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Abstract

In mice, retinal ganglion cells (RGCs), which consist of around 30 subtypes, exclusively transmit retinal information to the
relevant brain systems through parallel visual pathways. The superior colliculus (SC) receives the vast majority of this informa-
tion from several RGC subtypes. The objective of the current study is to identify the types of calretinin (CR)-expressing RGCs
that project to the SC in mice. To label RGCs, we performed CR immunoreactivity in the mouse retina after injections of
fluorescent dye, dextran into mouse SC. Subsequently, the neurons double-labeled for dextran and CR were iontophoretically
injected with the lipophilic dye, Dil, to characterize the detailed morphological properties of these cells. The analysis of various
morphological parameters, including dendritic arborization, dendritic field size and stratification, indicated that, of the ten
different types of CR-expressing RGCs in the retina, the double-labeled cells consisted of at least eight types of RGCs that
projected to the SC. These cells tended to have small-medium field sizes. However, except for dendritic field size, the cells did not
exhibit consistent characteristics for the other morphometric parameters examined. The combination of a tracer and single-cell
injections after immunohistochemistry for a particular molecule provided valuable data that confirmed the presence of distinct
subtypes of RGCs within multiple-labeled RGCs that projected to specific brain regions.

Keywords Calretinin - Retinal ganglion cells - Retrograde tracer injection - Single-cell injection - Superior colliculus

Introduction

Retinal ganglion cells (RGCs) are the primary projection neu-
rons of the retina and they generate nerve impulses to transmit
visual and non-visual information to various brain areas
through their axons. RGCs consist of distinct subclasses of
cells that are selectively stimulated by specific types of infor-
mation that they transmit to different brain areas, such as the
thalamus, hypothalamus and midbrain, through parallel path-
ways (Berson 2008; Dhande and Huberman 2014; Sanes and
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Masland 2015). For example, M-type RGCs project to the
magnocellular layers of the lateral geniculate nucleus
(LGN), P-type RGCs project to the parvocellular layers of
the LGN and non-M, non-P RGCs project to the koniocellular
layers of the LGN (Callaway 2005; Schmolesky 1995-2005).
In addition, intrinsically photosensitive RGCs (ipRGCs),
which contain the photopigment melanopsin, consist of five
subtypes characterized by their distinctive morphologies.
Among the ipRGC subtypes, the Brn3b-negative M1 type
mainly projects to the suprachiasmatic nuclei (SCN) of the
hypothalamus and the Brm3b-positive M1 type mainly pro-
jects to the olivary pretectal nucleus in the midbrain (Hattar
et al. 2002). These different subtypes are sensitive to the cir-
cadian clock and pupillary light reflexes, respectively (Chen
et al. 2011). In addition, the postsynaptic targets of the M4
RGCs are the LGN and superior colliculus (SC), the functions
of which are not yet clear (Dhande and Huberman 2014;
Ecker et al. 2010). Thus, these findings indicate that diverse
subtypes of RGCs have distinct projection targets and
functions.

In order to determine where distinct RGC subtypes project
in the brain, these RGCs need to be classified. At least four
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criteria are used to classify RGCs (Roska and Meister 2014;
Sanes and Masland 2015). First, mice RGCs have been clas-
sified based on their uniform morphological characteristics,
such as dendritic branching pattern, dendritic stratification of
the inner plexiform layer (IPL), soma size and dendritic field
size, using various methods. For example, 14 distinct subtypes
of RGCs been morphologically characterized using Dil parti-
cle bombardment (Sun et al. 2002). Badea and Nathans (2004)
have described at least 12 RGC types using a genetically di-
rected reporter. Kong et al. (2005) and Coombs et al. (2006)
classified 11-14 RGC types in mice using cellular labeling
methods. Volgyi’s group classified RGCs into at least 22 types
using Neurobiotin injections (Volgyi et al. 2009). Second,
RGCs are also characterized using molecular markers. For
example, the junctional adhesion molecule-B (JAM-B) has
been used in mice to identify a subset of OFF RGCs that
exhibit direction selectivity (Kim et al. 2008). The W3 type
in the TYW3 mouse transgenic line, which has specific fea-
ture detectors, is equivalent to the B2 type classified by Sun’s
group (Zhang et al. 2012). In addition, the cocaine- and
amphetamine-regulated transcript (CART) is a selective neu-
ropeptide marker of all ON-OFF direction-selective RGCs
(DSGCs) (Kay et al. 2011). Third, at least 12 functional types
of mice RGCs have been distinguished based on physiological
features using spike output recordings (Farrow and Masland
2011). At least 30 functional types of RGCs were recently
characterized by their light responses and morphology using
two-photon calcium imaging (Baden et al. 2016). Fourth, sin-
gle cells in the retina have been traced and characterized using
their spatial mosaic arrangement (Rockhill et al. 2000).

