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Calcium buffer proteins are specific markers of human
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Abstract Ca2+-buffer proteins (CaBPs) modulate the tempo-
ral and spatial characteristics of transient intracellular Ca2+-
concentration changes in neurons in order to fine-tune the
strength and duration of the output signal. CaBPs have been
used as neurochemical markers to identify and trace neurons
of several brain loci including the mammalian retina. The
CaBP content of retinal neurons, however, varies between
species and, thus, the results inferred from animal models
cannot be utilised directly by clinical ophthalmologists.
Moreover, the shortage of well-preserved human samples
greatly impedes human retina studies at the cellular and net-
work level. Our purpose has therefore been to examine the

distribution of major CaBPs, including calretinin, calbindin-
D28, parvalbumin and the recently discovered secretagogin in
exceptionally well-preserved human retinal samples. Based
on a combination of immunohistochemistry, Neurolucida trac-
ing and Lucifer yellow injections, we have established a data-
base in which the CaBP marker composition can be defined
for morphologically identified cell types of the human retina.
Hence, we describe the full CaBP make-up for a number of
human retinal neurons, including HII horizontal cells, AII
amacrine cells, type-1 tyrosine-hydroxylase-expressing
amacrine cells and other lesser known neurons. We have also
found a number of unidentified cells whose morphology
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remains to be characterised. We present several examples of
the colocalisation of two or three CaBPs with slightly different
subcellular distributions in the same cell strongly suggesting a
compartment-specific division of labour of Ca2+-buffering by
CaBPs. Our work thus provides a neurochemical framework
for future ophthalmological studies and renders new informa-
tion concerning the cellular and subcellular distribution of
CaBPs for experimental neuroscience.

Keywords Calretinin . Calbindin . Parvalbumin .

Secretagogin . Retina

Introduction

Neuronally acting major Ca2+-buffer proteins (CaBP), includ-
ing calretinin (CaR), calbindin (CaB), parvalbumin (PV) and
secretagogin (SCGN), are key players in determining the
length, amplitude and repeatability of intracellular (IC) Ca2+-
transient events throughout the nervous system (for a review,
see Schwaller 2015). Because of their relatively high dissoci-
ation constant, CaBPs partake in Ca2+-buffering when neu-
rons are excited and the IC Ca2+-concentration rises high
enough for the CaBPs to bind Ca2+. Therefore, Ca2+-buffering
profoundly acts on neuronal signalling, while only affecting
other Ca2+-dependent IC mechanisms to a considerably lesser
extent. The various CaBPs differ considerably in the dynam-
ics, the affinity and the capacity of their Ca2+-binding profile,
thus explaining their mutual non-exchangeability (Schwaller
2009). Therefore, a description of the cellular and subcellular
localisation of CaBPs might yield considerable information
regarding the functions of the examined neurons. In addition
to being studied for their IC physiological role, CaBPs have
also been widely utilised as major neurochemical markers to
identify and trace neurons of the nervous system. Abundant
information has been obtained over the past few decades with
regard to the CaBP make-up of neurons of the mammalian
retina and CaBPs have become major markers of retinal neu-
rons for both clinical and experimental ophthalmology. PV, for
example, has been used selectively to stain AII amacrine cells
(ACs), the bottle-neck of the primary rod pathway in several
mammalian models (Wässle et al. 1993; Casini et al. 1998;
Lee et al. 2003), CaR is a general marker of starburst ACs in
the murine retina (Gábriel and Witkovsky 1998; Haverkamp
and Wässle 2000) and CaB has been used to stain horizontal
cells (HC) in most mammals (Massey and Mills 1996;
Haverkamp and Wässle 2000). However, the CaBP-staining
profiles show variability between species. One such well-
known example is CaR, which is expressed by AII cells in
most mammals, whereas murine AII cells appear CaR-
negative and, instead, starburst and W-S2/3 wide-field ACs
express CaR in both mouse and rat (Gábriel and Witkovsky
1998; Haverkamp and Wässle 2000; Knop et al. 2014).

Moreover, primates and rodents have differentmarker systems
that identify their bipolar cells (BC), and CaBPs label different
BC subtypes (Haverkamp andWässle 2000; Haverkamp et al.
2003; Ghosh et al. 2004). Moreover, the availability of well-
preserved human tissue for the collection of a comprehensive
data set of the neurochemical marker system of the human
retina is limited. Our aim in this project has been to accumu-
late data on the CaBP expression of human retinal neurons.

We examined the distribution of CaR, CaB, PV and the
recently discovered SCGN in human retinal samples at the
cellular and subcellular level. In addition, we carefully
characterised the colocalisation of these proteins in the exam-
ined neuron subtypes. The presented data set was then com-
bined with results of previous studies of the human retina in
order to establish a database in which the CaBP composition is
determined for morphologically identified human retinal cell
types.

Moreover, we have characterised the full CaBP make-up
for a number of human retinal neurons, including HII HCs,
AII ACs, type-1 tyrosine hydroxylase (TH)-expressing ACs
and other less known neurons. In addition, we describe a
number of unidentified cells whose morphology is yet to be
characterised. Finally, we present several examples of the
colocalisation of two or three CaBPs with slightly different
subcellular distributions in the same cell. This phenomenon
suggests a certain division of labour in Ca2+-buffering by
CaBPs with possible differential effects on the amplitude,
the exponential rise and decay phases and the repeatability
of Ca2+ transients of each cellular compartment. Our goal is
to provide both a neurochemical framework for future oph-
thalmological studies and new information concerning the
cellular and subcellular distribution of CaBPs for experimen-
tal neuroscience.

Materials and methods

Human patients

Human donor tissue was collected either from organ donors
with no reported history of eye disease, immerdiately after
the removal of the cornea for transplantation, or from ca-
davers from the 1st Department of Pathology and
Experimental Cancer Research, Semmelweis University.
All samples were obtained in accordance with the tenets of
the Declaration of Helsinki. All personal identifiers were
removed and samples were coded before histological pro-
cessing. Retinas from five patients were investigated in the
present study (3 females, 2 males, aged 37–75 years; post-
mortem time: 2–5 h). All experimental protocols were ap-
proved by the local ethics committees (TUKEB 58/2006,
TUKEB 58/2014).
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Histological preparation

After the removal of the cornea, the iris, lens and vitreous
body were carefully extracted and eyecups were cut radially
into six slices. Slices were fixed in 4 % buffered paraformal-
dehyde (PFA) for 2 h at +4 °C and then rinsed several times in
0.1 M phosphate-buffered saline (PBS, pH 7.4). For whole-

mounts, the retina was gently removed from the eyecup. The
tissue was cut into small pieces, soaked overnight in 30 %
sucrose in PBS at +4 °C and stored in cryoprotectant solution
for further use at −20 °C. For sections, inferonasal retinal
pieces were placed in 30 % sucrose in PBS at +4 °C and then
embedded in Shandon Cryomatrix (Life Technologies,
Budapest, Hungary). Blocks were stored at −80 °C until

32 Cell Tissue Res (2016) 365:29–50



sectioning. Sections (10–20 μm thick) were cut in the radial
plane by means of a cryostat (Leica CM 1950, Leica
Microsystems, Wetzlar, Germany), mounted on gelatin-
coated slides and stored at −20 °C until processed.

Fluorescent immunohistochemistry

Fluorescent immunohistochemical reactions on sections and
onwhole-mount retinas were carried out according to standard
protocols (Kántor et al. 2015a, 2015b). To increase penetra-
tion in whole-mounts, tissue was freeze-thawed three times,
pepsin digestion was carried out (1 % for 15 min at 37 °C) and
increased rinsing and incubation times were applied. Briefly,
sections or whole-mount tissues were washed several times
with PBS (25 mM with 0.2 % Triton-X [PBS-TX]).

