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c Institut Fédératif des Neurosciences (IFNL), Lyon, France
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Abstract
Calcium-binding proteins are involved in numerous functional roles in the retina and are widely distributed in almost all retinal neurons. The
present study aimed to characterize the distribution of the calcium-binding proteins calbindin, calretinin, parvalbumin and recoverin in relation to
retinal cell types in a strepsirhine primate (mouse lemur, Microcebus) in comparison with primate species of the three main haplorhine lineages
(marmoset, macaque and human), as well as a rodent (gerbil, Taterillus). The main findings show that whereas the recoverin antibody labels both
rod and cone photoreceptors in all species, calbindin consistently labels cones, but not rods, in the haplorhine primates marmoset, macaque and
human, but none of the photoreceptors in the mouse lemur. Marmoset and macaque also show a distinct label of cone outer segments with calretinin.
Depending on the species, bipolar cells express calbindin and/or recoverin, while amacrine, horizontal and ganglion cells are labeled to varying
degrees with calbindin, calretinin and parvalbumin. Haplorhine and strepsirhine primates clearly differ in the expression of calcium-binding protein
expression in horizontal cells. In all haplorhine species, horizontal cells are densely labeled with parvalbumin whereas in mouse lemur horizontal
cells express calbindin but not parvalbumin. Several characteristics of the calcium-binding immunostaining in the retina of the mouse lemur are
similar to those observed in the rodent, and distinguish this species from the diurnal haphorhine primates. These differences may be related to
adaptations of retinal structure and function to the nocturnal niche, since nocturnal strepsirhine and haphorhine (Tarsius and Aotus) primates share
some features of calcium-binding expression.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Strepsirhines primates are of significant interest because they
represent the most ancestral living primates and possess many
anatomical and behavioral characteristics of ancestors that are
also common to present-day monkeys, apes, and humans [28].
The retina of nocturnal and diurnal primates differs according
to several features. Information on the structure of the retina
in nocturnal primates mainly concerns ganglion cells and photoreceptors. Nocturnal strepsirhine (Microcebus, Galago) and
haplorhine (Tarsius, Aotus) have rod-dominated retinas and are
dichromates, characterized by a low number of MW cones and
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extremely sparse (or absent) SW cones [9,22,24,60]. Apart from
opsin expression in photoreceptors, very little information is
available on the characteristics of other retinal neurons especially in strepsirhine primates. In contrast, identification of the
different cell types in the retina of haplorhine primates has been
extensively studied using antibodies directed against specific cell
or membrane proteins and other molecules. Several classes of
anatomical markers have contributed to the classification of neuronal sub-types and to the understanding of neuronal networks
in the retina. For example, photoreceptor organization, distribution, and development has been studied using antibodies raised
against their opsin content [8,9,52,55]. Bipolar cells, which are
the most numerous neurons in the inner nuclear layer (INL)
can be distinguished by expression of glutamate [36], protein
kinase C [14], calbindin [14,25,34,36], cholecystokinine [34] or
recoverin [15,37,58]. Horizontal cells can be distinguished as
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either H1 cells, expressing only parvalbumin [56] or H2 cells,
expressing both parvalbumin and calbindin [56]. Amacrine cells
are recognized using a large spectrum of immunocytochemical markers, including calretinin [31,57], parvalbumin [4,11],
choline acetyltransferase, cholecystokinine, glycine, neuropeptide Y, tyrosine hydroxylase or gamma-aminobutyric acid.
The family of calcium-binding proteins, which are present
in almost all retinal neurons, is useful for studying neural
pathways, synaptic connections, and specific retinal cell types
[1]. The calcium-binding proteins most commonly used include
calbindin, calretinin, calmodulin, parvalbumin, recoverin,
caldendrin, hippocalcin, VILIP, the S100 protein, guanylate
cyclase-activating proteins, and protein kinase C [1,17,21].
These calcium-binding proteins are expressed in both the
retina and the brain and their distribution depends on cell
type, species [42] and stage of development [39,61]. Calciumbinding proteins mediate or regulate the effects of Ca2+ ions on
intracellular metabolism of neurons. Many aspects of neuronal
activity, ranging from rapid modulations of channel functions
to long-term switches in gene expression, are controlled by
changes in the cytosolic concentration of Ca2+ .