The SC, which is part of the tectum in the midbrain, is the
second most notable retinal recipient area after the LGN. It
receives direct input from about 85-90% of RGCs in the mice
(Ellis et al. 2016). The SC is a multilayered structure with its
cell bodies and fibers located in two main layers: the superfi-
cial and deeper layers. The SC contains a topological map
because layer subsets receive outputs from axons serving oth-
er areas. The neurons in the superficial layers, which respond
to visual stimuli, synapse with axons arising from RGCs or
projection neurons in the primary visual cortex. In particular,
of'the RGC subtypes, inputs from ON-OFF direction-selective
(Huberman et al. 2009; Kay et al. 2011; Rivlin-Etzion et al.
2011), W3, J and alpha RGCs have been shown to project to
the superficial layers of the SC (Hofbauer and Dréger 1985;
Huberman et al. 2008; Kim et al. 2010). However, neurons in
the deeper layers, which respond to multimodal sensory stim-
uli, synapse with projection neurons in the extrastriate cortex,
other somatosensory-related cortical areas and RGCs, such as
ipRGCs (Cang and Feldheim 2013; Hattar et al. 2006;
Huberman et al. 2008; Jonathan and Hiroshi 2017; May
2006). Thus, the neuroanatomical structure of the SC is well
suited for the association of the visual sensory and motor
systems and its functions include sensorimotor integration,
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such as inducing eye and head movement according to spatial
information from the retina (Stein et al. 2002).

Calcium is a key molecule in most essential cellular pro-
cesses. Calretinin (CR), which is a calcium-binding protein,
has been used to characterize specific cell populations in the
brain as well as the retina. In the mouse retina, the CR anti-
body labels specific cell types, amacrine cells, bipolar cells
and cell bodies in the ganglion cell layer (GCL) (Haverkamp
and Wissle 2000; Lee et al. 2010). Moreover, we confirmed in
our quantification study that CR is located in a subset of
RGCs. As previously mentioned, the ipRGC subtypes, M1
cells, are further subdivided into two types according to their
expression of the Brn3b transcription factor. These two sub-
types have the same morphological and electrophysiological
properties but project to different brain targets: the SCN or
olivary pretectal nucleus (Hattar et al. 2002; Chen et al.
2011). Therefore, even if cells have the same morphological
characteristics, their major brain targets might differ in accor-
dance with the expression of specific molecules and their
functional properties might differ.

RGC subsets that express particular proteins innervate dis-
tinct retinal recipient areas of the brain through parallel path-
ways and might serve different visual functions. Our study
aims to investigate multiple SC-projecting RGC subtypes with
distinctive morphologies that contain CR detected by using a
triple-labeling technique involving retrograde tracer injections
and single-cell injections of lipophilic dye following
immunohistochemistry.

Materials and methods
Animals and retrograde tracer injection

The experiments were performed on adult C57/BL6 mice of
both sexes (n = 38). The mice were deeply anesthetized using
intramuscular injections of a ketamine hydrochloride (30—
40 mg/kg) and xylazine (3—6 mg/kg) mixture and then
mounted in a stereotaxic apparatus. A small craniotomy was
then made above the SC and a 5-uL. Hamilton microsyringe
filled with dextran solution (1-3 pL of a 5% solution of
tetramethylrhodamine [3000 MW] in phosphate buffer [PB,
pH 7.4; Thermo Fisher Scientific Inc., Waltham, MA, USAY])
was fitted to the stereotaxic system. Because of a retinotopic
map into the SC (Ito and Feldheim 2018), all dextran injec-
tions were made in various SC areas along the anterior-
posterior axis and lateral-medial axis that were identified by
the stereotaxic coordinates in a mouse brain atlas (between —
4.0 and — 4.4 mm posterior to the bregma, 0.6—1.4 mm lateral
to the midline and 1.0—1.5 mm ventral to the dural surface,
Hof et al. 2000). The animals were placed alone in clean cages
and allowed to recover. After a 48 h recovery, the animals
were perfused. The use of the animals was performed
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according to the National Institutes of Health guidelines for
the use and care of animals. The study was also approved
(permission NO. 2015-0104) by the animal rights committee
at Kyungpook National University, Daegu, South Korea.

Perfusion and tissue processing

The animals were anesthetized with the same mixture de-
scribed above. Immediately, after eye enucleation, the retinas
were carefully isolated from the eyecup and adhered ganglion-
cell-side up to black non-fluorescent filter membranes
(MilliporeSigma, Burlington, MA, USA). The filter mem-
brane and attached retina were fixed for 30 min in 4% para-
formaldehyde in 0.1 M PB (pH 7.4). The mice were perfused
through the left ventricle-aorta with rinse and fixation solu-
tions. Following a pre-rinse with the rinse solution containing
approximately 30 mL of phosphate-buffered saline (PBS,
pH 7.4) for 3-5 min, each mouse was fixed with 30-50 mL
of paraformaldehyde containing 0.3—0.5% glutaraldehyde and
0.002% calcium chloride buffered for 20-30 min. Their heads
were then removed and placed in the fixation solution for 2—
3 h. The brains were then removed from the skulls, postfixed
for 2-3 h in the same fixative and then stored overnight in
0.1 M PBS (pH 7.4) containing 8% sucrose and 0.002% cal-
cium chloride. The SC was extracted, mounted onto a chuck
and cut into 50-pum-thick sections with a Vibratome. The sec-
tioned tissues were covered with coverslips and Vectashield
mounting medium (Vector Laboratories, Inc., Burlingame,
CA, USA).