Nonspecific staining was blocked with 10 % donkey serum
diluted in PBS-TX. Afterwards, specimens were incubated
with the primary antibodies diluted in PBS-TX at +4 °C
(60 h for sections and 72 h for whole-mounts). The primary
antibodies used in the present work are listed in Table 1. After
being extensively rinsed, specimens were incubated with the
appropriate mixture of the following secondary antibodies:
donkey anti-mouse IgG conjugated with Alexa 488 or
DyLight 649, donkey anti-rabbit IgG conjugated with Alexa
555, donkey anti-guinea pig conjugated with Cy3, donkey
anti-goat IgG conjugated with Alexa 555 or DyLight 405,
donkey anti-rat IgG conjugated with DyLight 649 (all
Alexa-conjugated antibodies were purchased from Life
Technologies, Budapest, Hungary; all DyLight-conjugated
antibodies were from Jackson ImmunoResearch Europe,
Suffolk, UK) diluted in PBS-TX and 3 % normal donkey
serum. Sections were incubated for 3 h at room temperature,
and whole-mounts were incubated overnight at +4 °C. After
several rinsing steps, whole-mounts were mounted on
gelatine-coated slides and all specimens were coverslipped
by using AquaPolymount (Polysciences Europe, Eppelheim,
Germany) as mounting medium. Slides were kept at +4 °C
until imaging.

Negative control reactions were carried out by omitting the
primary or secondary antibodies (see Supplementary Fig. 1).
Anti-CR, anti-PVand anti-SCGN primary antibodies produced
in various species were also applied to retina or brain sections
of adult maleWistar rats in which the distribution of the CaBPs
is well known from the literature (see Supplementary
Figs. 2 and 3; Gábriel et al. 2004; Pasteels et al. 1990;
Puthussery et al. 2010; Sanna et al. 1990; Endo et al. 1986;
Jacobowitz and Winsky 1991; Garcia-Segura et al. 1984).

Intracellular lucifer yellow injections

Borosilicate glass pipettes were filled with 4 % Lucifer yellow
(LY, Sigma-Aldrich, Budapest, Hungary; resistance: 150–500
MΩ). Retinal ganglion cells (GC) from midperipheral (3–
6 mm centrality)-peripheral (6–9 mm centrality) locations
were injected with LY under a Zeiss Axioscope microscope
(40× water immersion lens, Zeiss micromanipulator; Carl
Zeiss, Jena, Germany) and Digitimer iontophoretic dye mark-
er (Digitimer, Welwyn Garden City, UK; current: −4.5 nA,
duration: 10–15 min). Afterwards, retinal pieces were
postfixed in 4 % PFA with 0.5 % glutaraldehyde (Sigma-
Aldrich, Budapest, Hungary). Multiple fluorescence immuno-
histochemistry was carried out as described above, but with
the omission of the pepsin digestion step.

Imaging and image processing

Images were captured on a confocal microscope (Zeiss
LSM 510 Meta or 780 with upright microscope Axio

�Fig. 1 a–cOverview of calretinin (CaR) immunoreactivity in the human
retina. CaR immunoreactivity delineated amacrine cell somata in the
inner nuclear layer (INL) and ganglion cell layer (GCL); processes in
the inner plexiform layer (IPL) were arranged in three strongly stained
strata, with ganglion cell (GC) bodies and axons in the GCL and the
neurofibre layer (NFL), respectively. Most ACs belonged to the AII
population, with a medium-sized soma (arrow in b), stout dendritic stalk,
lobular appendages and processes that could be traced to the deepest part
of the IPL. Larger CaR-immunopositive (CaR+) somata (open arrows in
b, c) were also detected and, when discernible, displayed wide-field
morphology. d Neurolucida reconstruction of CaR+ ACs clearly showed
either the classical AII AC morphology (left) with lobular (solid arrow)
and transverse (dashed arrow) processes or wide-field (WF) AC
morphology (right) with both ON (solid arrow) and OFF (dashed arrow)
stratifying processes. Note that only proximal processes of wide-field
cells could be traced, whereas distal portions (grey arrowheads) were
intermingled with other CaR+ processes in the IPL and could not be
traced. e Occasionally, cells showing BC morphology were also
encountered (ONL outer nuclear layer, OPL outer plexiform layer).
These CaR+ BCs possessed elongated somata in the middle of the INL
and dendrites that bore blob-like endings (open arrow). f, g In addition to
ACs and BCs, some cell bodies displayed two sets of processes: one that
entered the IPL and arbourised in various IPL strata and another that
emerged from the distal portion of the soma, crossed the INL and
stratified in the OPL (open arrows). OPL fibres of these cells often
displayed swellings. These characteristics resembled those of
interplexiform cells. Two examples of these interplexiform cells are
shown as Neurolucida reconstructions (g). Note that the drawings were
confined to only proximal IPL processes. These dendrites clearly
continued but could not be followed further for reconstruction (grey
arrowheads). h. Image from a whole-mount retina displaying thin
axon-like fibres (arrows) and thicker and shorter processes (open arrows)
in the OPL. Thicker processes had many swellings on their surface and
could be traced back to interplexiform somata. In contrast, the thin fibres
could not be traced and, thus, their identity is uncertain. i–k Somata of
medium-sized AII (arrows) and large wide-field cells (open arrow) could
be readily distinguished in the whole-mount specimen (i). Both lobular
appendages (j) and transverse processes (k) of AII cells could be found in
the OFF and ON sublaminae of the IPL, respectively. l, m In the GCL,
anti-CaR serum stained both small (open arrows) and large (arrows) cell
bodies. Some of the larger cells displayed thick primary dendrites (l) and
axons that entered the NFL and, thus, they were likely to beGCs, whereas
the smaller somata belonged to displaced ACs. Bars 10 μm (a-g, i-m),
20 μm (h)

Cell Tissue Res (2016) 365:29–50 33



Imager Z1; Carl Zeiss) by using ZEN 2012 software (Carl
Zeiss) and 40× or 63× Plan-Apochromat oil-immersion
lens (NA: 1.4). In the case of LY-filled cells, spectral
recording by using the lambda mode of ZEN software
with subsequent linear unmixing of the images was

applied. Final images were constructed by using Adobe
Photoshop 7.0 (San Diego, Calif., USA) and Fiji
(Schindelin et al. 2012). Only minor adjustments of
brightness and contrast were applied to avoid altering
the original appearance of the images.
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Neurolucida reconstruction

In whole-mounts , PV-immunoreact ive BCs, CR-
immunoreactive BCs, interplexiform ACs and SCGN-, CR-,
CB-, and PV-stained cell bodies in the deep inner nuclear layer
(INL) or ganglion cell layer (GCL) were traced by using
Neurolucida (version 11; MBF Bioscience Europe,
Magdeburg, Germany) from image stacks. For estimations
of the total number of cells in the deep INL or GCL, 4,6-
diamidino-2-phenolindole (DAPI)-stained nuclei were also
counted. Size measurements were carried out at the level of
the greatest somal cross-sectional area on Z-stacks.

Results

In this study, multiple-label immunohistochemistry,
Neurolucida reconstructions and intracellular LY tracer injec-
tions were carried out to characterise human retinal neurons
that synthesise one or more of the CaBPs, including CaR,
CaB, PVand the recently characterised protein, SCGN.

