

(Fig. 1a). No neuronal labeling of any kind was ascertained in the retina. However, tauGFP 

labeling appeared in the nerve fibers innervating the extraocular muscles (Fig. 1a), the 

ciliary body (Fig. 1b) and the palpebral gland (Fig. 1c), indicating that the somatomotoric 

and secretomotoric cholinergic fibers indeed expressed the tauGFP gene. However, retinal 

layering did not follow the general rule: the outer retina seemed to be intermingled with the 

inner nuclear layer (Fig. 1d). To investigate the arrangement and labeling pattern of cones, 

we performed PNA labeling in these sections. Cones were located among other cells in the 

outer row of the inner nuclear layer (Fig. 1e). Only patchy labeling with PNA was observed 

(compare to Fig. 2c), indicating that both the number and the integrity of the cones were 

severely compromised in ChAT-tauGFP. Outer segment fragments were only occasionally 

seen, and staining of the cone terminals was also irregular (Fig. 1f). Therefore, the retina of 

ChAT-tauGFP mice do not exhibit normal retinal layering, suggesting that vision is greatly 

impaired due to degeneration and/or developmental abnormalities of the outer retina.

Retinal expression in the ChAT-Rosa strain

When the retina sections of the ChAT-Rosa mouse were examined, it was apparent that 

populations of amacrine cells and cells in the GCL were sparsely labeled (Fig. 2a). 

Occasionally, some photoreceptors also showed GFP fluorescence (Fig. 2b). Based on 

morphology, these cells were tentatively identified as cones. We attempted to ascertain the 

identity of these cells with a double-labeling experiment executed with a PNA-rhodamine 

conjugate. Indeed, the synaptic surface of cone terminals visualized by GFP 

immunofluorescence was matching with the localization of the PNA-rhodamine staining 

(Fig. 2c). To identify the labeled amacrine cell type(s), first we performed a double-labeling 

experiment with CALR and GFP, since CALR is known to be a secondary marker of the 

cholinergic starburst amacrine cells in mice (Haverkamp and Wassle Haverkamp and Wässle 

2000). There was no colocalization of CALR and GFP fluorescence in the inner nuclear 

layer (INL); however, occasionally we observed double-stained cells in the GCL (Fig. 2d, g). 
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Based on soma size, we did not anticipate that the GFP-positive cells colocalize TH, which 

was confirmed in our observations (Fig. 2e). No overlap was found between CALB and GFP 

either (Fig. 2h). Within the amacrine cell population, none of the GFP-immunoreactive cells 

contained PV (Fig. 2f), whereas in the GCL, several, but not all large GFP-immunoreactive 

cells were PV-positive (Fig. 2g). In GFP/ CALR/PV triple-labeling experiments, we 

corroborated our initial observation in double staining experiments that GFP-postive 

amacrine cells appeared to label a distinct class of amacrine cells lacking calcium-binding 

proteins (Fig. 3a, b). In the case of cells in the GCL, a much more diverse picture emerged. 

We observed single-labeled GFP and PV-positive cells, double-labeled CALR/PV and GFP/ 

PV cells, as well as triple-stained cells (Fig. 3c). In the GFP/CALR/CALB triple-labeling, 

we found no evidence that GFP-positive cells co-localized for both CALR and CALB. 

However, a subset of GFP-negative cells was double-stained for CALR/CALB (Fig. 3d).

Retinal expression in the GAD65-GFP strain

There was strong intrinsic GFP labeling of several cell populations in the retina of the 

GAD65-GFP mouse line, in almost all layers of the neuroretina, with the exception of the 

photoreceptor layer (Fig. 4a). In the INL, horizontal, bipolar and amacrine cells were labeled 

(Fig. 4b). Interestingly, not all the horizontal cells expressed GFP, which could be 

demonstrated with double-labeling for CALB (Fig. 4c). There was considerable variability 

both GFP and CALB labeling intensity, including evidence that some horizontal cells 

expressed CALB only (Fig. 4d). No GFP/ TH double-labeled cells were found (Fig. 4e). 