The present study aims to characterize the distribution of
calcium-binding proteins in the retina of the nocturnal strepsirhine gray mouse lemur (Microcebus murinus), in comparison
to three haplorhine species: New World (Callithrix jacchus) and
Old World (Macaca fascicularis) monkeys, and humans. For
further comparison, the distribution of these markers is also studied in the retina of a nocturnal rodent (gerbil, Taterillus petteri).
The study of nocturnal primates is of particular interest since the
absence or reduced number of SW cones is associated with nocturnality in some primates [9,22,24,60], rodents, and carnivores
[23,43]. Furthermore our recent study has shown that in contrast
to other primate species, SW cones in humans and all cones in
the nocturnal mouse lemur lack calbindin [6]. Thus, due to this
variation within the primates, a comparison of the expression of
calcium-binding proteins between different primate lineages is
useful for understanding retinal organization.

Fixed eyes were cryoprotected by immersion in 30% sucrose overnight,
embedded in a solution of agar (2.5%) with 30% sucrose and cut on a freezing
microtome (Polycut, Reicher-Jung) at a thickness of 15 m. Free-floating retinal
sections were placed in titration wells containing PBA and stored at 4 ◦ C until
use.

2.2. Immunohistochemical procedure
2.2.1. Antibodies
Anti-calbindin (Sigma C-8666, 1/500, monoclonal antibody, Ab), anticalretinin (Chemicon, AB149, 1/8000, polyclonal Ab), anti-parvalbumin (Sigma
P-3088, 1/2000, mAb) and anti-recoverin (from A. Polans, University of
Wisconsin-Madison, Medical School, Madison, USA, 1/1000, polyclonal Ab)
immunochemistry were performed on free-floating sections. Peanut agglutinin
lectin (PNA) was used as a general cone marker, since it binds specifically to the
extracellular matrix of all cones (biotinylated PNA, Vector ref. # B-1075, 1/20).
2.2.2. General procedure
For all processing, free-floating retinal sections were placed in filtered wells
(72 m mesh Costar® ). All rinses and incubations were carried out under gentle
agitation. Immunostaining with each antibody alone was carried out. Positive
immunoreactivity was revealed using avidin–biotin complex and diaminobenzidine (DAB) reaction. Free-floating sections were first incubated in a solution of alcohol–saline–H2 O2 (30 min, absolute alcohol 50%–saline solution
50%–H2 O2 0.05%) and then rinsed twice in phosphate buffered saline (PBS
0.01 M, 0.9% NaCl, pH 7.4, 10 mn). Retinal sections were incubated in normal
horse serum (Vector ref. # S-2000, 1/100, 1 h) or normal goat serum (Vector
ref. # S-1000, 1/100, 1 h), according to the source of the antibody. Then they
were incubated in an anti-calcium-binding protein antibody solution (calbindin,
calretinin, parvalbumin or recoverin) at 4 ◦ C for 48 h. Sections were then rinsed
twice in PBST (PBS with 0.3% triton) and incubated in the secondary biotinylated antibody (anti-mouse IgG, Vector ref. # BA-2000, or anti-goat IgG, Vector
ref. # BA-9500, dilution 1/100, 2 h) followed by two rinses in PBST, and an
incubation in avidin–biotin complex (Vectastain ABC Rabbit IgG; ref. # PK6100) for 2 h. Retinal sections were rinsed once in PBST and twice in TRIS
(0.05 M, pH 7.6) solution. The sections were pre-incubated 10 min in a mixture
of DAB (Sigma, ref. # D5637) and nickel ammonium sulfate (0.5%) with 0.001%
H2 O2 added for 5–10 min under visual control. The sections were mounted on
gelatinized slides and coverslipped. Negative controls were performed using the
same technique but omitting each primary antibody.
Digitized images were captured using a Spot II camera (Diagnostic
InstrumentsTM ) with 40, 63 and 100× immersion objectives. Image processing was carried out with Adobe PhotoshopTM software.