CaR-immunopositive human retinal neurons CaR-
immunopositive (CaR+) human retinal neurons were
characterised very recently by Lee and colleagues (2016).
CaR immunopositivity was shown by AII AC, semilunar type
1 and stellate varicose type (Kolb et al. 1992) wide-field ACs,
semilunar type 1, 2 and 3 displaced ACs, and stellate varicose
and thorny type displaced ACs. In addition, a cohort of GCs
including G17 cells (Kolb et al. 1992), small bistratified cells

(Dacey 1993) and large-field bistratified ganglion cells
(Peterson and Dacey 2000) also displayed CaR
immunopositivity. In this study, the anti-CaR serum mainly
stained ACs with cell bodies in the INL and GCs and
displaced ACs in the GCL, in the human retina (Fig. 1a-c).
Contrary to the dense CaR+ plexus in the inner plexiform
layer (IPL), two distinct subpopulations of the CaR+ ACs
were clearly distinguished. Cells of the more frequent subpop-
ulation showed a medium-sized soma (8–10 μm in diameter;
n=8 AII cells reconstructed in Neurolucida-displayed cell
bodies of 9.4 μm ± 1.34 SD in diameter; see also
Supplemental Table 1 for further morphometric data), a pri-
mary dendritic stalk, and two sets of dendritic processes. The
proximally located, short dendrites showed lobular endings in
the OFF sublamina (Fig. 1b, d, j), whereas those that branched
distally ran diagonally and terminated deep in the ON
sublamina (Fig. 1b, d, k). This bistratified morphology was
consistent with descriptions of AII ACs in other mammalian
species (Völgyi et al. 1997; Mills and Massey 1998).
Neurolucida reconstructions also confirmed that these CaR+
ACs were AII cells. In addition to AII cells, another less fre-
quent AC population also showed CaR immunopositivity
(Fig. 1b–d). This type of AC displayed a large cell body
(12–15μm in diameter) and 2–4 visible primary dendrites that
ran either laterally or diagonally. The diagonal dendrites often
crossed the entire IPL and targeted middle or innermost IPL
areas. The identity of this AC type is unclear; however, these
cells resembled tristratified primate A19 cells (Kolb et al.
1992) and stellate cells (Lee et al. 2016). Other CaR+ cells
clearly displayed somewhat elliptic soma and two thick pri-
mary dendrites that emerged at the opposite sides of the soma,
a characteristic of human semilunar cells (Lee et al. 2016).
Some of the detected wide-field cells maintained their den-
drites close to the INL/IPL border, thus posing the possibility
that they might be stellate type 1 cells (Fig. 1i; Kolb et al.
1992; Lee et al. 2016). Varicose or tortuous dendrites were
not detected; therefore, we were uncertain as to whether our
sample contained the previously described, CaR+ thorny cells
(Kolb et al. 1992; Lee et al. 2016). Apart from the frequently
observed CaR+ cell types, we also encountered rare CaR+
BCs and interplexiform cells (Fig. 1e-g) with medium-sized
somata (8.9 μm ± 0.76 SD in diameter; n=4) . When whole-
mount samples were examined, fine CaR+ axon-like process-
es were evident in the outer plexiform layer (OPL) and ran
long distances laterally (several hundreds of micrometers).
These axons bore many small beadings and sometimes
crossed each other forming a loose mesh in the OPL
(Fig. 1h). We also observed a few thicker processes that were
more confined spatially (total axonal length: 139.2 μm ± 23.1
SD; n=4; see also Supplemental Table 1 for further morpho-
metric data). These latter processes possessed beadings and, at
first, they appeared to be BC dendrites. However, when
Neurolucida reconstructions were performed, the processes

�Fig. 2 a Micrograph of a human retinal section showing calbindin
(CaB)-immunoreactive neuronal elements, including cones, horizontal
cells (HCs), ACs and somata in the GCL. InsetWhole-mount retina with
the focus on the cell bodies of cone photoreceptors (green). The
differential interference contrast (DIC) image of the same retinal region
is overlaid on the fluorescent photomicrograph to show that surrounding
rods are negative for CaB. b In the INL, CaB was expressed by BCs and
byACswith either medium-sized (arrow) and large (open arrow) somata.
c Photomicrograph showing a whole-mount specimen with the focus on
the OPL/INL border in which HC somata, slender axon-like processes
(arrow in inset) and a few thicker proximal dendrites (open arrow in
inset) are apparent. d–h Images of the whole-mount retina with the focus
on the proximal INL (e), the OFF sublamina (f) and the ON sublamina (g)
of the IPL. In the INL, medium-sized somata (arrow) appear to emit
single dendritic stalks that display lobular dendritic branches in the distal
IPL (f) and transverse processes in the OFF sublamina (g). In addition to
AII cells, larger AC somata are also discernible in the INL (open arrow in
g), whose thick, laterally running proximal dendrites were also stained (b,
g, h). g, h Photomicrographs displaying examples of wide-field
CaB+ ACs that resemble stellate (g) and semilunar (h) ACs of the human
retina. i In the GCL, CaB immunoreactivity was observed in both small
(arrow) and large somata (open arrows). Larger CaB+ cells often
displayed axons that entered the NFL and, thus, were clearly GCs. By
contrast, we could not find clear evidence regarding axonal processes of
small CaB+ neurons. Bars 10 μm (5 μm in inset)
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were traced back to the somata of interplexiform cells
(Fig. 1g). Unfortunately, we were unable to trace the thin
axon-like processes and, thus, their identity remains unclear.
The somata of the interplexiform cells were located in the
proximal INL from which many primary dendrites emerged
and entered the IPL. The dense CaR+ meshwork in the IPL
prevented us fully tracing the dendrites of the interplexiform
cells and, hence, only their proximal dendritic branches are
shown in Fig. 1g (some morphometric data on incomplete
dendritic processes are shown in Supplemental Table 1). The
primary dendrites possessed swellings and branched occa-
sionally. The CaR+ interplexiform cells in this study appeared
to send processes to various IPL strata (Fig. 1f, g), similar to
the tristratified interplexiform cells described previously in the
human retina (Kolb et al. 1992). The observed CaR+ BCs
displayed a rare occurence, namely a sparse dendritic tree
and frequent dendritic blobs (Mariani 1984; Kolb et al.
1992). CaR+ BCs appeared to receive inputs from
neighbouring cones and to form invaginations with presynap-
tic cone pedicles (see below). The precise identity of this par-
ticular BC is uncertain, as no similar human BC descriptions
were found in previous studies (Mariani 1984; Kolb et al.
1992; Haverkamp et al. 2003).

Other than ACs, we also visualised CaR-expressing GCs
whose dendritic arbour could be revealed partially. The CaR+
ganglion cell in Fig. 1 had four stout primary dendrites that
displayed only a few branch-points. The dendrites were
straight, ran radially and stayed in the ON sublamina of the
IPL. Among the previously described CaR-expressing human
GCs, they most closely resembled the bistratified GCs (Kolb
et al. 1992; Lee et al. 2016). In contrast to these well-
visualised GCs, dendritic branches of many CaR+ GCL cells
could not be followed and, thus, we are uncertain whether all
CaR-expressing cells shared the small bistratified morphology
or represented other CaR+ GC types altogether. Indeed, some
CaR+ cell bodies in the GCL were rather small (8–12 μm in
diameter; Fig. 1m) and the population probably comprised a
mixture of GCs and the previously described semilunar type 1,
2 and 3, stellate varicose and thorny type displaced ACs (Kolb
et al. 1992; Lee et al. 2016).

CaB+ human retinal neurons In the primate and human ret-
ina, CaB is expressed in cones, HCs, a subset of ACs, DB3 flat
diffuse OFF cone BCs and DB5 BCs and in non-primate ON
invaginating diffuse BCs (Massey and Mills 1996; Grünert
et al. 1994; Haverkamp et al. 2003). In the human specimens,
our anti-CaB sera revealed labelling similar to those that we
have recently described in a previous study (see Kántor et al.
2015a for photoreceptor and BC descr ip t ions) .
Furthermore, we found CaB-expressing HCs in both retinal
sections and whole-mount specimens (Fig. 2a-c).
Interestingly, round HC somata, proximal dendritic segments
and thin delicate axon-like HC processes were readily observed

but the anti-CaB serum rarely stained thicker dendritic process-
es (Fig. 2a-c; see also below). Similar to CaR, CaB was
expressed in the inner retina by a cohort of ACs. The majority
of these CaB+ ACs displayed AII morphology, including a
round soma, a bistratified dendritic arbour with OFF lobular
and ON transversal processes (Fig. 2d-f). Apart from small-
field AII cells, larger AC bodies (12–15 μm in diameter) were
also detected in the CaB-immunolabelled specimen (Fig. 2a, b,
d, g, h). On multiple occasions, only the proximal dendrites
were discernible but sometimes the thick, laterally running pro-
cesses could be followed for dozens of micrometers (Fig. 2g,
h). Clearly, these cells displayed characteristics of wide-field
ACs and, in many ways, resembled stellate and semilunar cells
of the human retina (Lee et al. 2016). These similarities includ-
ed a large soma, two to four smooth primary dendrites, sparse
branching and a large dendritic tree. The GCL displayed many
CaB-immunoreactive cell bodies with a variety of sizes, indi-
cating that both GCs and displaced ACs expressed CaB. We
found that CaB+ somata were either extremely small (7–9 μm
in diameter) or huge (15–22 μm in diameter; Fig. 2i). This
observation suggested that the small cell bodies were displaced
ACs. This was supported by the lack of obvious axonal pro-
cesses emitted from the small CaB+ somata. The large CaB+
cell bodies, on the other hand, were amongst the largest in the
GLC and displayed emerging axons (Fig. 2i). CaB-labelled GC
axons entered the neurofibre layer (NFL) and bundled together,
attesting that at least some of the CaB+ cells in the GCL were
GCs.