Among calcium-binding protein-containing amacrine cells, GFP was observed to be 

consistently absent from CALB-positive (Fig. 4b) and CALR-positive (Fig. 4f) neurons. 

However, many GFP-positive cells contained PV (Fig. 4g, h). In most of the cases, small 

diameter amacrine cells were double labeled (Fig. 4h).

In GFP/CALR/PV triple-labeling experiments, GFP overlapped with PV but not CALR (Fig. 

5a), confirming double-labeling results. In the GCL, single labeling for GFP and PV was 

observed, as well as several GFP-negative CALR/PV double-stained neurons. No triple-

labeled cells were observed in this preparation (Fig. 5b). When GFP/CALR/CALB triple 

labeling was performed, we corroborated several findings of the double-labeling 

experiments. Namely, we observed GFP cells extensively co-labeled with CALB or CALR 

in the INL and GCL (Fig. 5c). Surprisingly, at high magnification and near saturating laser 

intensities, we saw, only a few, triple labeled cells (Fig. 5d).

Retinal expression in the PV-Rosa strain

Similar to the retinas of ChAT-tauGFP mice, no specific labeling was observed in these 

retinas (Fig. 6a). At high laser power, some background staining was observed in Müller 

cells. As an internal control, we performed triple labeling with anti-GFP, anti-CALR and 

anti-PV antibodies. Except for the usual pattern of staining for these calcium-binding 

proteins, no other specific staining was observed with the anti-GFP antibody (Fig. 6b).
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Discussion

Retinal expression of transgenes has been examined in several previous studies; almost all of 

these studies have described some mismatches compared to expectations based on results of 

experiments performed with more traditional immunocytochemistry (Haverkamp et al. 2009; 

Huberman et al. 2008; Pang et al. 2003). In the present paper, we report that only one of the 

four examined mouse lines fulfilled the expectation closely, while three others exhibited 

transgene expression that was either conspicuously ectopic or absent.

Similarity to formerly neurochemically identified cells

Only the GAD65-GFP transgenic mouse met expectations for the retinal expression of GFP. 

GABA has been shown to be consistently present in all horizontal and about half of the 

amacrine cells in the mammalian retina (Mosinger et al. 1986). Overall our results in the 

GAD65-GFP mouse are consistent with an earlier study that found GFP labeling in the INL 

robustly labeling horizontal, amacrine, and bipolar cells (Deniz et al. 2011). In addition, we 

note that GAD65-GFP mice label a subset of these cell types, as indicated by evidence of 

calbindin-positive, GFP-negative cell types present. The expression pattern of GFP suggests 

that the ratio of GAD65/GAD67 isoform varies widely in horizontal cells, spanning 

mutually exclusive to complete overlap of GAD65 and GAD67 isoforms (Deniz et al. 2011). 

There is one inconsistency; however, in the general pattern of GAD65-GFP in the retinal 

GABAergic system. PV is usually not present in any of the GABAergic elements in the 

retina. This observation should be further addressed in future studies.

Glial labeling in the ChAT-tauGFP animals and PV-Rosa-YFP animals was entirely 

surprising. The most surprising, however, was the evidence of photoreceptor degeneration in 

ChAT-tauGFP mice. Despite the fact that the transgene expression is widespread in the brain 

of both ChAT-tauGFP and PV-Rosa animals (Grybko et al. 2011; Yi et al. 2015), these two 

lines of mice, therefore, would not be useful in further retinal studies. The photoreceptor 

degeneration observed in the ChAT-tauGFP mice is especially relevant to the study of central 

cholinergic mechanisms, as these mice may be visually impaired during active learning 

tasks. Haverkamp and colleagues (2009) found no evidence of retinal degeneration in ChAT-

GFP mice. Therefore, there is a possibility that overexpression of tau-GFP may contribute to 

the retinal neurodegeneration observed. However, the failure of ChAT-Rosa mice to label 

cholinergic amacrine cells was similar to that observed in ChAT-GFP mice (Haverkamp et 

al. 2009; Knop et al. 2014). The ectopic expression of fluorescent proteins in cells driven by 

the ChAT promoter also occurs in the cortex (von Engelhardt et al. 2007) and hippocampus 

