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Microchiroptera (microbats) is a suborder of bats thought to have degenerated vision.
However, many recent studies have shown that they have visual ability. In this study, we
labeled neuronal nitric oxide synthase (nNOS)—the synthesizing enzyme of the gaseous
non-synaptic neurotransmitter nitric oxide—and co-localized it with calbindin D28K (CB),
calretinin (CR), and parvalbumin (PV) in the visual cortex of the greater horseshoe bat
(Rhinolophus ferrumequinum, a species of microbats). nNOS-immunoreactive (IR) neurons
were found in all layers of the visual cortex. Intensely labeled neurons were most common in
layer IV, and weakly labeled neurons were most common in layer VI. Majority of the nNOS-
IR neurons were round- or oval-type neurons; no pyramidal-type neurons were found. None
of these neurons co-localized with CB, CR, or PV. However, the synthesis of nitric oxide in
the bat visual cortex by nNOS does not depend on CB, CR, or PV.
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calcium-binding protein

I. Introduction
“Bat” is the general term used to describe the order

Chiroptera, which comprises a species of mammals with
sustained flying ability. It is the second largest mammalian
order after rodents. To date, about 1,000 species have been
found globally, except in the polar regions. The order
includes two major suborders: Megachiroptera (megabats)
and Microchiroptera (microbats). The megabats (~150 spe-
cies identified) are larger with large eyes and excellent
vision; most of them are frugivorous. The microbats (~850
species identified) are smaller with small eyes and are
thought to identify objects by echolocation. Most of them
are insectivorous. The greater horseshoe bat (Rhinolophus
ferrumequinum) is one such species. They are insectivo-
rous, cave dwelling and nocturnal like other species of
microbats. Although considered blind like other microbats,
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they still have eyes that receive external visual information
and play an important role in visual pathways. Therefore,
whether microbats are blind or retain their vision has
recently attracted investigators. Numerous studies, con-
sidering various aspects have shown that microbats have
vision [21, 22, 24, 31, 42, 44]. However, the characteristics
of their visual cortices are poorly understood.

Findings in the past few decades have shown that
nitric oxide (NO) is a gaseous retrograde messenger in the
nervous system of mammals. It has also been recognized as
a toxic gas and major atmospheric pollutant [5, 15]. NO
transmits signals between both, heterosynapses (synapses
between homoneurons) and heteroneurons [6, 14, 30]. In
addition, it is an important non-synaptic neurotransmitter
[11, 12, 25, 38, 39, 40]. It is an extremely diffusible non-
polar gas that can cross biological membranes easily and
transfer signals over a few hundred micrometers in a short
time [15]. NO is synthesized by neuronal nitric oxide syn-
thase (nNOS) from L-arginine with the cofactor nicotin-
amide adenine dinucleotide phosphate (NADPH) and O2 in
the nervous system of mammals [7, 11]. nNOS is one of
three types of NOS involved in the regulation of nervous
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system function. The other two types are the cardiovascular
function-related endothelial NOS (eNOS) and immune
function-related inducible NOS (iNOS) [17, 37]. nNOS is a
calmodulin-dependent enzyme [8, 11]. Both the synthesis
and release of NO in the nervous system rely on an increase
in intracellular calcium [11, 15, 17, 25].

Calcium ions play an important modulatory role in
many biological processes. Calcium-binding proteins
(CBPs) regulate or mediate the intracellular activity of
calcium ions [3, 36]. Therefore, impairments in calcium
regulation by CBPs influence many intracellular calcium
dynamics (balance) and cause neurodegenerative diseases
[2, 4, 9, 13, 18, 19, 20, 28, 34]. Although the physiological
functions of CBPs are not yet clear, they are frequently
used as neuronal subpopulation markers because of their
specificity to different subpopulations of neurons. In addi-
tion, they have been suggested to be involved in different
calcium-dependent processes [10, 35, 41].