3. Results
2. Material and methods

3.1. Calbindin-immunopositive neurons
2.1. Tissue samples
Three human eyes were obtained from donors and fixed within 16 h after
death from the Department of Anatomy (University of Lyon, UCBL1), under
approval of the Institutional Human Subjects Committee. Donors were of both
sexes and varied on age from 65 to 80 years, and had no previous history of
eye disease. The eyes were placed in Zamboni’s fixative (4% paraformaldehyde
with 15% saturated picric acid in phosphate buffer; 0.1 M, pH 7.4) overnight at
4 ◦ C and rinsed in phosphate buffer (PBA; 0.1 M; sodium azide 0.1%, pH 7.4)
the next day.
Retinae were obtained from four macaques (M. fascicularis), two marmosets
(C. jacchus), three mouse lemurs (M. murinus) and four rodents (T. petteri).
The mouse lemurs were obtained from the Laboratory of General Ecology in
Brunoy, France (license approval No. A91.114.1). The other primates were part
of the colony in INSERM (license approval No. B 69-685). All animals were
maintained and treated according to current national and international standards. Animals were perfused with Zamboni’s fixative. The cornea and lens
were removed and after one night in fixative, the eyes were transferred to PBA
at 4 ◦ C.

In mouse lemur the photoreceptor layer is immunonegative
for calbindin (Fig. 1B). Some vertically oriented nerve processes probably corresponding to Müller cells are seen at the
base of the outer nuclear layer (ONL). Calbindin immunopositive cells also include a scattered population of neurons in the
INL and a few sparse neurons in the ganglion cell layer (GCL).
Horizontal cells are immunopositive with evident dendritic processes in the outer plexiform layer (OPL). Judging from the
morphology, the cells in the inner part of the INL appear to be
mainly amacrine cells although dendritic morphology is not very
evident.
Unlike the mouse lemur, calbindin is present in the photoreceptor layer of all haplorhine primates studied. All calbindin
positive photoreceptors have a cone-like morphology in humans,
macaque, and marmoset (Fig. 2A–C). The calbindin positive
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Fig. 1. Distribution of retinal immunostaining using antibodies against calcium-binding proteins in a rodent (gerbil, Taterillus) and the strepsirhine mouse lemur
(Microcebus). In both species, calbindin (A and B) is absent from photoreceptors and bipolar cells, but present in horizontal, amacrine and ganglion cells. Parvalbumin
(C and D) immunoreactivity is observed in amacrine cells and sparse ganglion cells. Calretinin (E and F) expression is absent from photoreceptors but evident in
amacrine cells and cells located in the ganglion cell layer. Recoverin (G and H): immunoreactivity is only expressed in photoreceptors and bipolar cells (scale bar in
H = 50 m). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

cones are strongly stained from the inner segment to the cone
pedicle in humans and macaque whereas the distribution of label
within individual cone cells is not homogenous in marmoset
(Fig. 2A–C). In the latter species, staining is densest in the distal part of the inner segment corresponding to the connecting
cilium forming a ring-like band. The outer segment of cones in

the marmoset are also unstained. No rod-like photoreceptors are
calbindin positive in any primate species, including the mouse
lemur.
In the INL, all primate species show similar distribution of
calbindin labeling of a scattered population of amacrine cells but
several differences in the label of horizontal cells. In macaque
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Fig. 2. Distribution of immunoreactivity using antibodies against calcium-binding proteins in the retinae of three haplorhine primates (marmoset, macaque and
human). In all haplorhines, calbindin (A–C) labels cones, as well as amacrine, bipolar and a few scattered cell bodies in the ganglion cell layer. Horizontal cells are
clearly evident in the macaque, but sparse or difficult to distinguish in human and marmoset. Parvalbumin (D–F) stains horizontal cells (soma and cells processes),
a few amacrine cells and sparse neurons in the ganglion cell layer in all species. Calretinin (G–I) in all primates mainly stains cone photoreceptors and neurons in
the INL with an amacrine-like morphology. The enlargements in (G and H) show that outer cone segments are distinctly labeled in both marmoset (G) and macaque
(H) but not in humans. Recoverin (J–L) is present in the photoreceptor layer (rods and cones) of all primates, with immunopositive label of the outer segments and
the cell bodies. In macaque and humans, cone outer segments are distinctly labeled whereas rod outer segments are faintly stained. Recoverin immunopositive cells
also included a scattered population of bipolar cells in the macaque (scale bar in L = 50 m; in insert in H = 10 m). ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

and mouse lemur, the horizontal cell somas and dendritic processes in the OPL are clearly evident (Figs. 1B and 2B). In
humans only a few horizontal cells, with little or no dendritic
processes are labeled, whereas in the marmoset it is difficult to
identify calbindin positive horizontal cells (Fig. 2A and C). A

few scattered bipolar cells are observed in the outer part of the
INL in the haplorhine primates.