PV distribution in human retina We observed PV-
immunolabelled neurons in both the outer and inner retina,
including HCs, BCs, ACs and cells in the GCL (Fig. 3a, b).
HCs appeared completely labelled by the PV antiserum in
both whole-mounts and sections, with somata, thick dendritic
and thin axonal processes and distally protruding lollipop end-
ings being readily observed (Fig. 3a-c; see also below). PV+
BCs formed a relatively sparse population (Fig. 3j, k). The
PV+BC somata (8.7μm± 0.9 SD in diameter; n=12) showed
a characteristic elongated conical shape and were localised in
the distalmost INL. Because of the distal cell body location,
the PV+ BCs did not show extended primary dendrites
reaching out towards the OPL. Instead, these dendrites entered
the OPL immediately after their origin and intermingled with
the PV+HC processes. The axons of the PV+ BCs entered the
IPL, arbourised first in the OFF sublamina of the IPL (Fig. 3a,
b, j-l), and then extended horizontally several tens of micro-
meters (total axonal length: 203.7 μm ± 81 SD; n=12). In
addition to axons in the OFF sublamina, many PV+ BCs
displayed axonal branches that reached the middle and even
deep ON sublaminar IPL areas. This dendro-somatic architec-
ture is also apparent in the Neurolucida reconstructions
(Fig. 3l). Based on these features, the PV+ BCs could not be
identified among the BCs described by Haverkamp and
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collagues (2003) but showed similarity to the giant diffuse or
giant bistratified BCs described earlier by Kolb and colleagues
(1992). Similarities included the long-spanning axonal pro-
cesses, the largely bistratified axonal morphology (strata 1
and ~3/4) and the somewhat asymmetric layout of axonal
terminals in the IPL (Fig. 3h-l). Lower power micrographs
showed that axon terminals of these BCs tiled the retina eco-
nomically without much overlap, indicating that they were
representatives of a single cell type.

In addition to HCs and BCs, PV was expressed by both
ACs and GCs in the inner retina (Fig. 4). Interestingly, ACs
with somata in the INL were labelled strongly and appeared to
bemore numerous in some of the specimens (Fig. 4c) but were
relatively weakly labelled and scarcer in others (Fig. 4a, b).
This discrepancy in inner retinal staining clearly depended on
the primary anti-PV serum that we used. The goat anti-PV
serum from Sigma resulted in weaker and more selective
staining, whereas the goat anti-PV serum from SWANT and

Fig. 3 a, b PV-immunoreactivity
in the human outer retina was
found in HCs, BCs (open
arrows), ACs and GCs. PV+ BCs
showed a cell body in the
outermost INL, in the vicinity of
the OPL. Dendrites could not be
discerned but their long axons
entered the IPL and branched out
in various IPL strata. c Enlarged
image showing HC somata and
processes in the OPL. HC
dendrites displayed lollipop-like
dendritic endings. d–i
Consecutive focal plane images
of the same frame in a Z-stack
(arrows in d–f soma of a PV-
expressing BC, arrows in g–i
axon-axon terminal region of a
PV-expressing BC). j, k
Overview (j) and a magnified
frame (k) showing the coverage
of BC axonal trees. BC axons
often showed a single thicker
(open arrows) and several thinner
branches. l Neurolucida
reconstruction of PV BCs
displaying the soma, axon and
axonal arbour of these BCs; the
dendrites could not be traced
because of the PV-labelling
density in the OPL. Bars 10 μm
(20 μm in j)
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the mouse anti-PV serum from Sigma labelled the same pop-
ulation of cells and many more ACs in the inner retina. We
decided to present results from all four antibodies, because the
second and third sera probably stained all PV-expressing ret-
inal cells, whereas the first serum provided more information
on the dendritic morphology of the few selectively stained
neurons. A characteristic type of AC, whose soma might be
located in either conventional or in displaced locations,
showed a medium- to large-sized (11–14 μm in diameter)
round soma and dendrites that radiated from the soma in a
star-like fashion that bi- or tristratified in the IPL in strata 1,

3 and 5 (Fig. 4a-d). This AC was labelled with all PV sera and
showed the strongest PV-positivity in the inner retina in all
labelled specimens. In the GCL, a mixed neuron population
appeared to be PV+. In addition to PV+ GCs, we also ob-
served putative displaced ACs with smaller somata in the
GCL (8–12 μm in diameter; Fig. 4e, f). The high number of
PV+ cells in the GCL suggested that, similar to the monkey
retina (Kolb et al. 2002), the majority of GCL cells expressed
PV. Other than immunolabelling, we also performed LY intra-
cellular injections into GC somata in PFA-fixed retinal tissue
(see Materials and Methods) and carried out subsequent

Fig. 4 a, b Retinal cross sections displaying PV-immunoreactive
neurons, including characteristic ACs, whose somata could be located
either in the INL (b) or displaced to the GCL (a), thereby forming a
mirror-symmetric pair. Dendrites of both the AC and the displaced ACs
displayed medium-field or wide-field morphology. They were found
throughout the IPL but the most pronounced processes were detected in
the distal-most and the proximal-most IPL strata. c, d Images focused on
the INL (c), with many PV+AC somata (open arrow in c soma appears to
be of the medium-field AC type shown in b). The dendrites of this same
AC radiate from the soma and give off a few branches (open arrow in d).
e, f In the GCL, many somata were found to express PV. Based on the
variety of the soma sizes, some of them appeared as displaced ACs,
whereas others were large and emitted axons, making them more likely
to beGCs. g, h Photomicrographs displaying a specimen inwhich Lucifer
Yellow (LY) injection (green) and CaB (red) and PV (blue)

immunostaining were combined. The LY-injected GC displayed a large
ovoid soma (g, see also insets, asterisk in h), four stout and smooth
primary dendrites, and a large dendritic tree that stratified in the OFF
sublamina. The main dendrites branched out relatively far from the
soma. The higher order dendrites were beaded and protruded deep into
the OFF layer. This GC was identified as an OFF parasol GC. Unfilled
PV-labelled GCs with similar somatic (white asterisk in i) and dendritic
(arrows in i) morphology were also visible. Furthermore, axonal bundles
and other (not injected) small and large cell bodies were labelled for PV,
whereas smaller cells often also contained CaB-immunoreactivity. j CaB-
labelled processes were often found to be in intimate contact with filled
dendritic branches (arrows in j), suggesting the presence of putative
synaptic contacts between CaB+ AII lobular appendages and LY-
labelled GC dendrites. Bars 10 μm
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immunolabelling for one or more CaBPs. Injected GCs fre-
quently displayed positivity for PV and we could identify the

soma-dendritic morphology of the labelled cell. Following
this procedure, we identified a PV+ OFF GC with a round