Microbats are known to have AII amacrine cells [21],
M/L [24] and S cone photoreceptors [31] in their retina,
suggesting that they have retained the anatomical structure
associated with bright- and dim-light vision and dichro-
matic color identification [21, 24, 31]. In addition, we
recently localized calbindin D28K (CB)-, calretinin (CR)-,
and parvalbumin (PV)-immunoreactive (IR) neurons in the
bat superior colliculus [22]. These studies provide new evi-
dence for the possibility of vision. In addition, numerous
studies have proven the visual ability of bats with behavior-
istics [42] and genetics [44].

To the best of our knowledge, there are no studies of
the bat visual cortex in the fields of neurology and histol-
ogy. Therefore, the present study aimed to examine if
nNOS-IR neurons were localized in specific lamina and
cell types and to contrast the findings with those of previ-
ous studies in order to understand species diversity.

II. Materials and Methods
Animal and tissue preparation

Adult greater horseshoe bats (R. ferrumequinum) were
used in this study. The bats were anesthetized deeply with a
mixture of ketamine hydrochloride (30–40 mg/kg) and
xylazine (3–6 mg/kg) before perfusion. All bats were per-
fused intracardially with 4% paraformaldehyde and 0.3–
0.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH
7.4) containing 0.002% calcium chloride. Following a
prerinse with approximately 10 ml of phosphate-buffered
saline (PBS, pH 7.4) over a period of 3 min, each bat was
perfused with 30 ml of fixative for 20–30 min via a syringe
needle inserted through the left ventricle and aorta. The ani-
mal was decapitated and the head was placed in a fixative
for 2–3 hr. The brain was then removed from the skull,
stored for 2–3 hr in the same fixative and left overnight in
0.1 M phosphate buffer (pH 7.4) containing 8% sucrose
and 0.002% CaCl2. The brain was dissected and the visual
cortex was isolated. It was mounted onto a chuck and cut

into 50-μm thick sections with a Vibratome 3000 Plus sec-
tioning system (Vibratome, St. Louis, MO, USA). The
guideline of the National Institutes of Health for the Care
and Use of Laboratory Animals were followed for all
experimental procedures. All efforts were made to mini-
mize animal suffering as well as the number of animals
used.

Horseradish peroxidase immunocytochemistry
Polyclonal and monoclonal antibodies against nNOS

were obtained from BD Biosciences (San Jose, CA, USA).
The tissue was processed free floating in small vials. For
immunocytochemistry, the sections were incubated in 1%
sodium borohydride (NaBH4) for 30 min. Sections were
rinsed 3×10 min in PBS, incubated in PBS with 4% normal
serum (normal goat serum for polyclonal antibody against
nNOS and normal horse serum for monoclonal antibody
against nNOS) for 2–10 hr with 0.5% Triton X-100 added.
Sections were then incubated in the primary antiserum in
PBS with 4% normal serum for 1–3 days with 0.5% Triton
X-100 added. The primary antiserum was diluted 1:1000.
Following 3×10 min rinses in PBS, sections were incubated
in a 1:200 dilution of biotinylated secondary IgG in PBS
with 4% normal serum for 2–10 hr with 0.5% Triton X-100
added. Sections were then rinsed 3×10 min in PBS and
incubated in a 1:50 dilution of avidin-biotinylated horse-
radish peroxidase (Vector Labs., Burlingame, CA, USA) in
PBS for 2–10 hr. The sections were again rinsed in 0.25 M
Tris for 3×10 min. Finally, the staining was visualized
by reacting with 3,3'-diaminobenzidine tetrahydrochloride
(DAB) and hydrogen peroxide in 0.25 M Tris for
2–12 min using a DAB reagent set (Kirkegaard & Perry,
Gaithersburg, MD, USA). All sections were then rinsed in
0.25 M Tris before mounting. Following the immunocyto-
chemical procedures, the tissue was mounted on Superfrost
Plus slides (Fisher, Pittsburgh, PA, USA) and dried over-
night in a 37°C oven. The mounted sections were dehy-
drated through alcohol, cleared with xylene, and cover-
slipped with the mounting medium, Permount (Fisher). The
sections were examined and photographed on a Zeiss
Axioplan microscope (Carl Zeiss Meditec Inc., Jena,
Germany) with conventional or differential interference
contrast (DIC) optics.