Fluorescent immunohistochemistry

For single-cell injection, after rinses of retinas, we used im-
munohistochemical techniques without using detergents (Kim
and Jeon 2006). Briefly, a primary antibody against CR
(Thermo Fisher Scientific Inc.) was applied at a 1:100-200
dilution in 0.1 M PB for 2 h. After incubation and washes in
0.1 M PB, the retinas were incubated with the FITC-
conjugated goat anti-rabbit IgG secondary antibody (1:50;
Vector Laboratories, Inc.) in 0.1 M PB for 1-2 h and then
we performed single-cell injection for classification of cells.
For dual immunostaining for CR and parvalbumin (PV),
we performed by following a conventional technique (Jeon
et al. 1998). The primary antibodies and concentrations used
were mouse anti-CR antibody (1:500, Thermo Fisher
Scientific Inc.) and rabbit anti-PV antibody (1:500, Swant,
Bellinzona, Switzerland). The secondary antibody used for
immunofluorescence detection was as follows: FITC-
conjugated anti-mouse IgG (1: 250; Vector Laboratories,
Inc.) and cyanine 3 (Cy3)-conjugated anti-rabbit IgG (1:
250; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, USA). The tissues were coverslipped using
Vectashield mounting medium (Vector Laboratories, Inc.).

Immunofluorescence images were obtained using a Bio-Rad
MRC 1024 confocal microscope (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Single-cell injections

The methods used for the single-cell injections following the
immunohistochemistry on whole-mount retina were similar to
those we previously used for mouse and rabbit ganglion cell
injections (Kao and Sterling 2003; Kim and Jeon 2006; Kwon
et al. 2014; Lee et al. 2010). In brief, the FITC- and dextran-
labeled cells were viewed with a microscope equipped with a
Zeiss 40X Plan Achroplan (NA, 0.80) water-immersion lens
and Zeiss filter set 09 (excitation, 450490 nm; emission,
515 nm). The tips of the electrodes were filled with the 1%
lipophilic dye, Dil (Thermo Fisher Scientific Inc.), in ethanol.
The colocalized cells were filled iontophoretically by passing
a positive current of 5-20 nA and 0.2-0.5 mV with 1% Dil.
The optimal filling time was 15-30 min. However, dextran-
filled CR-expressing retinotectal cells were injected only in
the midperiphery of the retina, 1.0—1.7 mm away to the optic
disc, because dendritic field size may vary according to retinal
eccentricity. Once a selected cell was filled, an indexed grid
reticle was moved laterally and another cell in the near-center
of the grid was injected. After several cells in the retina were
filled, the retina was placed in 4% paraformaldehyde in
0.1 M PB for 2 h. To counterstain the tissue, the retina was
immersed for 1 h in the nucleic acid-staining dye SYTO13
(Thermo Fisher Scientific Inc.). The tissue was then rinsed in
0.1 M PB and coverslipped with Vectashield mounting medi-
um (Vector Laboratories, Inc.).

Data analysis

The cells were scanned with a Bio-Rad MRC 1024 confocal
microscope equipped with a 40X objective (NA 0.75; Plan
Fluor; Nikon Corporation, Tokyo, Japan). Two sets of z stacks
were collected for each injected cell. First, we scanned the Dil-
filled cell from the soma in the GCL to the last of the dendrites
at 1-um intervals by z-series reading on the confocal micro-
scope using an emission filter (S§0DF32; Chroma Technology
Corporation, Bellows Falls, VT, USA). Subsequently, the
through-focus method was used to image the nucleic acid-
stained nuclei (SYTO13; Thermo Fisher Scientific Inc.) and
images were collected at 1-pum intervals using an emission
filter (515DF30; Chroma Technology Corporation) in order
to measure the thickness of the IPL and determine the level
at which the dendritic processes of the Dil-filled cells stratified
in the IPL. The depth of the GCL/IPL boundary was defined
as 100, while the depth of the IPL/inner nuclear layer bound-
ary was defined as 0. The z coordinate of each dendritic
branch was defined as the distance between the GCL/IPL
and IPL/inner nuclear layer boundaries. The number of
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primary dendrites that emerged from the soma was counted in
the confocal z-series images and the dendritic field areas and
diameters were measured (AxioVision 4; Carl Zeiss Meditec,
Inc., Dublin, CA, USA) by connecting the distal-most tips of
the dendrites (Rodieck 1998). These data were used to illus-
trate the branching and level of stratification of each type of
neuron in Adobe Photoshop (Photoshop CS6; Adobe
Systems, Inc., Mountain View, CA, USA). Somal size could
not be assessed in this study because of the strong fluorescent
halo on the cell body. All data are presented as mean =+ stan-
dard deviation.