The rodent retina shows a pattern of labeling similar to that of
the mouse lemur with a absence of calbindin in photoreceptors
and bipolar cells, a dense staining of horizontal cell bodies and
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processes, and a sparse population of lightly stained amacrine
and ganglion cells (Fig. 1A).
3.2. Parvalbumin-immunopositive neurons
In mouse lemur, parvalbumin is present in some amacrine
cells and a few sparse cells in the GCL (Fig. 1D). In all primates,
including the mouse lemur, the photoreceptors and bipolar cells
are devoid of parvalbumin.
In contrast to the mouse lemur, all haplorhine primates show
a dense label in horizontal cell bodies and dendrites (Fig. 2D
and F). In all species, amacrine like immunopositive cells are
present in the inner part of the INL. The characterization of these
amacrine cells was not possible since the dendritic morphology
is not very evident. In addition, a population of cells with particularly large soma diameters is observed in the GCL in humans
(Fig. 2F). Parvalbumin immunopositive cells also include a few
sparse neurons in the GCL in all species.
The immunolabeling in the rodent retina (Fig. 1C) is similar to
that of the mouse lemur with presence of parvalbumin restricted
to amacrine and sparse ganglion cells.
3.3. Calretinin-immunopositive neurons
Retina of the mouse lemur is characterized by the presence
of calretinin in a subset of amacrine cells, very few bipolar cells
and ganglion cells but the absence from photoreceptors and horizontal cells (Fig. 1F).
Although calretinin is also absent from photoreceptors in
humans (Fig. 2I), this calcium-binding protein is present in the
outer segments of a subset of photoreceptors in macaque and
marmoset (enlargements in Fig. 2G and H). In both these species,
double labeling using PNA (data not shown) showed that all
these photoreceptors are cones.
In all primate species, a sub-population of amacrine cells
is calretinin-immunopositive, with somas located in the inner
part of the INL (Fig. 2G–I). Amacrine cells are densely labeled,
with large, round or mitral-shaped cell bodies and dendrites that
pass down through the IPL. Some calretinin immunoreactive
amacrine cells appear to have the typical morphology of AII
amacrine cells. The dendrites are not fully evident in the human
retina (Fig. 2I). In macaque, marmoset and mouse lemur labeled
dendrites are distributed in several strata of the IPL suggesting that different sub-populations of amacrine cells are labeled
(Figs. 1F, 2G and H). Calretinin is not expressed in horizontal
cells of any primates. Furthermore, no cells with a clear bipolar
like morphology are immunopositive, although a few weakly
stained cell bodies (at the outer margin of the INL) and dendritic processes (in the OPL) are seen in the macaque. A few
sparse immunopositive cells are seen in the GCL in the human,
the marmoset (Fig. 2G and I), the mouse lemur and the rodent
(Fig. 1E and F).
In rodent, more numerous calretinin positive cells are seen
in the INL (amacrine-like cells) and the GCL (Fig. 1E). As in
macaque and marmoset, two strata of dendritic processes are
evident in the IPL (Figs. 1E, 2G and H). Similar to human and
mouse lemur, no photoreceptors are calretinin positive.
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3.4. Recoverin-immunopositive neurons
In the mouse lemur, rod and cone photoreceptor inner segments and cell bodies are immunopositive (Fig. 1H). The position of a row of large more densely stained cell somas close to
the outer limiting membrane suggests that these correspond to
cone cell bodies. Recoverin immunopositive cells also include a
scattered population of neurons in the inner part of the INL that,
judging from the morphology, appear to be bipolar cells.