Fluorescence immunocytochemistry
A polyclonal antibody against nNOS was obtained

from BD Biosciences. Monoclonal antibodies against CB,
CR or PV were obtained from Sigma (St. Louis, MO,
USA). The tissue was processed free floating in small vials.
For double-label sections with nNOS and CB, CR or PV,
sections were incubated in 1% NaBH4 for 30 min. Sections
were rinsed 3×10 min in PBS, incubated in PBS with 4%
normal serum (normal goat serum for both nNOS, CB, CR
and PV) for 2 hr with 0.5% Triton X-100 added. Sections
were then incubated in the primary antiserum in PBS with
4% normal serum for 48 hr with 0.5% Triton X-100 added.
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The primary antibodies were diluted 1:500–1:1000 (nNOS)
or 1:500 (CB, CR, PV). For detection by immunofluores-
cence, the secondary antibodies were fluorescein isothicya-
nate (FITC)-conjugated anti-rabbit IgG (Vector Labs.) for
the anti-nNOS antibody and Cy3-conjugated anti-mouse
(Jackson ImmunoResearch Laboratories, Inc., Baltimore,
PA, USA) for anti-CB, CR, or PV antibodies. Following
3×10 min rinses in PBS, sections were incubated in the sec-
ondary antibodies in PBS with 4% normal serum (normal
goat serum for both nNOS, CB, CR and PV) for 10 hr with
0.5% Triton X-100 added. Sections were then rinsed 3×10
min in PBS and the labeled sections were coverslipped with
Vectashield mounting medium (Vector Labs.). Images were
obtained with a Zeiss LSM700 laser scanning confocal
microscope (Carl Zeiss Meditec Inc.)

Specificity of antibodies
To demonstrate the specificity of the immunoreaction,

we performed two experiments: preabsorption control tests
and a negative control test in the visual cortex of bat.

(1) Preabsorption control test
Preabsorption of anti-nNOS with the corresponding

synthetic peptides (ChinaPeptides, Shanghai, China, human
aa.1095–1289) were performed prior to tissue incubation.
Blocking peptide of anti-nNOS was mixed with primary
antibody at 10:1 ratio for 12 hr at room temperature to inac-
tive the primary antibody and tissues were incubated with
the preabsorbed antibody in place of the primary antibody.
These control tissue showed no nNOS immunoreactivity
(Fig. 1B and 1C).

(2) Negative control test
Some bat visual cortex sections were incubated in the

same solution without the addition of the primary antibody.
These control tissues showed no nNOS immunoreactivity
(Fig. 1D).

Quantitative analysis
The average diameter, area of labeled cells, and cell

counts were computed with a Zeiss AxioCam HRc digital
camera (Axio Vision 4; Carl Zeiss Meditec Inc.). For each
of the three animals, we analyzed 18 best-labeled sections
that were 1500 μm in width across the superior-inferior
extent of the visual cortex. The fields were positioned in
the central visual cortex. A cursor was moved manually
around the outer contour of each cell with a digital camera.
The analysis was performed with a 63× Zeiss Plan-
Apochromat objective. To show the laminar distribution of
nNOS-IR neurons in bat visual cortex a little more visually
the low-power photomicrographs showed in Figure 2. Were
photograph with 20× Zeiss Plan-Apochromat objectives. To
obtain the best images, we analyzed the cells with DIC
optics. Only cells containing a nucleus with a nucleolus that
was at least faintly visible were included in the analysis.