(Yi et al. 2015). Therefore, even if ChAT is only transiently expressed during development, 

some regulatory elements may be missing in the transgene CRE expression that drives YFP 

expression in ChAT-Rosa mice. This may lead to expression of YFP in the adult animals 

even if ChAT expression is strongly downregulated at older ages. Such a mismatch between 

the endogenous and transgenic proteins can therefore gain insight into the multipotency of 

ChAT-expressing cell types earlier in development.
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Similarity to other transgenic mice with the same transgene inserted to identical 
promoters

Among the four mouse lines examined in this study, two of them were similar in some 

aspects to formerly studied transgenic mice lines. In fact the results of the present study are 

strikingly similar to those described by Haverkamp et al. (2009) for the ChAT-GFP 

transgenic mice generated by using the artificial bacterial chromosome system (von 

Engelhardt et al. 2007). Interestingly, in another report of the same line, the researchers 

found weakly GFP-labeled cell bodies also immunoreactive for ChAT (Knop et al. 2014). 

However, we could confirm another finding from this study, namely that we also identified 

GFP-positive wide-field amacrine cells. Our other finding that some ganglion cells may also 

be GFP-positive and represent a subtype of CALR-positive ganglion cells in this construct 

needs further corroboration.

In the case of PV-EGFP mice (Meyer et al. 2002), Haverkamp and co-workers (2009) could 

identify PV-containing EGFP-expressing amacrine and ganglion cells. They found also a 

mismatch among the amacrine cells (cells expressing EGFP but not PV immunoreactivity). 

In our PV-Rosa mice, it was surprising that we could not confirm neuronal GFP expression 

in the retina. Again, YFP fluorescence was present in living brain tissue which could be 

enhanced by antibody labeling in fixed material (Yi et al. 2014). At the same time, PV was 

present in the retinal tissue. Therefore, it seems plausible that the PV promoter inserted with 

the transgene was not able to switch on in the retina, while endogenous PV expression 

appeared to function normally.

Retinal development and transgene expression

Although the retina is the part of the central nervous system, its development is quite 

independent from the rest of the brain. Regulated by a set of the homeobox genes 

(Zagozewski et al. 2014), the eyecup is formed very early (E6–8) and the neurochemical 

specification of the neurons start as early as E14–15. However, some cells are born quite late 

in development, even well after birth (P5–6). Thus, about two dozen genes will determine 

the cell number, distribution, connectivity and neurochemistry of the mammalian retinal 

cells (Rapaport et al. 2004). The intimate network of signaling molecules may be able to up-

or downregulate the transgene expression independently from those genes that occur 

naturally in the retinal tissue. One reason might be the long period (over 20 days) of cell 

generation in the mouse retina (Young et al. 1985; Bagnoli et al. 2003) during which many 

genes switch on temporarily and possibly more than one time (Zhang et al. 2006). These 

genes include transcription factors like Nanog and Pax6 which promote the multipotent state 

and inhibit cell differentiation (Marquardt et al. 2001; Hamazaki et al. 2006; Pereira et al. 

2006). On the other hand, the members of the Wnt pathway promote differentiation and 

synapse formation (Kiecker and Niehrs 2001), just like NeuroD1 (Cepko 1999; Morrow et 

al. 1999; Inoue et al. 2002). These above factors may all influence cell fate and, if present, 

their effect will depend on the actual molecular ratio. Being at a certain position at a certain 

time, cell populations may be exposed to multiple influences that could change phenotype. 