Quantitative analysis

For quantification, all experiments were performed on three
retinas. CR-expressing retinotectal cells were expressed as the
percentage of retinotectal cells that colocalized with CR. In the
fluorescence-reacted whole mount retina, CR-expressing reti-
notectal cells were viewed on the computer monitor using a
Zeiss Plan-Apochromat 40x objective (Carl Zeiss Meditec,
Inc., Dublin, CA, USA) and an AxioCam HRc digital camera.
Retinotectal cells were counted within four areas (300 pum x
300 um) per retina. Percentages of CR-expressing retinotectal
cells per area were used to calculate average colocalization
with a standard error of the mean (SEM). In this manner,
quantitative analyses of CR and PV colocalization were also
performed in the three mouse retinas.

Brain clearing

To confirm the injection site of SC, injected brains with dex-
tran were cleared using the Binaree Brain Clearing kit (Cat.
SHBC-001, Binaree, Korea). Briefly, fixed brains were im-
mersed in fixing solution for 24 h and incubated with tissue
clearing solution in a shaking incubator at 35 °C for 18 h and
rinsed in washing solution. The brains were incubated in
mounting and storage solution for 24 h (Cat. SHMS-050,
Binaree, Korea) for further clearing. Light-sheet imaging of
cleared samples was performed using mounting and storage
solution (Cat. SHMS-050, Binaree, Korea) as the mounting
medium.

Light-sheet microscopy

The cleared brain following dextran injection into SC was
imaged using a Lightsheet Z.1 fluorescence microscope
(Carl Zeiss Meditec, Inc.) with a 5x/0.1 dual side illumination
optic and Plan-neofluar 5x/0.16 objective lens (Carl Zeiss
Meditec, Inc.). Fluorescence was excited with 561 nm lasers
and emission was detected with 575-615 nm band-pass filters.
All image data of LSFM were saved as czi file type of ZEN
software (Carl Zeiss Meditec, Inc.) and images were recon-
structed and 3D rendered using Arivis vision 4D software
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(arivis-AG, Rostock, Germany) and Imaris software
(Bitplane, USA). Whole LSFM images and image rendering
data were acquired in the Brain Research Core Facility
(BRCF) at the Korea Brain Research Institute.

Results
Retrograde tracer injections into the SC

Retrograde tracer injections into the SC can be used to retro-
gradely trace axons extending from the RGCs, which are
called retinotectal cells. To identify SC-projecting RGCs,
we injected the fluorescent tracer dextran into superficial
layers of the SC but some tracer diffused into the other layers
of the SC (Fig. 1a). The contralateral RGC projecting to the
superficial layer of the SC is configured to project the
temporal-nasal axis of the retina along the anterior and pos-
terior axis of the SC and the dorsal-ventral axis is projected
along the lateral-medial axis of the SC. Dextran-filled RGCs
were observed topographically aligned with the injection site
of SC (Fig. 1b, c).

To confirm that CR-expressing RGCs projected to the SC,
we performed immunohistochemistry with a CR antibody in
the retrogradely labeled retina. Retrogradely labeled RGCs
(Fig. 2a) and CR-positive cells were found (Fig. 2b) and some
cells were double-labeled with the fluorescent tracers and CR
(arrows in Fig. 2c). Therefore, the cells indicated by the ar-
rows in Fig. 2(c) were CR-expressing retinotectal cells. In the
quantitative analysis of retinotectal cells and CR
colocalization, only few retinotectal cells were CR-positive
(18 £4%). Single-cell injections of the lipophilic fluorescent
compound Dil were applied to these cells to identify their
morphological features.

The morphological features of the CR-expressing
retinotectal RGCs

In the present study, 119 triple-labeled RGCs were analyzed
using a laser scanning confocal microscope. The CR-
expressing retinotectal cells were classified by various mor-
phological parameters (dendritic branching pattern, dendritic
morphology, dendritic field size and level of stratification
within the IPL). The analysis of these characteristics resulted
in at least eight types of CR-expressing RGCs. We gave these
CR cell types the simple names of CR1 through CR8 (CR1-8;
Table 1). Each cell type corresponded to mouse RGC subtypes
described in previous studies by morphological criteria and
transgenic markers. In addition, we used the exemplary
descriptions of the morphologies of the functional types of
RGCs in Baden et al. (2016) to try to match the functional
types with the morphologies of the CR-expressing retinotectal
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Fig. 1 Retrograde fluorescent dextran injection into the mouse superior
colliculus. (a) Photomicrograph of the coronal section of the superficial
layers of the superior colliculus that was injected with the fluorescent
tracer dextran. (b) Light-sheet microscope imaging of the dorsal view
of cleared superior colliculus where the fluorescent tracer dextran was
injected (cleared brain counterstained with DAPI). Arrow is injection site

RGCs. The descriptions of the cells are arranged in order of
their dendritic field diameters.