To determine the number of double-labeled cells, we
counted fields 1500 μm in width across the superior-
inferior extent of the visual cortex from 27 different sec-
tions selected from three different animals. The fields were
positioned in the central visual cortex. Double-labeled
images were obtained and viewed with a Zeiss LSM700
laser scanning confocal microscope (Carl Zeiss Meditec
Inc.) with a 20× objective.

Low-power photomicrographs of the preabsorption and negative controls of nNOS-IR neurons in the bat visual cortex. (A) Thionin-stained sec-
tion showing cortical lamination. (B) Preabsorption control of rabbit antibody against nNOS. (C) Preabsorption control of mouse antibody against
nNOS. (D) Negative control. The control tissues showed no nNOS immunoreactivity. Bar=100 μm.

Fig. 1. 
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III. Results
The distribution of nNOS-IR neurons in the bat visual cortex

Figure 2A shows a thionin-stained section that depicts
cortical lamination, while Figures 2B and 2C show the
nNOS-IR neurons. Two types of nNOS-IR neurons were
observed in the bat visual cortex. The first type of neurons
were intensely labeled, and the second type were weakly
labeled (Fig. 2C, arrowhead). The large majority of nNOS-
IR neurons were intensely labeled in the bat visual cortex
(five times the immunoreactivity of the weakly labeled neu-
rons). These were located mainly in layer IV, and the high-
est density of weakly labeled nNOS-IR neurons was in
layer VI. Quantitative maps of the cell distribution revealed
the density of the nNOS-IR neurons in each layer (Fig. 3).
As a percentage of the total population of labeled neurons,
11.76% of the intensely labeled nNOS-IR neurons were
found in layer I, 7.35% were in layer II, 18.63% in layer
III, 25.00% in layer IV, 20.10% in layer V, and 17.16% in
layer VI. While 10.64% of the weakly labeled nNOS-IR
neurons were found in layer I, 19.15% in layer II, 17.02%
in layer III, 14.89% in layer IV, 17.02% in layer V, and
21.28% in layer VI.

Morphology of the nNOS-IR neurons in the bat visual cortex
In the present study, we focused on the morphology of

the intensely labeled nNOS-IR neurons because the soma
and processes of the weakly labeled neurons were difficult
to distinguish. Four types of nNOS-IR neurons were found
in the bat visual cortex. Figure 4 shows representative neu-
rons of each type.

The large majority of nNOS-IR neurons were round-
or oval-type neurons with round or oval somas and many
dendrites coursing all directions. Figures 4A, 4B, and 4C
show representative multipolar round- or oval-type neu-
rons. The other major type was stellate-type neurons with
polygonal-shaped somas and many dendrites coursing all
directions (Fig. 4D and 4E). Figures 4G and 4H show a
representative vertical fusiform-type neuron having a verti-
cal fusiform soma and a main long process ascending
towards the pial surface and a long descending process.

Histogram of the percent frequency of laminar distribution of
nNOS-IR neurons in the bat visual cortex. The intensely labeled nNOS-
IR neurons were located mainly in layer IV, and the weakly labeled
nNOS-IR neurons were located mainly in layer VI.

Fig. 3. 

Low-power photomicrographs of the laminar distribution of nNOS-IR neurons in the bat visual cortex. (A) Thionin-stained section showing corti-
cal lamination. (B and C) nNOS-IR neurons. nNOS-IR neurons were only found in a small subset in the bat visual cortex that exhibited two different
types of labeling. Notice the two different labeling densities of the nNOS-IR neurons. Arrowheads indicate weakly labeled neurons. The Roman numer-
als on the left side of this figure indicate the layers of visual cortex. Bar=100 μm.