Thus, transgene expression during development may alter the final expression of a number 

of phenotypes, which could account for why the transgenes considered in this study failed to 

highlight the expected cell populations. The difference between expression of the transgene 
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and expression of endogenous proteins seen here should not be carelessly dismissed as 

ectopic expression due to the artificial nature of the transgene, but may provide insights into 

the complexity of development of specific cell types. These processes may also be in the 

background of the recent finding that different constructs for expression of dopaminergic 

markers led to heterogenous expression in the retina (Vuong et al. 2015). Nevertheless, a 

specific but consistent pattern of expression may help researchers execute a detailed study 

on the development of certain retinal cell populations, making it also possible to follow 

different retinal degenerative events due to aging or diseases.
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Fig. 1. 
Retinal expression of the GFP transgene in the ChAT-tauGFP mouse line. Labeling was seen 

in the outer (arrowhead) and inner limiting membranes (double arrowhead) as well as in the 

presumed cholinergic nerves of the external eye muscles (a). b GFP-positive nerves (arrows) 

are also present in the ciliary body (CB) close to the retinal edge (R). c The palpebral glands 

(G) are also innervated by labeled fibers. The red color is autofluorescence and is emitted by 

the product of the gland. d The remainder of the photoreceptors (arrowheads) sit right on the 

top of INL. e Small, possibly degenerating PNA-positive cone outer segments (asterisks) 

were rare. f These occasionally formed nests. Scale bars 90 µm in a, 40 µm in b, 180 µm in c 
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and d, 30 µm in e and 10 µm in f. PRL photoreceptor layer, ONL outer nuclear layer, OPL 
outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell 

layer, GFP green fluorescent protein, PNA peanut agglutinin, TH tyrosine hydroxylase, 

CALR calretinin, CALB calbindin 28 kDa, PV parvalbumin
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Fig. 2. 
Analysis of neuron types in the retina of ChAT-RosaYFP mice. YFP has been labeled with 

antibodies against GFP, therefore, YFP-expressing cells will be referred as GFP-positive/

labeled cells below. The YFP transgene is expressed in the inner retinal layers, mostly in 

amacrine (arrows) and ganglion (asterisks) cells (a). Besides the regularly observed 

elements, rarely photoreceptors are also seen to contain the GFP label (arrow in b) which 

could be identified as cones based on the PNA label in their outer segments (arrowhead) and 

endfeet (arrows) (c). GFP-labeled amacrine cells (arrows) do not contain CALR (d) or TH 

(asterisk in e), whereas only a fraction of the CALR-positive cells in the GCL (arrowheads) 
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label for GFP (asterisk in d) The same is true for PV (f, g). The small GFP cells in the GCL 

are single-labeled and the large PV-positive cells located in the GCL, which are likely to be 

ganglion cells contain GFP (f, g). h Horizontal cells (H) and CALB-positive amacrine cells 

(asterisks) never contain GFP-label (GFP-positive cells are marked with arrowheads). Scale 
bars 20 µm in a and d, 50 µm in b, 10 µm in c and e–h. PRL photoreceptor layer, ONL outer 

nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, 

GCL ganglion cell layer, GFP green fluorescent protein, PNA peanut agglutinin, TH 
tyrosine hydroxylase, CALR calretinin, CALB calbindin 28 kDa, PV parvalbumin
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Fig. 3. 
Colocalization pattern of calcium-binding proteins in amacrine and ganglion cells of ChAT-

RosaYFP mice. YFP has been labeled with antibodies against GFP, therefore, YFP-

expressing cells will be referred as GFP-positive/labeled cells below. None of the GFP-

positive amacrine cells (arrowheads) colocalized CALR, CALB or PV, while co-localization 

of calcium-binding proteins (arrows) were common in amacrine cells. a, b Asterisks single-

labeled large CALR-positive cells in the GCL. Asterisk with arrowhead GFP + PV positive 

cell in the GCL. Besides single-labeled GFP- and CALR-positive cells in the GCL we also 

found colocalization of GFP with PV (double arrowhead in c) and also a triple-labeled cell 

(asterisk), but not with CALB (d, arrow shows a CALR/CALB double-labeled cell). Scale 
bars 30 µm in a and b, 50 µm in c and 20 µm in d. PRL photoreceptor layer, ONL outer 

nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, 

GCL ganglion cell layer, GFP green fluorescent protein, PNA peanut agglutinin, TH 
tyrosine hydroxylase, CALR calretinin, CALB calbindin 28 kDa, PV parvalbumin
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Fig. 4. 
Retinal expression pattern of GAD65-GFP construct. Several cell types show GFP 

expression in the GAD65-GFP construct, including large cells in the ganglion cell layer 

