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Parvalbumin occurs in various types of cells in the retina. We previously reported parvalbumin dis-
tribution in the inner nuclear layer of bat retina. In the present study, we identified the parvalbu-
min-immunoreactive neurons in the ganglion cell layer of the retina of a bat, Rhinolophus ferrumequi-
num, and investigated the distribution pattern of the labeled neurons. Parvalbumin immunoreactivity
was found in numerous cell bodies in the ganglion cell layer. Quantitative analysis showed that these
cells had medium to large-sized somas. The soma diameter of the parvalbumin-immunoreactive cells
in the ganglion cell layer ranged from 12.35 to 19.12 pm (n=166). As the fibers in the nerve fiber layer
were also stained, the majority of parvalbumin-immunoreactive cells in the ganglion cell layer should
be medium to large-sized retinal ganglion cells. The mean nearest neighbor distance of the parvalbu-
min-immunoreactive cells in the ganglion cell layer of the bat retina ranged from 59.57 to 62.45 pm
and the average regularity index was 2.95 + 0.3 (n=4). The present results demonstrate that parvalbu-
min is expressed in medium to large-sized retinal ganglion cells in bat retina, and they have a well-or-
ganized distributional pattern with regular mosaics. These results should be important as they are ap-
plicable to a better understanding of the unsolved issue of a bat vision. This data will help to provide
fundamental knowledge for the better understanding of the unique behavioral aspects of bat flight

maneuverability.
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Introduction

Amazingly, bats rely upon echolocation in order to fly
speedily to inhabit a dark environment, especially those of
the suborder microchiroptera consisting of about 825 spe-
cies [14,18,19]. However, all bats have eyes. The suborder
megachiroptera have large eyes with excellent eyesight
while microchiroptera have mostly small eyes with poor
eyesight. The greater horseshoe bat (Microchiroptera:
Rhinolophus ferrumequinum), is an insectivorous, cave-dwell-
ing, and typically nocturnal species. This species inhabits a
wide area over the world, ranging from Europe and north-
ern Africa in the west, to China, Korea, and Japan in the
east. Though microchiroptera bats have tiny eyes that may
be capable of functional roles, their visual abilities and the
functional organization of the retina are poorly understood.

Calcium plays a critical role in maintaining a wide vari-
ety of cellular mechanisms such as signal transduction,
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neurotransmission, learning and memory, and cell
proliferation. Calcium-binding proteins are known to con-
trol and modulate the actions of calcium. Parvalbumin, a
member of the EF-hand calcium-binding proteins family,
consists of a single, unbranched chain of linked amino
acids and has a molecular weight near 12,000 Daltons
[2,7,8]. Although the exact physiological role of parvalbu-
min has not been established, it has been suggested that it
plays a major role in buffering the intracellular calcium
level [6,8].

Parvalbumin occurs abundantly in many neurons of the
central nervous system, including the retina. Although
there is some degree of species-specific variation, sub-
populations of amacrine, bipolar, horizontal and ganglion
cells in the vertebrate retina are immunoreactive for par-
valbumin [3,521]. The vertebrate retina contains diverse
retinal ganglion cells classified physiologically, anatomi-
cally, and neurochemically [4,16,20,22,23]. Our previous re-
port demonstrated that parvalbumin occurred in a specific
subpopulation of the retinal ganglion cells in mouse [15].

Recently, we reported the distributional pattern and the
cell type of parvalbumin-immunoreactive cells in the inner



nuclear layer of bat [13]. Parvalbumin was specifically lo-
calized in AIl amacrine cells in the bat retina. As All cells
are critically involved in both rod- and cone-driven signals
by sending a vertical flow of information within the On-
and Off-layers, the existence of All cells suggests that bats
have retinas involved in both rod- and cone-driven signals.
For a better understanding of the unsolved issue of the bat
vision, the present study is undertaken to investigate the
parvalbumin-containing cells in the ganglion cell layer of
the greater horseshoe bat retina. Ganglion cells are the fi-
nal output neurons of the retina and the investigation of
the expression and cellular distribution of neurochemical
substances in the retinal ganglion cells is the basic critical
information to understand a specific function of the retinal
ganglion cell. Our primary goal was to localize the neuro-
chemical specific parvalbumin-expressing retinal ganglion
cells to determine whether parvalbumin specifically labels
certain neuronal populations in the ganglion cell layer and
to analyze the distributional pattern of parvalbumin ex-
pressing cells in bat retina.