The CR1 cells had medium-dense branches and some bi-
directional branches overgrew the basal dendrites at regular
intervals. Tiny branches, such as spines, were sometimes ob-
served along the dendrites (Fig. 3a, a’). The CR1 cells had
small dendritic fields and their dendrites ramified in the outer
part of the IPL (Table 1 and Fig. 3a”). The morphological
features of the CR1 cells were equivalent to the B4 RGCs
(Sun et al. 2002), monostratified cluster 2 and 4 cells (Badea
and Nathans 2004), cluster 1 cells (Kong et al. 2005), M11
cells (Coombs et al. 2006) and G8 cells (Volgyi et al. 2009)
noted in previous studies of the mouse retina.

The CR2 cells had small dendritic fields and their short
dendrites extended in a tortuous manner at many branch
points and dendrites sometimes overlapped. The CR2 and
CRI1 cells looked similar but the CR2 cells had denser and
more compact branches (Fig. 3b, b’). Their dendrites ramified
in the outer part of the IPL (Table 1 and Fig 3b”). The CR2
cells clearly corresponded to type B2 (Sun et al. 2002),
monostratified cluster 4 cells (Badea and Nathans 2004), clus-
ter 1 cells (Kong et al. 2005), M 11 cells (Coombs et al. 2006),
G5 cells (Volgyi et al. 2009) and W3 cells (Zhang et al. 2012)
in the mouse retina.

into superior colliculus. and (c¢) distribution of retrogradely labeled gan-
glion cells after injections into the superior colliculus. IC, inferior
colliculus; IGL, intermediate gray layer; OL, optic layer; SC, superior
colliculus; SGL, superficial gray layer; C, caudal; D, dorsal; L, lateral;
M, medial; N, nasal; R, rostral; T, temporal; V, ventral. Scale bars =
100 pm (a) or 700 um (b) or 500 pm (c)

The CR3 cells had a medium dendritic field. The CR3 cells
had tiny sparse dendrites that produced many long and mod-
erately wavy branches before ending at the dendrite terminals.
Their dendritic arbors tended to be asymmetric (Fig. 3c, ¢').
The CR3 cells ramified in the outer part of the IPL (function-
ally described as the OFF variety) or the inner part of the IPL
(functionally described as the ON variety, Table 1 and Fig. 3¢
"). The morphological features of the inner CR3 cells were
similar to the inner B3 type (Sun et al. 2002), monostratified
cluster 9 cells (Badea and Nathans 2004), cluster 4 cells (Kong
et al. 2005), M7 (on) and M3 (on) cells (Coombs et al. 2006),
and G6 cells (Volgyi et al. 2009) noted previously in the
mouse retina. The morphological features of the outer CR3
cells were similar to the outer B3 type (Sun et al. 2002),
monostratified cluster 1 cells (Badea and Nathans 2004), clus-
ter 2 cells (Kong et al. 2005), cluster M3 (off) cells (Coombs
et al. 2006) and the G7 type (Volgyi et al. 2009) in the mouse
retina.

The CR4 cells had medium dendritic fields and their pri-
mary dendrites emerged from the cell body and then immedi-
ately and repetitively branched into secondary dendrites.
Because these dendrites divided often into many long and
relatively straight branches at regular intervals, several
interdendritic spaces were observed between neighboring

Fig. 2 Calretinin-expressing retinotectal cells labeled with the retrograde
fluorescent tracer, dextran, in whole-mounted mouse retina 48 h after
application of the dye to the superior colliculus. (a) Retinotectal cells
and (b) calretinin immunoreactivity in the ganglion cell layer of the retina

at the same region. (¢) Merged image of retinotectal cells and calretinin.
Arrows indicate calretinin-expressing retinotectal cells. Scale bar=
50 um
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Table 1 Quantitative data of calretinin-positive mouse retinotectal dendritic branches (Fig. 4a, a'). Their dendrites ramified in

RGC layer 3 of the IPL (Table 1 and Fig. 4a"). CR4 cells obviously

Cell Dendritic field Number %of  Dendritic  Dendritc ~ corresponded to type C4 (Sun et al. 2002), monostratified

type position (% of in total field field area clusters 4 and 5 cells (Badea and Nathans 2004), cluster 1

IPL depth) sample  ganglion  diameter () cells (Kong et al. 2005), cluster M11 cells (Coombs et al.

mean & 5D cell filled (s%m) mean== 2006) and G13 cells (Volgyi et al. 2009) in the mouse retina.