Fig. 2. 
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Figure 4F shows a horizontal-type neuron that displays a
horizontally oriented fusiform soma and horizontal pro-
cesses. Horizontal-type neurons were rarely encountered
in the present study. Figure 5 shows a histogram of the
percent frequency of the cell types of nNOS-IR neurons
in the bat visual cortex. Quantitatively, 42.25±2.09% of the
nNOS-IR neurons were round- or oval-type neurons,
32.86±2.22% were stellate-type neurons, 19.02±2.02%
were vertical fusiform-type neurons, and 5.63±0.84% were
horizontal-type neurons. Figure 6 shows the average diame-
ter of each type of nNOS-IR neurons in the bat visual
cortex. No obvious differences were found between each
type. Quantitatively, the average diameter of the nNOS-IR
round- or oval-, stellate-, vertical fusiform-, and horizontal-
type neurons in the bat visual cortex were 11.80±1.60 μm,
12.53±2.10 μm, 12.11±1.62 μm, and 11.74±0.86 μm, respec-
tively. The average diameter of the nNOS-IR neurons was
12.1±1.77 μm.

The co-localization of nNOS and CB, CR, and PV in the bat
visual cortex

To determine whether the nNOS-IR neurons in the bat
visual cortex co-localized with CB, CR, or PV, we labeled

Histogram of the percent frequency of the cell types of nNOS-IR
neurons in the bat visual cortex. Majority of the nNOS-IR neurons were
round- or oval-type neurons, and the other major type found were
stellate-type neurons. Fusiform- and horizontal-type neurons were
rarely encountered in the present study.

Fig. 5. 

High-power differential interference contrast (DIC) photomicrographs of some nNOS-IR neurons in the bat visual cortex. (A, B, C) Multipolar
round- or oval-type neurons. Majority of nNOS-IR neurons in the bat visual cortex had round- or oval-shaped soma and multipolar dendrites. (D, E)
Multipolar stellate-type neurons with polygonal-shaped somas and multipolar dendrites. (F) Horizontal-type neuron with horizontal round- to spindle-
shaped soma and horizontal processes from two opposite poles of the soma. (G, H) Vertical fusiform-type neurons with vertical fusiform-shaped soma
and vertical processes from two opposite poles of the soma and perpendicular to the pial surface. Bar=20 μm.

Fig. 4. 
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nNOS-IR neurons with FITC and CB-, CR-, or PV-IR neu-
rons with Cy3. We counted the number of nNOS-IR and
double-labeled neurons across all layers in three different
animals. None of the nNOS-IR neurons were double-
labeled with CB, CR, or PV in the bat visual cortex (Fig.
7).

IV. Discussion
The primary purpose of the present study was to con-

firm if nNOS-IR neurons were localized in a specific layer
of the bat visual cortex as in other animals studied. The
results showed that two types of nNOS-IR neurons
(intensely labeled and weakly labeled) were found through-
out the layers of the bat visual cortex, including layer I, and
were localized mainly in layer IV and layer VI, respec-
tively. In previous studies in the hamster and monkey visual
cortex, the highest density of nNOS-IR neurons was local-
ized to layer VI [1, 26]. In the mouse and rabbit visual cor-
tex, the intensely labeled neurons were more in layer VI,
and the weakly labeled, in layer II/III [27]. In rat and
human visual cortex, nNOS-IR neurons were localized
mainly in layer II/III [16, 29]. In contrast, the distribution
of nNOS-IR neurons in the bat visual cortex differed from
these patterns. In addition, previous studies showed that
nNOS-IR neurons (intensely labeled) in layer I accounted
for 1.5% and 2.1% of the neurons in mouse and rabbit,
respectively [27], only 0.7% in hamster [26], and were
absent in rat [16]. However, in the present study, nNOS-IR
neurons (intensely labeled) accounted for 11.76% of the
neurons in layer I of the bat visual cortex. Thus, the distri-
bution of nNOS-IR neurons in the visual cortex differs in
different species [1, 16, 26, 27, 29], even in the same order.
A clear understanding of the functional significance of
these different distribution patterns in different species is

Histogram of the average diameter of the cell types that were
nNOS-IR neurons in the bat visual cortex. No obvious differences were
found between each type.