In humans, macaque, and marmoset cone photoreceptors
are recoverin immunopositive and the label is evident in the
inner segment, the cell body, and cone pedicles (Fig. 2J–L). In
addition, the outer segment of cones is labeled in humans and
macaque. In the marmoset the staining is densest in the distal
part of the inner segment corresponding to the connecting cilium,
forming a ring-like band, with the same distribution as seen for
calbindin immunoreactivity. In all primates, rod outer segments
and cell bodies are lightly stained. Only the macaque exhibits a
labeling of bipolar cells and dendrites in the IPL (Fig. 2K). No
immunopositive cells are detected in the GCL of any primate
species.
The pattern of recoverin immunoreactivity in the rodent
is very similar to that observed in the mouse lemur, with a
widespread labeling of the photoreceptors and a small subset
of bipolar cells (Fig. 1G).
4. Discussion
As in other mammals, calcium-binding proteins are widely
expressed in various neuronal cell types of the primate retina
from photoreceptors to ganglion cells. Calcium is known to
regulate several biochemical functions such as axonal transport, neurotransmitter release, and transduction processes. In
the retina, Ca2+ is involved in light transduction (activation of
transducin), in the regulation of the switch-off of the visual cascade at the level of rhodopsin, the regulation of cGMP synthesis
and cGMP gated ion channels, and in the synaptic release of the
neurotransmitter glutamate [49].
There is, however, substantial inter-specific variability in the
expression and distribution of calcium-binding proteins among
primates (see summary in Fig. 3). Although the expression of
some calcium-binding proteins has been studied in several primates, no results are currently available concerning any of the
strepsirhine species.
4.1. Calcium-binding proteins as neuroanatomical markers
of retinal neurons in primates and rodents
4.1.1. Photoreceptors
In primates, the presence of recoverin has been previously
described in humans and macaque [27,32,37,38], including the
fovea [27]. We report the expression of recoverin in photoreceptors of all primate species, in contrast to that of other calciumbinding proteins such as calbindin, parvalbumin and calretinin
which are absent from the photoreceptors of the mouse lemur.
Calbindin has been reported to be present in cone photoreceptors
of all diurnal haplorhine species [13,18,19,45], with however an
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Fig. 3. A schematic diagram illustrating the distribution of calcium-binding proteins in haplorhine and strepsirhine primates (the distribution in the gerbil, which is
similar to that of the mouse lemur, is not shown). Depending on the species, all calcium-binding proteins except parvalbumin are expressed in cone photoreceptors.
Parvalbumin is a reliable marker for horizontal cells in all primates with the exception of the strepsirhine mouse lemur in which horizontal cells only express calbindin.
Various types of amacrine cells are labeled with calbindin, calretinin, and parvalbumin but not with recoverin. Bipolar cells are immunopositive for calbindin and
recoverin and to a lesser extent for calretinin (in the macaque).

absence in the foveal region [18,34]. Calbindin staining of cones
in the human is similar to that seen in macaque. The marmoset
retina exhibits a particular pattern of anti-calbindin staining with
two areas of denser ring-like labeling of the inner segment [6].
In contrast, calbindin is absent in the photoreceptors of nocturnal species including strepsirhine (Microcebus) and haplorhine
primates (Tarsius and Aotus) [22] as well as in the nocturnal
gerbil and other rodents [7,21,37,42].

All PNA positive photoreceptors were also calretinin positive, suggesting that calretinin labels both SWS and MW/LW
cones. Furthermore, we report a specific localization of calretinin in cone outer segments of marmoset and macaque only,
which is complementary to that of calbindin staining of the inner
segment and cell body [6]. Although calretinin staining has not
been previously described in marmoset, Pasteels et al. reported
labeling of the entire cone in the macaque [41], including the
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fovea region. This difference between Pasteels’ and our study
could be related to the type of antibody used (antisera against
chick calretinin raised against ␤-galactosidase calretinin fusion
proteins [41]) or the technique of fixation and immunolabeling.
In summary, all nocturnal strepsirhine and haplorhine primates (Microcebus, Tarsius, Aotus) lack calbindin expression in
photoreceptors and share this feature with rodents. Since calcium is thought to act as a modulator of light adaptation [47]
the absence of calbindin in cones of nocturnal species may be
related to different adaptational properties of the retina [18].