The CRS cells had medium dendritic fields. Typically, CR5

CR1 4155+1462 10 8.41 141+20 10,650 cells had 5-7 primary dendrites with long and curvy and

CR2 3828+13.14 33 27.74 145+28 12,449 sometimes short branches at irregular intervals. Some

CR3" 56.85+7.70 8 12.60 205 +37 19,877 branches stretched out infrequently and perpendicularly from

2812+7.76 7 239+£25 the primary dendrites and few dendritic processes crossed

CR4 47971149 15 12.60 198 +21 19,535 each other (Fig. 4b, b’). Their dendrites ramified in layer 3

CR5 5047+17.80 16 1344 203+35 23,149 of the IPL (Table 1 and Fig. 4b”). The CR5 cells were equiv-

CR6 43.67+12.54 15 12.60 208+36 23,195 alent to the B1 RGCs (Sun et al. 2002), monostratified cluster

CR7° 71.52+591 6 5.04 226+36 26,629 1 cells (Badea and Nathans 2004), cluster 2 cells (Kong et al.

25.16+8.11 2005), M3 (off) cells (Coombs et al. 2006) and G4 cells

CR8* 61.64+9.59 7 7.57 222+43 31,027 (Volgyi et al. 2009) noted in previous studies of the mouse
33.08+8.21 2 281+21 retina.

Total 119 100 The CR6 cells had medium dendritic fields. Because the

# Monostratified cell type with ON and OFF populations

® Bistratified cell type

Fig. 3 The CR1-CR3 types of
calretinin-expressing retinotectal
retinal ganglion cells in the
mouse. (a, b, ¢) A whole-mount
view of an individual cell injected
with Dil. (a', b’, ¢’) Drawings of
each cell. The red color indicates
primary dendrites, while the blue
color indicates the remaining
branches. (a”, b”, ¢”") The den-
dritic stratification in the inner
plexiform layer of each cell type.
CR1 is equivalent to B4 RGCs.
CR2 is equivalent to B2 RGCs.
CR3 is equivalent to B3 RGCs
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CR1(B4)

CR6 cells had very dense and complex dendrites and spines,
they seemed to occupy the entire dendritic field area. Their
primary dendrites and the many wavy branches of the primary

a a
0% INL
- Cooe—————— —
S3 IPL
S4
S5
100% GCL
bi’
}y 0% INL
S1°
’ S% IPL
4 s |
S5
100% GCL
LR
0% INL
S1 :
S% EWIPL
-
S5 :
\ 100% GCL
0%
S1°v INL
S%’iIPL
. E—
-
S5
100% GCL




Cell Tissue Res (2019) 376:153-163

159

Fig. 4 The CR4-CR6 types of
calretinin-expressing retinotectal
retinal ganglion cells in the
mouse. (a, b, ¢) A whole-mount
view of an individual cell injected
with Dil. (a’, b") Drawings of each
cell. (@”, b”, ¢”) The dendritic
stratification in the inner plexi-
form layer of each cell type. CR4
is equivalent to C4 RGCs. CR5 is
equivalent to Bl RGCs. CR6 is
equivalent to C5 RGCs. Scale
bar=100 um

dendrites tapered toward the posterior segment border (Fig.
4c, ¢'). Their dendrites ramified in layer 3 of the IPL (Table 1
and Fig. 4c"). CR6 cells clearly corresponded the C5 cells
(Sun et al. 2002), monostratified cluster 1 and 2 cells (Badea
and Nathans 2004), cluster 2 cells (Kong et al. 2005), M3 (off)
cells (Coombs et al. 2006) and G14 cells (Volgyi et al. 2009)
noted in previous studies of the mouse retina.

The CR7 cells were analogous to ON-OFF DSGCs with
distinct morphological and physiological characteristics
(Yang and Masland 1994). The CR7 cells had recursive and
loop-forming dendrites (Fig. 5a, a’, a”). These cells had a
medium dendritic field that arborized in a bistratified manner
in both the ON and OFF sublaminae of the IPL (Table 1 and
Fig. 5a""). The morphological features of the CR7 cells were
similar to the D2 cells (Sun et al. 2002), bistratified cluster 2
and 3 cells (Badea and Nathans 2004), M12/M13/M14 cells
(Coombs et al. 2006), G17 cells (Volgyi et al. 2009) and BD
cells (Kim et al. 2008) noted in previous studies of the mouse
retina.

The CR8 cells had medium-large dendritic fields. The pri-
mary and secondary dendrites extended comparatively

a
AV 0% INL
o
§3 -|PL
s‘s1 :
100% ~ GCL

b”
0%
810 — INL
%%—7”3'_
g
N S5
100% GCL
C”
9 0% INL
~ S%
7 §3’__IPL
v\
S5
100% GCL

straight and they divided into recursive terminal processes that
sometimes crossed other branches. These branches extended
in disorderly radiating processes (Fig. 5b, b). The CRS cells
also had ON and OFF varieties. They ramified in the outer part
of the IPL (functionally described as the OFF variety) or the
inner part of the IPL (functionally described as the ON variety;
Table 1 and Fig. 5b”). Inner CR8 cells clearly corresponded to
the inner C2 cells (Sun et al. 2002), monostratified cluster 9
cells (Badea and Nathans 2004), cluster 11 cells (Kong et al.
2005), M6 (on) and M10 cells (Coombs et al. 2006), and G10
cells (Volgyi et al. 2009) in the mouse retina. The outer CRS8
cells clearly corresponded to outer C2 cells (Sun et al. 2002),
monostratified cluster 7 cells (Badea and Nathans 2004), M6
(off) cells (Coombs et al. 2006) and G11 cells (Volgyi et al.
2009) in the mouse retina.