Fig. 6. 

lacking. However, the results of the present study provide
useful evidence on species diversity.

Although the distribution pattern of nNOS-IR neurons
in the bat visual cortex differed from other species studied,
the morphology was similar to that described in previous
studies in humans [29], monkey [1], rat [16], hamster [26],
mouse, and rabbit [27] The round- or oval-type neurons
made up the largest percentage of nNOS-IR neurons in the
visual cortex, and no pyramidal-type neurons were found.
Previously, 12 different types of NADPH-d-containing
interneurons have been classified based on morphology in
human putamen [23]. In this study, four types of nNOS-IR
neurons were found in the bat visual cortex: round- or
oval-, stellate-, fusiform-, and horizontal-type neurons.
These four types are included among the 12. Thus, these
findings suggested that nNOS-IR neurons in the bat visual
cortex are interneurons.

Because both the synthesis and release of nNOS are
calcium-dependent [11, 15, 17, 25], and CBPs also play an
important role for calcium buffering, the present study
aimed to determine if nNOS-IR neurons also contain CB,
CR, or PV in the bat visual cortex. Previous studies have
shown that the double-labeling ratio of nNOS with CB, CR,
or PV in visual cortex differs among species [1, 16, 26, 27,
29]. For example, among rodents, nNOS-IR neurons and
CBPs have been co-localized in the hamster, rat, and mouse
visual cortex. In hamster visual cortex, 14.7% and 27.5% of
nNOS-IR neurons co-localized with CB and CR, respec-
tively [26]. However, only 1.2% co-localized with CB in
rat visual cortex, and none co-localized with CR or PV in
rat visual cortex [16]. In mouse, 16.7%, 51.7%, and 25.0%
of nNOS-IR neurons contained CB, CR, or PV, respectively
[27]. In rabbit, a non-rodent mammal, 92.4% of nNOS-IR
neurons contain both nNOS and CB, while only 2.5% co-
localized with CR, and none of the nNOS-IR neurons co-
localized with PV [27]. In addition, CB, CR, and PV have
been widely used as markers of subpopulations of neurons
in many brain areas [3, 10]. CB and CR have been identi-
fied in the dog [43], mouse [33], hamster [26], and rabbit
[32] visual cortex. In these animals, majority of the CB-IR
neurons were multipolar stellate- and round- or oval-type
neurons, while most of CR-IR neurons were vertical
fusiform-type neurons. PV-IR neurons have been localized
in the dog [43] and rabbit [32] visual cortex. The two prin-
cipal neuronal types in these animals were multipolar
stellate-type neurons and round- or oval-type neurons.
These results showed that CB-, CR-, and PV-IR neurons
were localized in specific cell types. The function of CBPs
in the visual cortex is not clear. They are suggested to be
closely related to many neurological disorders [2, 4, 9, 13,
18, 19, 20, 28, 34]. However, in the present study, nNOS-
IR neurons did not co-localize with CB, CR, or PV in the
bat visual cortex. These findings suggest that nNOS-IR
neurons are a specific subpopulation of interneurons in the
bat visual cortex.

In summary, the results indicate that nNOS-IR neurons
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in the bat visual cortex were localized mainly in layer IV
(intensely labeled) and layer VI (weakly labeled). The cell
types show a different distribution patterns but similar mor-
phology as reported in other species. The laminar differ-
ences between bat and other species may provide a useful
clue for further understanding species diversity and the
functional diversity of NO in the visual cortex. The mor-
phology of nNOS-IR neurons suggests that most of these in
the bat visual cortex are interneurons. However, contrary to
previous findings, the nNOS-IR neurons did not show any

co-localization with CB, CR, or PV in this study. Because
NO is an important non-synaptic neurotransmitter synthe-
sized by nNOS in neurons of the central nervous system,
the presence of nNOS in the bat visual cortex could provide
strong evidence for the visual ability of bats.
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