4.1.2. Bipolar cells
In all primate species our results show that calbindin is a
reliable marker of a sub-population of bipolar cells. Previous
studies have shown that these mainly correspond to diffuse bipolar cells (DB3 [5,15,25,34,56]) and a putative ON bipolar cell
(DB5 [56]).
In the present study, the only other calcium-binding protein
expressed in bipolar cells is recoverin which is present only in
mouse lemur, macaque and gerbil. Previous studies have shown
that recoverin is a reliable marker of bipolar cells in primates
[20,37] and rodents [7,21,37].
In macaque and mouse lemur, recoverin positive bipolar cells
could be clearly identified but the dendritic morphology was not
distinctive enough to allow classification of bipolar cell types.
Previous studies have shown that two populations of cone bipolar cells are recoverin positive in macaque: the flat midget cone
bipolar cells [15,20,37] with a distinct pattern of narrow bistratification at the outer border (OFF-sublamina) of the IPL and
diffuse bipolar cells with axonal stratification in the inner half
(the ON-sublamina) of the IPL. In the macaque, recoverin and
calbindin positive bipolar cells may correspond to two different
bipolar cell types. Recoverin positive flat-midget cone bipolar
cells are also immunoreactive for antibodies against glutamate
transporters [25] but are immunonegative for protein kinase
C (marker of rod bipolar cells), cholecystokinine (marker of
invaginating midget bipolar cells and blue cone bipolar cells) or
calbindin [37]. In the mouse lemur, the fact that bipolar cells are
found in both the outer and the inner parts of the INL suggests
that two sub-populations are labeled.
4.1.3. Amacrine cells
All strepsirhine and haplorhine primates (as well as rodents)
show a similar pattern of expression of calcium-binding proteins
in the amacrine cell population. In all species studied, amacrine
cells are immunopositive for calbindin, parvalbumin and calretinin but are immunonegative for recoverin.
Amacrine cells labeled by calbindin antibody have also been
previously described in macaque [31,41], marmoset [5] and
humans [19,27]. In the macaque retina, a sub-population of calbindin amacrine cells, also calretinin immunopositive, are most
commonly AII amacrine cells or wide field amacrine cells (A19
cells [31]).
The presence of calretinin in amacrine cells is a conserved
feature seen in primates, rodents [21,41], cat [26,41], rabbit [26],
sheep [41], dog [26] and pig [41]. In all primate species studied
here, amacrine cell processes form a dense stratum of varicosi-
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ties in the inner part of the IPL. In the marmoset and the macaque,
several calretinin-immunoreactive amacrine cells show a distinct
morphology such as the rod bipolar-driven, AII amacrine cells
[30,35,57]. Other sub-populations of amacrine cells have been
defined based on colocalization of two calcium-binding proteins (calbindin and calretinin, or calretinin and parvalbumin) or
colocalization with the neurotransmitters gamma-aminobutyric
acid (wide-field A19 amacrine cells), or glycine (majority of AII
amacrine cells [31]).
Parvalbumin is also a ubiquitous marker of amacrine cells
in primates [15,31] and other non-primate mammals including
rodents [7,51,59], rabbit [4,51] and cat [51].
4.1.4. Horizontal cells
Haplorhine and strepsirhine primates clearly differ in the
expression of calcium-binding protein expression in horizontal cells. In all haplorhine species, horizontal cells are densely
labeled with parvalbumin [31,50,51], whereas in the strepsirhine
primate mouse lemur no horizontal cells are immunopositives.
In contrast, a dense plexus of horizontal cell bodies and fibers
labels with calbindin in the mouse lemur. The above features
seen in mouse lemur are also observed in the gerbil, in other
rodents [7,42], and non-primate mammals [50,51]. The absence
of parvalbumin immunoreactivity in a primate has not been previously reported and may be related to the quasi absence of SW
cones in the mouse lemur [9] (less than 0.2% of the total cone
population) or the adaptation to the nocturnal environment.
Within the haplorhine primates, although parvalbumin is
expressed in a high number of horizontal cells, differences are
observed in the pattern of calbindin expression. The macaque
shows distinct calbindin label of a population of large sized horizontal cells and processes, whereas few or no labeled cells can be
distinguished in the marmoset and human retina. In the macaque,
parvalbumin has been shown to label both the large diameter H1
and small diameter H2 horizontal cells, whereas calbindin only
labels the H2 type [56]. In the marmoset we find it difficult to
identify calbindin positive horizontal cells, in agreement with
previous studies [5,34]. In humans, a few cell bodies, with little
or no label of dendritic processes, can be seen adjacent to the
OPL [19,27].