Fig. 5 a–d Micrographs showing secretagogin (SCGN ) -
immunoreactivity in the human retina. SCGN-immunoreactivity was
found in ACs (open arrow) and rod photoreceptors (arrow). This latter
observation was confirmed by the co-expression of rhodopsin (rOp) and
SCGN. The high magnification image in d shows that virtually all outer
segments of rod photoreceptors display SCGN-immunopositivity. e, f In
addition to rods, SCGN was expressed by ACs (arrow) and also by
displaced ACs whose processes formed a dense meshwork throughout
the IPL, with clear dominance in the middle of the IPL. g–j Some of the
ACs emitted thin axon-like fibres that ran towards the OPL (h, j),

indicating that at least a portion of the SCGN AC population was a
group of interplexiform cells. In addition to the interplexiform
processes, a few thin axon-like fibres (arrows) that were located more
proximally were seen entering the GCL and even the NFL, overall
following a tortuous course before turning back to the IPL, but not once
bundled with ganglion cell axons. k, l In whole-mount material, the
SCGN ACs displayed one or two thick dendrites that possessed only a
few branch-points and ran laterally in the IPL. Thin SCGN+ axon-like
processes were also observed in the same focal plane. Bars 10 μm
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soma and 3–5 stout primary dendrites that branched relatively
far from the soma. Branching was occasional and branch-
overlaps were rare. Higher order branches were beaded and
terminal dendrites reached deep into the OFF strata (Fig. 4g-j).
These features clearly identified this type of GC as an OFF
parasol cell in the human and the primate retina (Kolb et al.
1992; Dacey et al. 2003). In the same specimen, a number of
uninjected surrounding PV+ GCs shared similar soma-
dendritic morphology with the injected OFF parasol cell
(Fig. 4h, i). Dendritic arbours of both the injected and other
PV+ parasol cells tiled the retinal surface economically with
marginal overlap suggesting further that they represented neu-
rons of the same cell type. OFF parasol cells displayed an
interesting feature in our specimens, as their beaded higher
order dendrites often displayed intimate proximity with
CaB+ AII lobular appendages in LY/PV/CaB-labelled speci-
mens (Fig. 4j). This suggested that OFF parasol cells received
direct glycinergic AII AC input, similar to mouse OFF alpha
GCs (Liu et al. 2010).

SCGN distribution in human retina SCGN is a recently
discovered EF-hand Ca2+-buffer protein that has been shown
to be expressed by neurons of several brain loci (Gartner et al.
2001). In the monkey retina, SCGN has been found in a sub-
population of ACs that possess tortuous dendrites and middle-
field dendritic arbour morphology (Weltzien et al. 2014,
2015).

We mostly observed ACs with large cell bodies (12–
15 μm in diameter) located either in the INL or displaced
to the GCL and showing no apparent sign of axons running
in the NFL towards the optic disk (Fig. 5a, e–g). SCGN-
labelled dendritic processes arbourised mostly in the middle
of the IPL (strata 2, 3 and 4); however, sparse processes
could also be seen in strata 1 to 5, with some fibres tran-
siently entering the GCL or forming OPL-targeting
interplexiform fibres (Fig. 5g-j). When whole-mount spec-
imens were examined, SCGN+ACs displayed smooth thick
dendrites and thin beaded axon-like SCGN processes
(Fig. 5k, l). These processes were clearly different from
the varicose and spiny dendrites described in the case of
SCGN+ ACs of the monkey retina (Weltzien et al. 2015).
The axon-like processes instead resembled polyaxonal cell
neurites described in various other mammals (Stafford and
Dacey 1997; Famiglietti 1992a, 1992b; Völgyi et al. 2001)
and were observed in the middle of the IPL or were seen
meandering either in proximal or in distal IPL strata
(Fig. 5g-j). In addition to the AC labels, SCGN was also
expressed in rod photoreceptors, where the strongest
SCGN-labelling was observed in the outer segments. This
observation was reinforced by our rod-opsin (rOp)
counterlabellings, where we only found rOP/SCGN dual-
labelled photoreceptors (Fig. 5a-d).

Colocalisation of multiple Ca-buffering proteins In order to
further characterise CaBP-expressing neurons, we performed
double-, triple- and quadruple-labelling experiments for the
tested proteins. Although, none of the examined retinal neuron
populations expressed all four CaBPs at once (Fig. 6), we
encountered a few populations that expressed three out of
the four markers. We counted the number of multiple-
labelled cell bodies in two nuclear layers (INL, GCL) in low
power micrographs and found that less than half of the neu-
rons expressed only one marker, whereas most inner retinal
neurons were positive for more than one CaBP. Single labelled
neurons of the INL were CaR+ (24 %), CaB+ (18 %), PV+
(1.6 %) and SCGN+ (1.6 %). In the GCL, we found consid-
erably fewer single-labelled cells; CaR+ (9.2 %), CaB+
(0.85 %) and PV+ (0.17 %). We encountered somewhat fewer
dually immunostained cells in the INL, including CaR+/CaB+
(8.4 %), CaR+/PV+ (6.6%), CaB+/PV+ (4.2 %) and SCGN+/
CaR+ (0.65 %). In contrast, the dually immunostained popu-
lation was largest in the GCL, including the populous
CaR+/PV+ (66 %) and CaB+/PV+ (11 %) groups and the
more sparse CaR+/CaB+ (4.3 %) and SCGN+/CaR+
(1.4 %) subpopulations. Finally, triple-labelled cells formed
a relatively large population, including CaR+/CaB+/PV+
(34 % in INL, 7 % in GCL) and SCGN+/CaR+/PV+
(0.16 % in INL, 9.2 % in GCL) cells. Next, we performed a
thorough examination to identify cell types within the above
populations.

1. CaR/CaB/PV colocalisation. We found that the most
numerous cells belonged to the CaR/CaB/PV-stained
population in the INL (Fig. 6a, f). Cells in this group
displayed small- or medium-sized somata (40.2 μm2 ±
7.9 SD; n=211). The medium-sized soma and the fre-
quency of this population suggested that it included AII
ACs. Indeed, we found that not only AII somata, but also
many lobular appendages showed triple-labelling
(Fig. 6b, Fig.7a-h). Interestingly, when lobular append-
ages were examined closely, we found that they varied

�Fig. 6 a–e Image sets displaying quadruple immunoreaction in the
human retina: CaR (green), CaB (red), PV (magenta) and SCGN
(blue). In each case, the focus was set on the level of the INL (a-a’’’’),
IPL (b-b’’’’), parafoveal GCL (c-c’’’’) and midperipheral GCL (d-d’’’’).
The same quadruple-labelling was carried out on retinal cross-sections (e-
e’’’’). No cells contained all four CaBPs. Several cells displayed CaR-,
CB- and PV-immunoreactivity (arrows) in the INL. Various dual co-
localisations and single CaBP expression were also detected in somata
in the INL (a) and in their dendrites (b) in the IPL. In the GCL (c, d), the
majority of cells contained both CaR and PV, and a few large cells
expressed either CaB or CaR. f–h Neurolucida mapping of soma
outlines at their largest diameter in the INL (f) and parafoveal (g) and
midperipheral (h) GCL. Bars 10 μm. i Colour codes are indicated by the
pie chart, which displays the relative frequency of the observed neuron
populations in the INL (top left) and in the GCL (bottom right). jAverage
somatic cross-sectional area sizes of the neurochemically characterised
neuron populations in the INL (top) and GCL (bottom)
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in their labelling patterns, with the largest (1–1.5 μm in
diameter) being strongly labelled for CaB but weakly
stained or unstained for CaR and PV, whereas medium-
and small-sized lobular endings (<1 μm in diameter) were
triple-, double- or single-labelled with the three proteins
(Fig. 7e-h). A similar, but less prominent, phenomenon
was also observed for CaR and CaB labelling in AII

transverse dendrites (Fig. 7d). The frequency of somata
and the relatively low SD values indicated that the CaR+/
CaB+/PV+ population in the INL was formed solely by
AII cells. In contrast, CaR+/CaB+/PV+ cells in the GCL
displayed medium-sized or small somata (70 μm2 ± 46
SD; n=41). The high SD value suggested that this popu-
lation contained more than one cell type. This was
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supported by the finding that cell bodies in this population
tended to occur in pairs or in smaller groups in the GCL.
The size of CaR+/CaB+/PV+ cells in the GCL was small;
therefore, these cells were most likely displaced ACs.
However, they could not be further identified.