Materials and Methods

Animals and tissue preparation

Adult greater horseshoe bats (Rhinolophus ferrumequinum)
were used in this study. The bats were anesthetized with
a mixture of ketamine hydrochloride (3040 mg/kg) and
xylazine (3-6 mg/kg). A local anesthetic, proparacaine hy-
drochloride (100-200 pl), was applied to the cornea of the
bats to suppress blink reflexes. Their eyes were enucleated,
and the animals were euthanatized by an overdose of the
same anesthetics. The anterior segments of the eyes were
removed, and the retinas were dissected from the eyecups.
The retinas were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4) for 2hr at 4-5°C, and then
they were rinsed 3 x 10 min in 0.1 M PB. The guidelines
of the National Institute of Health regarding the Care and
Use of Laboratory Animals were followed in all ex-
perimental procedures.

Immunocytochemistry

A monoclonal antibody against parvalbumin was ob-
tained from Sigma Chemical (St. Louis, USA). The im-
munocytochemical methods were described in detail in
our previous reports [10-13,17]. For immunocytochemistry,
the retinas were incubated in 1% sodium borohydride
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(NaBH4) for 30 min. Subsequently, these tissues were
rinsed for 3 x 10 min in 0.1 M PB, and incubated in 0.IM
PB with 4% normal horse serum for 24 hr with 05 %
Triton X-100 added. Retinal whole mounts were processed
free floating in small vials at 4-5°C with gentle agitation.
The retinas were then incubated in the primary antiserum
in 0.1 M PB with 4% normal horse serum for 72 hr with
0.5% Triton X-100 added. The primary antiserum was di-
luted 1:1000-1:2000. Following 3 x 10 min rinses in 0.1 M
PB, the retinas were incubated in a 1:200 dilution of bio-
tinylated anti-mouse IgG in 0.1 M PB with 4% normal
horse serum for 24 hr with 0.5% Triton X-100 added. The
retinas were then rinsed for 3 x 10min in 0.1 M PB and in-
cubated in a 1:50 dilution of avidin-biotinylated horse-
radish peroxidase complex (ABC, Vector lab, USA) in
0.IM PB for 2 hr. The tissues were again rinsed in 0.25 M
Tris buffer for 3 x 10 min. Finally, the staining was vi-
sualized by reacting with 3, 3’-diaminobenzidine tetrahy-
drochloride and hydrogen peroxide in 0.25 M Tris buffer
for 3-5 min using a DAB reagent set (Kirkegaard & Perry,
USA). The retinas were then rinsed in 0.25 M Tris buffer
before mounting. The whole mounts were coverslipped in
glycerol without dehydration procedure. The tissue was
examined and photographed on a Zeiss Axioplan micro-
scope using either conventional or differential interference
contrast (DIC) optics.

Quantitative analysis

Cell density was expressed as the number of parvalbu-
min-immunoreactive cells/mm® of retinal surface. In three
DAB-reacted wholemount retinas, parvalbumin-immunor-
eactive cells in the ganglion cell layer were viewed on a
computer monitor using a Zeiss Plan-Apochromat 20x ob-
jective, and a Zeiss AxioCam HRc digital camera at 200 pm
intervals along the central dorsoventral and nasotemporal
axes. The sample area was 100 x 100 ym’. A transparency
sheet was placed on the computer monitor, and labeled
cells were circled with a pen. To measure the soma diame-
ter, area, and nearest neighbor distance, we used a Zeiss
Axiovision 4 program. They were performed on the cells
located in the mid-peripheral region from the one nasal,
temporal, dorsal, and ventral of a bat retina. The sample
area was 500 x 500 pm’ wide. The nearest neighbor ana-
lytical method to determine the regularity index (mean
nearest neighbor distance/standard deviation) has been
previously well-reported [25].
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Results