The results of double-labeling retina using antibodies
against CR and PV was found in a minority (9.7 +1.3%) of
CR-positive cells in the GCL (Fig. 6). In addition, although
CR and PV are expressed in various soma-sized cells, CR-
positive cells were found mainly in small soma-sized cells,
while PV-positive cells were found mainly in large soma-
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Fig. 5 The CR7-CRS types of
calretinin-expressing retinotectal
retinal ganglion cells in the
mouse. (a, a’, b) A whole-mount
view of an individual cell injected
with Dil. (a”, b’) Drawings of
each cell. (2", b”) The dendritic
stratification in the inner plexi-
form layer of each cell type. CR7
is equivalent to D2 RGCs. CR7 is
equivalent to C2 RGCs. Scale
bar=100 pm

CR7 on(D2 on)

sized cells. Cells expressing both proteins tend to be predom-
inantly small-sized cells but occasionally a few large cells that
expressed both markers were also found.

Discussion

The objective of this study was to identify CR-expressing
RGC:s that projected to the SC in the midbrain. The results

Fig.6 Micrographs from whole mount of ganglion cell layer labeled with
anti-calretinin and anti-parvalbumin antibody. (a) Calretinin-
immunoreactive neurons in the ganglion cell layer. (b) Parvalbumin-
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of the present study demonstrated the existence of a subpop-
ulation of CR-expressing retinotectal cells. These cells
corresponded with the B1, B2, B3, B4, C2, C4, C5 and D2
cells previously identified by the Sun group (Sun et al. 2002).

Studies are ongoing to determine where the different RGC
subtypes project in particular brain regions. For example, a
recent study using special transgenic lines and genetic markers
to identify each RGC subtype projecting into a special retinal
recipient area of the brain has shown that the Pcdh9-

immunoreactive neurons in the ganglion cell layer. (¢) A few calretinin-
immunoreactive cells were double-labeled with parvalbumin (arrows).
Scale bar =50 pm
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Cre_NP276 and Grik4-Cre lines are specific reporter lines for
accessory optic nucleus projecting-ON DSGCs (Martersteck
et al. 2017). However, most single genes were expressed si-
multaneously in multiple RGCs. Of course, surprisingly, very
few single cells were occasionally defined by a solitary report-
er cell line (Huberman et al. 2008, 2009; Kim et al. 2008;
Sanes and Masland 2015; Trenholm et al. 2011). It is difficult
to find a unique reporter for each cell type and it is unknown
how many reporters are necessary to define a type. Therefore,
precisely knowing the exact recipient areas of the projections
of specific and distinct retinal RGC subtypes labeled by
unique reporters is difficult. To avoid these issues, we used a
triple-labeling technique that combined retrograde tracer in-
jections in the retinal recipient area and single-cell injections
of lipophilic dye after specific protein immunocytochemistry.
This advanced technical approach of triple labeling is a way to
identify each subtype with the specific molecules in the RGCs
that transfer distinct information to specific retinal-recipient
areas in the brain.

In our previous study, we analyzed CR-expressing RGCs
using single-cell injections in mice. At least ten different cell
types expressed CR and these were called A2, B1, B2, B3, B4,
C2, C3, C4, C5 and D2 based on the classification by Sun
et al. (2002). Compared with those results, the CR-expressing
retinotectal RGCs represent a subset of CR-expressing RGCs.
The present study describes the morphological heterogeneity
of the CR-expressing retinotectal RGCs. These cells exhibit a
variety of morphological properties, including monostratified
and bistratified dendritic arborizations, branching in the ON
and OFF sublaminae of the IPL and sparsely to densely
branching dendritic trees. However, of the CR-expressing
RGCs, we found that cells with large dendritic fields, such
as A2 and C3, did not belong to CR-expressing retinotectal
RGCs. CR-expressing retinotectal RGCs in the mouse tended
to have small-medium field sizes. The A cells, such as A1 and
A2, described by Sun et al. (2002), are the classical alpha
RGCs characterized by wide, densely branching dendritic ar-
bors (Boycott and Wéssle 1974). Alpha RGCs send informa-
tion to neurons in a special part of the SC for further process-
ing (Hofbauer and Dréger 1985; Huberman et al. 2008; Kim
et al. 2010). In mice, 4 alpha RGC types have been described
based on their response to square-wave light stimuli: On-
sustained, Off-sustained, ON-transient and Off-transient
(Krieger et al. 2017). In particular, quantitative analysis of
the colocalization of these cells and calcium-binding proteins
revealed that PV was found in a majority of alpha RGCs (73 +
4%), calbindin in a minority of alpha RGCs (27 +2%) and CR
only in a few alpha RGCs (13 +4%) (Farrow et al. 2013;
Miinch et al. 2009). Our previous report revealed that alpha
retinotectal RGCs contained PV (Yi et al. 2012). In summa-
tion, previous and present studies suggest that alpha RGCs in
the mouse retina that project to the SC do not contain CR but
contain PV instead. These results indicate that protein