2. SCGN/CaR/PV colocalisation. The only triple-labelled
cell apart from the above population was a single cell
(n=1; 0.16 %) that lay in the INL and that expressed
SCGN, CaR and PV. However, its morphology could
not be determined.

3. CaB/PV colocalisation. The most apparent dually
stained cells were the CaB/PV-expressing HCs in the out-
er retina (Fig. 8a-g). However, a clear distinction could be
made between the two labels, as CaBwas primarily found
in the soma and fine axonal processes, whereas PV main-
ly stained the peripheral somatic cytoplasm and dendritic
regions (Fig. 8d-g). Lollipop-like endings were also pure-
ly PV+ and lacked any CaB staining (Fig. 8a-c). In addi-
tion to dually labelled HCs, single-labelled PV+ HCs
were also found whose morpholgy seemed similar to their
double-labelled counterparts. Other than HCs, we found a
few dually labelled cell populations in the inner retina.
CaB+/PV+ cells possessed small somata both in the
INL (30.7 μm2 ± 9.8 SD; n = 26) and in the GCL
(42 μm2 ± 33.7 SD; n=65). One prominent CaB+/PV+
ACwas a tristratified medium-field PV+ AC (see above).
This AC contributed to both the INL and the GCL sub-
population of CaB+/PV+ cells. Its labelling displayed
compartment specificity, as PV labelling was strong in
both the soma and the dendrites but CaB staining was
retained in the cell body (Fig. 7i-m). The low SD value

(SD = ± 9.81, n = 26) suggested that CaB/PV+ cells
formed a homogeneous population in the INL, whereas
the CaB/PV+ group was probably heterogeneous in the
GCL (SD=± 33.79, n=65; see also both small and large
somata in Fig. 6h).

4. SCGN/CaR colocalisation. Another dually labelled cell
population contained cells with large (95.9 μm2 ± 73.8
SD; n = 4) somata in the INL and in the GCL
(102.8 μm2± 55.3 SD; n= 8). The SCGN+/CaR+ AC
cell bodies were partially embedded in the distal IPL
(Figs. 5, 6, see also below) and seemed to form mirror-
symmetric counterparts with displaced SCGN+/CaR+
cells (Fig. 6e). When we examined these cells, they
displayed a wide-field morphology with stout and
smooth primary dendrites. The high area SD values
reflected a great variety in soma size, indicating that
both the INL and GCL subpopulations of SCGN+/
CaR+ cells were heterogeneous. One cell type in the
SCGN+/CaR+ population was further characterised
and identified (see below).

5. CaR/CaB colocalisation. A number of small- or
medium-sized neuron somata co-expressed CaR and
CaB in the human inner retina in both the INL
(30.9 μm2± 7.3 SD; n=52) and the GCL (55.8 μm2±
43.9 SD; n = 25). Among the CaR/CaB dually stained
cells, we identified a BC population whose morphology
was described above (see also Fig. 1). In the CaR/CaB-
stained material, these BCs clearly showed blob-like den-
dritic endings that opposed to CaB+ cone pedicles
(Fig. 7h-l). Although the stratification of the axonal ter-
minal of this BC in the IPL could not be detected, the
putative postsynaptic dendritic endings seemed to partake
in invaginating synapses suggesting that they were ON
BCs. These CaR+/CaB+ BCs seemed to collect inputs
from multiple nearby cones. In addition to this otherwise
infrequent BC, other ACs, displaced ACs, and perhaps
small GCs also co-expressed CaR and CaB, but their
identity remained unclear.

6. CaR/PV colocalisation. In addition to the above listed
cells, we found CaR/PV dually stained neurons that com-
prised some of the largest cell bodies in both the INL
(66.9 μm2± 22.5 SD; n= 41) and GCL (123.8 μm2±
47.0 SD; n=389). Although the number of CaR+/PV+
cells in the INL was relatively low, CaR+/PV+ cells
formed the largest neuron population in the GCL, two
thirds of the cells in this layer showing CaR and PV
immunopositivity. The low occurence and low SD value
of the CaR/PV cells in the INL suggests that this popula-
tion is homogeneous, whereas the CaR+/PV+ GCL cells
certainly form a highly diverse group that contains many
different GCs and perhaps even displaced ACs. The iden-
tity of the cells in both subpopulations remains unclear
(Fig. 6, see also below).

�Fig. 7 a–d CaR (red) and CaB (blue) co-expression in AII ACs can be
detected at the level of the somata in the INL (a, b), in the OFF sublamina
of the IPL (c) containing the lobular appendages, and in the ON
sublamina (d) containing AII transverse processes. However, labelling
of the two proteins did not overlap entirely, suggesting a
compartmentalised distribution. e–h Images showing the same frame
and focusing on the OFF sublamina of the IPL in which AII cell lobular
appendages can be observed. Interestingly, CaR (green), CaB (red) and
PV (blue) are expressed by AII cells but they display a slightly different
distributional pattern in AII lobular appendages. Whereas some lobular
endings contain all three proteins (arrows), others are labelled only for
two CaBPs (open arrows) or only for one of them. i–k The previously
characterised medium-field PV-expressing (blue) AC is also labelled with
the anti-CaB antiserum (red). Interestingly, only the soma appears to be
dually stained, whereas dendrites of this AC are purely PV+. l–o An
example of a PV- (not stained blue) but CaB+ (green) GC in CaB/PV
dually stained material. This cell displays a medium-sized and round
soma and smooth primary dendrites that branch out sparsely (l-n single
optical sections). A collapsed image of a Z-stack (o) shows that dendrites
of this CaB+ GC reach distal IPL areas (OFF sublamina) in which the AC
somata are visible. Clearly, this CaB+ GC displays an OFF stratification
pattern. pMicrograph combined from a DIC image and a CaB/PV dually
stained image of the same frame, focusing on the GCL. Co-localisation
was found in somata of displaced AC bodies (arrow), whereas most
visible GCs were PV+ (open arrow). Bars 10 μm
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7. CaR-labelled neurons. CaR+ neurons formed a sizeable
population in both cellular layers. Whereas CaR+ neurons
in the GCL had relatively large cell bodies (80.7 μm2± 33
SD; n = 54), their INL counterparts had rather small
somata (29.7 μm2± 8.3 SD; n=149). The morphology
of these neurons could not be examined and, thus, the
identity of the CaR-expressing cells in both the INL and
GCL is yet to be determined.

8. CaB-labelled neurons. CaB+ single-labelled AC bodies
were small (31.1 μm2± 13.4 SD; n=113) and formed a
sizeable (as previous) population in the INL. In the GCL,
however, single CaB-expressing cells displayed large
somata and were rare (115.2 μm2± 102.8 SD; n= 5).
Some of the CaB-labelled somata in the INL were in fact
CaB+ BC bodies, whereas the rare CaB-expressing large
somata in the GCL were certainly GCs. One such CaB+
GC with a large soma and a sparse dendritic arbour with
OFF sublamina stratification is shown in Fig. 7. Further
work is necessary to describe the somatic and dendritic
morphology of both CaB+ cell populations. Finally, we
encountered a few CaB+ ACs that displayed morpholog-
ical features similar to those of stellate and semilunar cells
of the human retina (Fig. 2g, h; Lee et al. 2016). These
morphological features included a large soma (12–15 μm
in diameter), two to four smooth primary dendrites, and a
large, sparsely branching dendritic arbour (Fig. 2).