Parvalbumin-immunoreactivity in the ganglion cell
layer

Fig. 1 shows a well labeled parvalbumin-immunor-
eactive whole mount of bat retina taken from the mid-pe-
riphery retina. Through the differential interference con-
trast (DIC) micrograph, strongly labeled, medium to
large-sized cells are seen in the ganglion cell layer. As the
fibers in the nerve fiber layer and the axonal processes in
the nerve fiber layer are also stained, the majority of par-
valbumin-immunoreactive cells in the ganglion cell layer
should be ganglion cells. In our study, we occasionally en-
countered some small-sized cells that were also labeled by
the parvalbumin antibody (Fig. 1 arrow). These small cells
were stained more strongly than other medium to large
cells and did not contain axons. The lack of axonal staining
suggests that these small darkly labeled cells in the gan-
glion cell layer are displaced amacrine cells. In consistent
with the present study, displaced parvalbumin-immunor-
eactive amacrine cells are clearly distinguishable as small
and more darkly labeled neurons in the ganglion cell layer
of the rabbit retina [17]. These observations suggest that
the majority of parvalbumin-immunoreactive cells in the
ganglion cell layer should be retinal ganglion cells, and
small populations of cells (< 5%) are displaced amacrine

cells.

Diameter and area of parvalbumin-immunoreactive
cells

We analyzed the cell diameter and area of parvalbu-
min-labeled retinal ganglion cells using the AxioVision 4

Fig. 1. Parvalbumin-immunoreactive cells of the ganglion cell
layer in the whole mount of DAB-reacted bat retina
from the mid-peripheral region (A, B). In DIC micro-
graph, both labeled and unlabeled cells and nerve fi-
bers can be seen. Note that a small displaced amacrine
cell is labeled (arrow). Arrowheads indicate some un-
labeled medium to large-sized cells. Scale bar = 20 pm.

program (Carl Zeiss Meditec, Inc.). The small cells could
not be included in the present analysis as these cells are
displaced amacrine cells. In the mid-peripheral regions of
the nasal (n=39), temporal (n=42), dorsal (n=44), and ven-
tral (n=41) retinas, a total of 166 parvalbumin-immunor-
eactive cells were sampled. Parvalbumin-immunoreactive
ganglion cells varied from about 1235 to 19.12 pm in
diameter. In the nasal retina, the mean of the soma diame-
1.53 pm and 189.56 + 36.49 pm’
(mean * s.d; n=39), respectively. In the temporal retina,

ter and area were 1599 +

the mean of the soma diameter and area were 14.93 + 1.16
pm and 163.88 + 26.23 pm’ (mean + s.d.; n=42), respectively.
In the dorsal retina, the mean of the soma diameter and
1.22 pm and 173.54
t s.d.; n=44), respectively. In the ventral-retina, the mean
1.42 ym and
3345 pm’ (mean + s.d.; n=41), respectively (Fig.

area were 1534 + + 2821 pm’ (mean
of the soma diameter and area were 15.55 +
178.48 +
2). The results indicate that parvalbumin is mainly ex-
pressed in the medium to large-sized ganglion cells within
the retinal ganglion cell population of bat retina.

Distributional pattern of parvalbumin-immunoreactive
cells

The distributional pattern- of parvalbumin-immunor-
eactive cells in the ganglion cell layer of bat retina is
shown in Fig. 3. In three DAB-reacted whole-mount reti-
nas, the parvalbumin-immunoreactive ganglion cells in the
ganglion cell layer were counted. The estimated total num-
ber of parvalbumin-immunoreactive ganglion cells varied
from 844 to 986 cells among the three sampled in this
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Fig. 2. Cell frequency histogram of parvalbumin-immunor-
eactive cell diameters in the ganglion cell layer. The
sample sites are the mid-peripheral regions of the na-
sal (A), temporal (B), dorsal (C), ventral (D) retina.