In our study no species displays horizontal cells labeled
with anti-calretinin or anti-recoverin antibodies. This absence
is consistent with descriptions in the rabbit [26] and rat [19] but
contrasts with findings in other non-primate species such as pig
[41], cat [26], dog [26] and sheep [41].
4.1.5. Ganglion cell layer
Immunopositive neurons were seen in the GCL of all primates
using antibodies against calbindin, parvalbumin, calretinin but
not recoverin. However, it is difficult to determine whether these
neurons are ganglion cells or displaced amacrine cells. Most of
the calbindin positive neurons in all species studied appeared to
correspond to displaced amacrine cells, similar to observations
in humans [19,27], marmoset [5] and macaque [14]. In our study
a few calretinin immunopositive cells are seen in the GCL of both
marmosets and humans. These have been shown to be displaced
amacrine cells in the marmoset [57]. Calretinin neurons in the
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GCL have also been observed in rodents, including gerbil (as
seen in this study), rat [3], ground squirrel [7], and in other nonprimate species, such as cat [26], dog [26], rabbit [26,54] and
sheep [41]. A recent study has also described displaced calretinin
bipolar cells in the GCL of the rat retina [16].
In summary, the calcium-binding protein signature of retinal neurons in the mouse lemur shares many features with that
of rodents. This similarity is particularly evident concerning
the absence of calbindin and calretinin label in photoreceptors, and in horizontal cells a calbindin-positive coupled with a
parvalbumin-negative immunoreactivity. These similarities may
be related to the high proportion of rods in these species associated with adaptations of retinal structure and function to the
nocturnal niche. The above immunostaining features also distinguish mouse lemur from the diurnal haplorhine primates (Fig. 3).
The nocturnal strepsirhine mouse lemur, however, shares an
absence of calbindin expression in photoreceptors with the nocturnal haplorhines Tarsius and Aotus [22].
4.2. Neuroanatomical markers of neurons in animal models
and in human disease
The distribution and alteration of calcium-binding protein
immunoreactivity in the mammalian retina, including that of primates, is useful for the study of several animal models of human
diseases. Calbindin has been used as a marker to study retinal
development in the coneless transgenic mouse model [48], in
RCS rats, and after transplantation of embryonic retinal tissue
[62]. Calretinin has also been employed in the study of abnormalities of retinal function in ApoE-deficient mice [40] and the
effects of metabolic stress in the rat following retinal ischaemia
[2]. Calbindin antibodies also reveal alterations in synaptic terminals, cone, horizontal and amacrine cells after experimental
retinal detachment in the cat due to the consistency of this marker
to reveal morphological details [33]. Calbindin and parvalbumin
are markers for the identification of different sub-populations of
neurons in a model of monkey glaucoma [53], in human retinal
disease such as retinitis pigmentosa [12,27] or retinoblastoma
[29], and in human retinal cell cultures [44].
In some patients with retinitis pigmentosa, calbindin expression in cones is down regulated [12,27] whereas labeling of horizontal, bipolar and amacrine cells is unaltered. Anti-calbindin
immunochemistry also revealed horizontal cells with abnormal
processes extending apically near the external limiting membrane [12]. Mutations in the calcium-binding protein GCAP1
have been found to be associated with autosomal dominant
cone dystrophy [10]. Retinitis pigmentosa further leads to a
loss of immunoreactivity for recoverin [27]. Recoverin has also
been reported to be inappropriately expressed in some tumor
cells from non-retinal tissue of patients with cancer-associated
retinopathy and acts as an autoantigen in this rare retinal degenerative disease [46].
In conclusion, definition of the distribution of calciumbinding proteins in the retina is a necessary prerequisite for
understanding the patterns of evolution of retinal neurons and
retinal function in strepsirhine and haplorhine primates, in particular concerning adaptation to the nocturnal and diurnal niche.

This information is also relevant to studies of ocular pathologies
in animal models and humans.
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