9. PV-labelled neurons. Only a small fraction of cells
displayed PV immunopositivity alone in the INL
(43.2 μm2± 16.4 SD; n=10) and we found only one
example in the GCL (65.7 μm2, n=1). The identity of
the PV+ ACs in the INL is uncertain. We injected LY into
a PV-expressing GC (see above) whose somato-dendritic
morphology was identical to that of parasol GCs (Kolb et
al. 1992; Fig. 4g-j). However, the occurrence of parasol
cells is expected to be considerably higher than that of the
sole PV-labelled GC found here. Thus, we suspect that
parasol GCs comprise one of the other PV+ populations.
As we found no evidence of CaB positivity in parasol
cells (Fig. 4g-j), we hypothesise that they are among the
cells of the more numerous CaR+/PV+ population.

SCGN is present in TH-positive ACs SCGN-expressing
ACs showed morphological features that somewhat resem-
bled those of TH-expressing ACs in the mammalian retina.
These morphological features included the large soma (12–
15 μm in diameter) positioned in the very proximal INL, hor-
izontally running processes in stratum 1 and a dense dendritic/
axonal meshwork of processes throughout the IPL. To exam-
ine whether SCGN ACs were TH+, we performed SCGN/TH
dual-staining experiments. As expected, we observed dually
stained somata in the INL and double-labelled fibres in the
IPL (Fig. 9). The co-localisation of TH and SCGN, however,

was partial, as in addition to the TH/SCGN+ cells, we found
TH+ but SCGN- plus TH- and SCGN+ ACs. Another char-
acteristic feature of the TH/SCGN labeling was that only the
soma and the primary dendrite of TH+ cells displayed SCGN-
positivity, whereas fine TH+ axonal endings appeared to be
SCGN-negative (Figs. 9, 10). Perisomatic TH+ rings that
formed presynaptic surfaces around AII and other non-AII
amacrine cells were also negative for SCGN (Voigt and
Wässle 1987; Witkovsky 2004; Völgyi et al. 2014; Debertin
et al. 2015). Finally, SCGN+/TH+ ACs were found also to
contain CaR but remained negative for CaB (Fig. 10). This
identified this cell type as the SCGN+/CaR+ AC, with a cell
body located within the INL, as described above.

Discussion

Identification of CaBP-labelled human retinal neurons

A combination of multiple-label immunohistochemistry,
Neurolucida reconstruction and LY intracellular injection ex-
periments revealed cells that synthesise one or more CaBPs
known to act intracellularly. Whereas previous studies have
reported CaR, CaB or PV positivity in human retinal neurons
(Haverkamp et al. 2003; Lee et al. 2016), to our knowledge,
this is the first description of SCGN expression in the human
retina. Moreover, this study gives the most detailed compre-
hensive description of CaBP colocalisation in human retinal
neurons (Table 2).

Some of the observed neurons were clearly identified based
on their somatic-dendritic morphologies. The CaBP-profile of
the human outer retina was relatively simple, as all rod pho-
toreceptors expressed SCGN, and cone photoreceptors
expressed CaB. No sign of CaR or PV label was found in
photoreceptors. According to our previous descriptions, the
CaB-expressing cones were a mixture of L/M- and S-cones
in the human retina (Haley et al. 1995; Kántor et al. 2015a).
Human HCs appeared either to be PV+ or co-expressed CaB
and PV with a spatially distinct distribution of the two labels.
CaB was primarily found in the soma and fine axonal process-
es, whereas PV mainly stained the peripheral somatic cytosol,
dendrites in their entire lengths from primary branches to their
endings and lollipop-like terminals. In addition to dual-
labelled HCs, single-labelled PV+ HCs were also found
whose overall morphology seemed similar to their double-
labelled counterparts. Based on Golgi-staining, three subtypes
of HCs have been described in the human retina (Kolb et al.
1992); the CaB/PV dual-labelled cells might belong to the
slender HII cells, whereas the PV-stained HCsmight be equiv-
alent to HI HCs that possess thicker dendrites and larger lol-
lipop profiles.

We have encountered at least three BC populations that
express CaBPs. Two populations are the CaB-expressing
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Fig. 8 a–c CaB (red) and PV
(green) co-expression in HC
somata (arrow) and processes; a
few HCs appear to express only
PV (open arrow). d–g In a whole-
mount specimen, both double-
labelled HC somata (arrow) and
solely PV-expressing somata
(open arrow) are visible.
Interestingly, thinner axons are
CaB-positive, whereas PV is
expressed in HC dendrites.
Moreover, lollipop dendritic
endings were only labelled with
the anti-PVantiserum and show
close apposition to CaB+ cone
pedicles (c). h–l Cross sections
showing that CaR and CaB are
co-expressed in the BC
population. The blob-like
dendritic endings of these BCs
clearly form invaginating contacts
with CaB+ cone pedicles
(arrows) and, thus, they
correspond to a population of ON
cone BCs. Bars 10 μm (a-j),
5 μm (k, l)
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OFF and ON BCs. DB3 OFF cone BCs have been described
as CaB+ cells in the human retina (Haverkamp et al. 2003;
Kántor et al. 2015a). Our results indicated that the
morphological features of CaB+ BCs in our specimens were
identical to those of DB3 BCs. This included the large den-
dritic tree, round soma and axons arbourising in stratum 2 of
the IPL. The DB3 cells appeared to express only CaB.
Another BC type exhibited both CaR- and CaB-positivity.
We could not examine the stratification level of its axon in
the IPL, but the dendrites displayed swellings and appeared to
partake in cone-to-BC invaginating synapses. This indicated
that the CaR+/CaB+ BCs were ON cells. They appeared to

maintain contacts with more than one nearby cone ruling out
the possibility that they were blue cone BCs. Out of the iden-
tified ON BCs (Haverkamp et al. 2003), the CaR+/CaB+ cells
most closely resemble IMB or DB4 cells. Unfortunately, nei-
ther of these two cell types have been characterised as CaB-
synthesising BCs (Haverkamp et al. 2003) and, therefore, the
identity of our CaR+/CaB+ cell type is unclear. The third BC
population expressed PV only and displayed a unique bi- or
tristratified axonal morphology with a large axonal field.
These PV+ cells did not resemble any listed BC in the char-
acterisation scheme introduced by Haverkamp and colleagues
(2003). However, it shared many morphological features with

Fig. 9 a–c SCGN/TH double-
labelling in the human whole-
mount retina, with the focus on
the INL/IPL border. The lower
magnification image (a) shows
that TH+ (red) and SCGN+
(green) wide-field ACs formed
partially overlapping populations.
Some ACs with large soma and
2–3 thick, horizontally running
primary dendrites expressed both
SCGN and TH (asterisks in b–d),
whereas single SCGN-labelled
(open arrows) and TH-labelled
(arrows) cells were also detected.
Interestingly, dual staining was
confined to some somata and
thicker dendritic processes,
whereas thinner TH+ axonal
fibres appeared negative for
SCGN-staining. Bars 50 μm (a),
20 μm (b-d)
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Golgi-stained giant diffuse or giant bistratified BCs (Kolb et
al. 1992).