Fig. 3. Retinal maps from a bat retina indicating the position
of each parvalbumin-immunoreactive cell within the
ganglion cell layer. Overall, parvalbumin-immunor-
eactive cells in the ganglion cell layer show a dis-
tribution pattern with regular arrangements. Scale bar
= 500 pm.

study. Fig. 4 and Table 1 show the results; there were 957
cells in retina 1L, 986 cells in retina 2R, and 844 cells in
retina 3R; therefore, the average number of parvalbu-
min-immunoreactive ganglion cells per retina was 929 + 75
(mean # s.d.; n=3). The mean density of parvalbumin-im-
munoreactive ganglion cells in the ganglion cell layer was
254 + 29 cells/mm’ in the three retinas (Table 1). The dis-
tribution of total parvalbumin-immunoreactive ganglion
cells is shown in Fig. 4. The two graphs (Fig. 4A and 4B)
show the numbers of cells encountered along the dorso-
ventral and nasotemporal axes intersecting the optic nerve
head. Although there were some differences among the
three retinas, the peak and the lowest density was found
near 0.4 mm from the optic disk and in the peripheral re-
gions of the retinas, respectively.

Nearest neighbor
immunoreactive cells
The retinal mosaic of the parvalbumin-immunoreactive

analysis of parvalbumin-

retinal ganglion cells in the ganglion cell layer was meas-
ured by nearest neighbor analysis [25]. The mean nearest
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neighbor distance of parvalbumin-immunoreactive retinal
ganglion cells in the ganglion cell layer of bat retina
ranged from 59.57 pm to 62.45 pm. The regularity index in
the four mid-periphery regions ranged from 2.60 to 3.33,
and its average was 2.95 + 0.3 (Fig. 5). The histograms are
relatively well matched by a Gaussian curve (solid line),
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Fig. 4. Parvalbumin-immunoreactive ganglion cells in the gan-
glion cell layer. (A, B) The two graphs show the num-
bers of cells encountered along the two axes intersect-
ing the optic nerve head. N, nasal; T, temporal; D, dor-
sal; V, ventral.
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Fig. 5. Nearest neighbor analysis of parvalbumin-immunor-
eactive cells in the ganglion cell layer of bat retina. The
histogram for parvalbumin-immunoreactive cells in the
mid-peripheral regions of the nasal (A), temporal (B),
dorsal (C), ventral (D) retina shows the number of cells
in the sample (N), the mean distance between cells
(Mean), the standard deviation (5.D.), and the regu-
larity index (R.L). The location of cells within the sam-
ple area is shown in the upper left. Scale bar = 200 pm.

Table 1. Total parvalbumin-immunoreactive ganglion cells in the ganglion cell layer of bat retina.

Reti Sampled Sampled Neurons Total retinal Mean density Total parvalbumin-IR
etina 2 2 2

area* area(um’) counted area(mm’) {cells/mm?”) neurons
RetinalL 68 680,000 179 3.638518 263 957
Retina2R 68 680,000 189 3.547171 278 986
Retina3R 228 2,280,000 507 3.796553 222 844
MeanS.D. 254 + 29 929 + 75

*One sampled area = 100x 100 pm’
IR, immunoreactive; L, left; R, right
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which describes a regular cell distribution. As a random
distribution is indicated by a ratio of 1 and a regular mo-
saic is higher than a ratio of 1, the data support the idea
that the parvalbumin-immunoreactive retinal ganglion cells
in the ganglion cell layer show regular arrangements.

Discussion

In the present study, we identified the selective local-
ization of parvalbumin-immunoreactive retinal ganglion
cells in the bat retina. These labeled cells were medium to
large-sized ganglion cells and they showed a regular mo-
saic in the greater horseshoe bat retina.

Generally, it is known that megabats employ their func-
tional eyes to find prey and monitor their environment in
order to protect themselves from predators. However, it is
not well known whether their retinas of microbats, such as
Rhinolophus ferrumequinum play functional roles or not. In
our previous study about greater horseshoe bats [13], for
the first time we presented the existence of All amacrine
cells in the inner nuclear layer of the retina using parval-
bumin immunocytochemistry. As All cells are critically in-
volved in both rod- and cone-driven signals by sending a
vertical flow of information within the On- and Off-layers,
the existence of AIl cells suggests that bat retina has versa-
tile synaptic connectivity and diverse functional physiology
for vision. In this study, we identified the existence of
well-organized parvalbumin-immunoreactive retinal gan-
glion cells in the ganglion cell layer of the greater horse-
shoe bats. With respect to the distribution of parvalbumin,
at least one solid conclusion can be drawn from the pre-
vious and present data. This protein is expressed in specif-
ic types of retinal cells in bat retina. These combined re-
sults of the existence of AIl amacrine and the sub-
population of parvalbumin-containing retinal ganglion cells
strongly suggest that microbats not only rely on echoloca-
tion but also have functional eyes to help flight
maneuverability.