(arrows in a). Among interneurons, some (but not all) horizontal [arrowhead weak label in b, 

arrow strong positivity in c and none (asterisk) in d] cells express GFP. Among the 

amacrines, TH- (e) and CALB-containing cells (b) do not, while CALR-containing cells 

(arrowhead and asterisks in f) rarely contain GFP; no colocalization is seen in g (arrow) 

while small, narrow-field PV-positive cells (arrow) frequently express GFP (g, h). Scale bars 
30 µm in a, e and h and 10 µm in all other figures. PRL photoreceptor layer, ONL outer 
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nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, 

GCL ganglion cell layer, GFP green fluorescent protein, PNA peanut agglutinin, TH 
tyrosine hydroxylase, CALR calretinin, CALB calbindin 28 kDa, PV parvalbumin
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Fig. 5. 
Calcium-binding proteins are often co-localized with each other in amacrine and ganglion 

cells, but not with GFP, in the GAD65-GFP construct. Among amacrine cells, GFP (arrow) 

and CALR (arrowhead) is localized to different cell populations (a). However, in ganglion 

cells CALR/PV colocalization is frequent (asterisks in a, b). At the same time, single GFP- 

and PV-labeled cells are also seen (arrows in a, b, respectively). Besides the numerous 

single-labeled GFP-positive cells in the INL (asterisks), CALB/CALR colocalization 

(arrow) was also often observed in the GCL (c). A few triple-labeled cells (asterisks) were 

also seen among amacrine cells (d). Scale bars 30 µm in a and c and 10 µm in b and d. PRL 
photoreceptor layer, ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear 

layer, IPL inner plexiform layer, GCL ganglion cell layer, GFP green fluorescent protein, 

PNA peanut agglutinin, TH tyrosine hydroxylase, CALR calretinin, CALB calbindin 28 

kDa, PV parvalbumin
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Fig. 6. 
Retina of the PVRosa-YFP strain. GFP is present in the glial cells only (arrows), labeling is 

strong in the endfeet of glial cells (arrowheads) in the inner limiting membrane (a). At the 

same time, cells can be labeled for PV and CALR in the retina of this strain as usual (b). 

Scale bars 40 µm in a and 30 µm in b. PRL photoreceptor layer, ONL outer nuclear layer, 

OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL 
ganglion cell layer, GFP green fluorescent protein, PNA peanut agglutinin, TH tyrosine 

hydroxylase, CALR calretinin, CALB calbindin 28 kDa, PV parvalbumin
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Table 1

Experimental designs for the different transgenic strains

Strain/experiments Single label GFP Double labeling Triple labeling Without antibody staining

ChAT-tauGFP Done Not applied Not applied No intrinsic label

ChAT-Rosa Done GFP/CR, GFP/TH, GFP/Calb, GFP/PV GFP/CALR/CALB Weak intrinsic label

GFP/CALR/PV

GAD65-GFP Done GFP/CR, GFP/TH, GFP/Calb, GFP/PV GFP/CALR/CALB Strong intrinsic label

GFP/CALR/PV

PV-Rosa Done Not applied GFP/CALR/PV No intrinsic label
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Table 2

Primary antibodies used in double- and triple labeling experiments

Antigen Host species Dilution Supplier Remark

Green fluorescent protein Chicken 1:4000 Aves labs Against recombinant GFP, affinity-purified

Tyrosine hydroxylase Rabbit 1:500 Abcam Synthesized non-phosphopeptide tyrosine hydroxylase near 
phosphorylation site of serine 19 (human)

Calretinin Goat 1:1000 Swant Against human recombinant protein

28 kDa calbindin Rabbit 1:1000 Swant Rat recombinant calbindin 28 KDa

Parvalbumin Mouse 1:1000 Swant Against skeletal muscle parvalbumin
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