In the inner retina, a number of ACs expressed one or more
CaBPs. We clearly identified AII ACs that were recently re-
ported as being CaR+ cells in the human retina (Lee et al.
2016). In addition to CaR, we found that AII ACs co-

expressed CaR, CaB and PV. The finding that the same cell
synthesised three different CaBPs was a unique feature in our
specimens. CaR has recently been reported also to be
expressed by other human ACs, including the semilunar type
(type 1, 2 and 3), stellate varicose type and thorny ACs (Lee
et al. 2016). Some of the ACs detected in our specimens

Fig. 10 a–c TH (green), CaB (red), CaR (magenta) and SCGN (blue)
quadruple-labelling in the whole-mount (a-a’’’’, b-b’’’’) retina and cross-
sections (c-c’’’’). SCGN+ cells often showed positivity for TH and CaR
(arrows) in the INL (a, a’’- a’’’’; b, b’’–b’’’’). Interestingly, rarely
observed displaced TH+ cells also showed positivity for SCGN and

CaR (c, c’’–c’’’’; arrows). d–h TH (green), CaB (red), CaR (magenta)
and SCGN (blue) labelling. In some TH cells (arrows), SCGN- and CaR-
immunoreactivity was present in the soma and proximal dendrites
(arrows in h) but not in fine axonal processes (open arrows in h). Bars
10 μm
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resembled semilunar cells. In multiple-labelled materials,
these cells appeared negative for all other CaBPs and, thus,
they were solely CaR+. Interestingly, we also found stellate
and semilunar-like ACs in our CaB single-labelled specimens.
Therefore, we suspect that some of the several identified CaR-
expressing stellate and semilunar AC subtypes in the human
retina (Lee et al. 2016) exhibit only CaR-positivity, whereas
others co-express CaR and CaB. Indeed, Kolb and colleagues
(2002) have reported that semilunar type 2 (also called A19)
ACs of the monkey retina co-express CaR and CaB. Thus, the
same cells might also be CaR/CaB-labelled in the human ret-
ina. A third AC type with somata located either in the INL or
in the GCL, with a medium-field tristratified dendritic arbour,
was found dually labelled for CaB and PV, with PV being
more dominantly expressed. Although tristratified ACs have
been found in the human retina (Kolb et al. 1992), the star-
shaped dendritic morphology of our PV+ cell does not resem-
ble those descriptions. A fourth AC population was the type 1
TH+ cell that appeared to express both SCGN and CaR.
Interestingly, we found single-labelled ACs with either TH-
or SCGN-positivity. The single-labelled TH+ cells appeared
similar to their dual-labelled SCGN+/TH+ or triple-labelled
SCGN+/CaR+/TH+ counterparts, suggesting that they repre-
sent the same neuron population. This further suggests that as
yet unidentified intracellular mechanisms suppress SCGN ex-
pression in some, but not all, type 1 TH+ cells. Sole SCGN
expression has been demonstrated in a medium-field GABA-
ergic AC that occurs in the marmoset retina (Weltzien et al.
2014) and that consists of both conventional and displaced

subpopulations with dendrites that mainly arbourise in the
mid-IPL. We speculate that our single-labelled SCGN cells
are the human equivalent of the marmoset SCGN ACs. In
addition to these above-mentioned AC types, we have en-
countered a number of other as yet unidentified ACs, includ-
ing single-labelled CaB+ ACs with either medium-sized or
large cell bodies, and single-labelled PV+ ACs.

Various GC populations expressed one or more CaBPs
including CaR, CaB and PV but not SCGN. Interestingly,
we observed a higher number of human CaR+ GCs than de-
scribed previously (Lee et al. 2016), which might have been
attributable to the excellent quality of our short postmortem-
time tissues. CaB was only co-expressed with CaR in a few
displaced ACs, but not in GCs. In contrast, CaB and PV were
often co-expressed in GCs. By utilising LY tracer injections,
we established that human OFF parasol cells were PV+ but
CaB-. Considering that we encountered only one single la-
belled PV+GC in our material, we speculate that the relatively
numerous human parasol cells contribute instead to the size-
able PV+/CaR+ GCs population. Some CaR+ GCs in our
specimens exhibited morphological features that most resem-
bled the previously described CaR-expressing bistratified
GCs (Kolb et al. 1992; Lee et al. 2016). Some other uniden-
tified GCs showed CaR-staining only but even this population
contained cell bodies of various sizes, suggesting that more
than one GC type expressed CaR alone. Based on the intense
PV-labelling in the GCL, we conclude that almost all but a few
(single-labelled CaR+ and CaB+ cells) express PV in the hu-
man GCL. A similarly large number of PV+ cells in the GCL

Table 2 Characterisation of CaBP-expressing human retinal cell types
(CaR calretinin,CaB calbindin, PV parvalbumin, SCGN secretagogin,PR
photoreceptor,HC horizontal cell, BC bipolar cell, AC amacrine cell, IPC

interplexiform cell, dAC displaced amacrine cell, GC ganglion cell,
GABA gamma aminobutyric acid)

CaBP label PR HC BC AC GC

CaR - - - 1. Semilunar
2. Stellate
3. Unidentified ACs
4. IPC

1. Bistratified GCs
2. Unidentified GCs

CaB 1. LM and S cones - 1. DB3 OFF BC 1. Semilunar
2. Stellate
3. Unidentified ACs
4. Unidentified dACs

1. Unidentified GCs

PV - 1. HI HCs 1. Giant diffuse or 2. giant
bistratified BCs

1. Unidentified ACs 1. OFF parasol GCs

SCGN 1. Rods - - 1. Some type 1 TH AC (IPC)
2. Medium-field GABA-ergic AC

-

CaR/CaB - - 1. IMF or DB4 ON BC 1. Semilunar type 2 (A19)
2. Unidentified ACs
3. Unidentified dACs

1. Unidentified GCs

CaR/PV - - - 1. Unidentified ACs 1. Unidentified GCs

SCGN/CaR - - - 1. Type 1 TH AC 1. Unidentified dAC

CaB/PV - 1. HII HCs - 1. Star-shaped middle-field AC 1. Unidentified GCs

CaR/CaB/PV - - - 1. AII AC -

SCGN/CaR/PV - - - 1. Unidentified AC -
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has been described in the monkey retina (Kolb et al. 2002),
suggesting that the majority of GCL cells express PV in both
monkeys and humans.

CaBP colocalisation in human retinal neurons

On several occasions, we found that a particular neuron
contained more than one CaBP. Such co-localisation of pro-
teins typically occurred in the inner retina, whereas HCs were
the sole example in the outer retina. HII-type HCs were found
to be positive for both CaB and PV. Interestingly, intracellular
labels of the two proteins overlapped only partially, as CaB
was localised in the central somatic area and within the thin
axonal processes. In contrast, PV was mainly localised in
peripheral somatic areas, throughout the dendritic branches
and in the lollipop-shaped endings. This compartment-
specific location probably reflects a division of labour in
Ca2+-buffering amongst CaBPs. The Ca2+-binding kinetics
of PV have been reported to be slow, meaning that PVaction
only affects the decay phase of Ca2+-transient increases. CaB,
however, binds Ca2+ fast enough to truncate the rising phase
of Ca2+-increments during neuronal activation (Schwaller
2015). Moreover, the Ca2+-binding capacity (number of
Ca2+-binding domains), the intracellular mobility (molecular
weight) and the dissociation constant (KD,Ca(2+); the Ca

2+ con-
centration at which the protein starts binding IC Ca2+) of these
two proteins are different (for a review, see Schwaller 2015).
Another obvious compartment-specific localisation of the var-
ious CaBPs was observed in AII ACs in which large lobular
appendages displayed mostly CaB-positivity, whereas medi-
um and small endings contained CaR and PV, and only a small
fraction of the lobular endings expressed all three proteins.
The third example was the population of CaB/PV-labelled
star-shaped ACs whose entire somato-dendritic area displayed
PV positivity, whereas only the soma and the primary den-
drites contained CaB. This discrepancy in the CaB and PV
labelling resembles that observed in double-labelled HII HCs
in the outer retina (see above). Finally, we found that type 1
TH-expressing ACs also expressed CaR and SCGN.Whereas
the CaR labelling of these neurons was weak and found main-
ly in the soma and thicker dendrites, SCGN was localised in
the soma and in apparently all dendritic processes.
Interestingly, however, type 1 TH-expressing cells showed
SCGN labelling only in the soma and dendrites, whereas the
characteristic ring-like structures that form presynaptic sur-
faces with a population of AC somata in stratum 1 appeared
negative for SCGN. This suggests that SCGN is also localised
in a compartment-specific manner, as can be found in the
soma and dendrites, but not in the axonal processes of type
1 TH+ cells. The above observed co-localisation pattern be-
tween SCGN and other neural markers is perfectly in agree-
ment with the literature, as in the brain, SCGN labels neuronal
populations that are distinct from other CaBP-synthesising

neurons. Moreover, SCGN+ cells in the mouse and human
olfactory bulb often express TH and CaR, but not CaB or
PV (Mulder et al. 2009; Attems et al. 2012).
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