Retinal ganglion cells collect visual information in the
eyes and finally send it to the brain for visual perception.
At least 11 different types of retinal ganglion cells have
been identified in rabbit retina using a combination of
modern anatomical techniques [20]. More than 10 morpho-
logically distinct ganglion cell types have been revealed in
mouse retina, by the introduction of particle-mediated
gene transfer [16,22] and by the expression of the gene en-

coding an alkaline phosphatase [1]. Although there is some
degree of species-specific variations, subpopulations of
ganglion cells in the vertebrate retina were immunor-
eactive for parvalbumin [521,24]. The previous studies
show that the majority of parvalbumin-immunoreactive
cells in the ganglion cell layer are medium to large-sized
cells. In our previous study, using a newly developed sin-
gle cell injection after immunocytochemistry technique, for
the first time we demonstrated that at least eight different
types of mouse retinal ganglion cells express parvalbumin
[15]. Our previous results [15] support the idea that parval-
bumin-immunoreactive retinal ganglion cells likely belong
to a different chemical subpopulation from each type. In
the present study, we found that the vast majority of par-
valbumin-immunoreactive neurons in bat retina are me-
dium to large-sized neurons. However, we also found
many unlabeled medium to large-sized cells in the retinal
ganglion cell layer (The DIC pictures in Fig. 1 show many
unlabeled medium to large-sized cells). In accordance with
the previous study [15], the present study strongly sug-
gests that parvalbumin is expressed to a different sub-
population of retinal ganglion cells in bat retina. Studies
on the expression and cellular distribution of neuro-
chemical substances in retinal ganglion cells are the basic
information to understand a specific function of retinal
ganglion cells. A previous study has shown that somatos-
tatin is found only in a subpopulation of alpha ganglion
cells [26]. In addition, Hutsler et al [9] have shown that
neuropeptide Y immunoreactivity recognizes a sub-
population of about 2,000 gamma-type ganglion cells. In
our previous study, we have reported that calretinin is not
found in the alpha retinal ganglion cells in rabbit and cat
retina [11]. The different proportional localization of these
proteins along with the present results may reflect their
specific functional characteristics in retina and visual
behaviors.

The nearest neighbor analysis was performed to quanti-
fy the regularity of the parvalbumin-immunoreactive reti-
nal ganglion cell mosaic in the ganglion cell layer. The reg-
ularity of the cell mosaic is represented by the regularity
index, which is the ratio of the mean nearest neighbor dis-
tance to the standard deviation in the distribution of a cell
population. A regular arrangement would mean that there
would not be blind spots with respect to the distribution
of cells by covering each retinal position. Thus, it is more
economic for regularly arranged cells to cover the retina



than for randomly arranged cells to do. A further profit of
cells with a regular arrangement is that this would allow
synaptic connections to facilitate between the different lay-
ers in the retina [25]. In our study, the regularity index of
parvalbumin-immunoreactive cells in the ganglion cell lay-
er of bat retina varied from 2.60 to 3.33 according to the
different regions, and the average regularity index was
2.95. So far no regularity index of parvalbumin-immunor-
eactive retinal ganglion cells has been reported in any oth-
er animals and our data is the first report on this matter.
Although we cannot compare the present results with oth-
er results, the results indicate that the parvalbumin-im-
munoreactive retinal ganglion cells in the ganglion cell lay-
er have regular arrangements.

In conclusion, greater horseshoe bats (Rhinolophus ferru-
mequinum) possess well-organized parvalbumin-immunor-
eactive retinal ganglion cells in the ganglion cell layer of
the retina. The majority of these cells are medium to
large-sized cells and they have regular arrangements in a
mosaic pattern. Our study demonstrates that there is im-
munocytochemical evidence of retinal ganglion cells ex-
pressing a specific protein in a microbat retina. These re-
sults should be important as they are applicable to a better

understanding of the unsolved issue of a bat vision.
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