heterogeneity may be present in mouse SC-projecting
RGCs. In addition, when visual information regarding the
transient and sustained light response of alpha RGCs is
projected into SC, it may not involve CR.

In mice, studies of RGC classification have been persistently
performed after Sun’s study (Sun et al. 2002) was performed
and studies of their physiological properties and the labeling of
their specific subtypes are ongoing. Among the B1, B2, B3, B4,
C2, C4, C5 and D2 cells identified by Sun’s group (Sun et al.
2002), the B2 and D2 cells are equivalent to the W3 RGCs and
ON-OFF DSGCs, respectively (Kim et al. 2010; Sun et al.
2002). However, the other cell types are not well defined.
These two cell types mainly respond to motion stimuli. The
W3 ganglion cells are the most abundant subtype of the
RGCs in mice and the morphological and physiological fea-
tures of W3 cells are equivalent to local edge detector RGCs
and object motion-sensitive RGCs (Kim et al. 2015; Zhang
et al. 2012). Combining the previous and present results dem-
onstrates that CR is expressed in W3 cells that project to the SC
and that these cells do not express PV (Yi et al. 2012). Thus, the
W3 cells that are specialized for detecting the moving stimuli of
small objects send this visual information to the SC, which
suggests that CR and not PV, might be a molecular participant
within W3 cells in the retinotectal pathway.

ON-OFF DSGCs encode directional motion. They mainly
project to the SC but some cells project to the LGN, medial
terminal nucleus and nucleus of the optic tract (Dhande and
Huberman 2014; Kay et al. 2011; Rivlin-Etzion et al. 2011).
Combining previous and present results reveals that ON-OFF
DSGC:s that project to the SC express both CR and PV (Yi et al.
2012). These findings suggest that, in the ON-OFF DSGCs that
project to the SC, both CR and PV may help to sustain the
structural and physiological bases for directional motion.

Recently, several clusters of orientation-selective RGCs
have been defined using calcium imaging in mice and they
are present in ON and OFF types (Baden et al. 2016). By
comparing their morphological properties, we predicted that
OFF orientation-selective cells were reminiscent of the OFF
cell types in our data, such as B1 and C5. In addition, the
orientation selectivity has been confirmed in the superficial
layers of the mouse SC (Wang et al. 2010). Although tracer
filling has not yet been performed to determine if they project
to the SC, these cells are predicted to contribute to orientation
selectivity in the SC through inherited retinotectal projections
(Ahmadlou and Heimel 2015; Nath and Schwartz 2016).
Thus, only information on morphological similarities is not
sufficient to determine this and, thus, further physiological
validation is needed. However, we predict that CR-
expressing orientation-selective cells project to the SC.

CR was first found in the retina and it has been found in
specific neurons of the central and peripheral nervous systems
(Schwaller 2014). Because CR can modulate intracellular cal-
cium concentrations, it is considered a calcium-buffering
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protein. In addition, CR plays a role as a calcium sensor by
interacting with other partners, such as calcium channels.
Although the exact function of CR has not been determined,
previous studies on CR indicated a putative functional role in
neuroprotection. Mice deficient for CR in the cerebellum have
motor control impairments (Schiffmann et al. 1999), which
could lead to increased neuronal excitability of granule cells
(Gall et al. 2003) and alterations in the calcium homeostasis of
Purkinje cells (Cheron et al. 2004). We therefore suggest that
CR is mainly present in SC-projecting RGCs that respond to
motion stimuli, such as W3 and ON-OFF DSGCs. Thus, CR
might play a role in neuroprotection by modulating calcium
homeostasis or regulating intracellular calcium signaling for
the responses to motion stimuli.

In conclusion, we performed experiments involving a new
combination of techniques to examine the morphological sub-
types of CR-expressing retinotectal RGCs. Among the ten types
of CR-positive RGCs described in our previous study, our pres-
ent results indicated that the eight types of CR-expressing reti-
notectal RGCs tended to have small-medium fields. However,
they were heterogeneous for the morphometric parameters other
than their dendritic field size. Although the physiological prop-
erties of RGCs have not been completely elucidated, some of
these CR-expressing retinotectal RGCs might be morphologi-
cally similar to cell types that are related to ON-OFF directional
selectivity and local edge detection. Future studies are needed to
better understand these mechanisms.
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