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Abstract

Introduction. In order to enhance our understanding of bat vision, we investigated tyrosine hydroxylase (TH)-im-
munoreactive (IR) fibers in the visual cortex of the microbat.

Material and methods. The study was conducted on 12 freshly-caught adult bats (Rhinolophus ferrumequinum,
both sexes, weighing 15-20 g). We used standard immunocytochemistry and confocal microscopy.

Results. TH-IR fibers were distributed throughout all layers of the visual cortex, with the highest density in
layer 1. Two types of TH-IR fibers were observed: small and large varicose fibers. TH-IR cells were not found
in the microbat visual cortex. The microbat substantia nigra and ventral tegmental areas, previously identified
sources of TH-IR fibers in the mammalian visual cortex, all contained strongly labeled TH-IR cells. The average
diameters of TH-IR cells in the substantia nigra and the ventral tegmental areas were 14.39 + 0.13 um (mean
+ SEM) and 11.85 =+ 0.13 um, respectively.

Conclusions. Our results suggest that the microbat has a well-constructed neurochemical organization of TH-
IR fibers. This observation should provide fundamental insights into a better understanding of the nocturnal,

echolocating bat visual system. (Folia Histochemica et Cytobiologica 2020, Vol. 58, No. 2, 61-72)

Key words: visual cortex; tyrosine hydroxylase; microbat; immunocytochemistry

Introduction

Bats are the only true flying mammals in the order
Chiroptera and they help to maintain the healthy
ecosystem with their pollination activities [1-4]. There
are about 1,000 species of bats which are generally
divided into two suborders: Megachiroptera (megab-
ats, approximately 200 species), and Microchiroptera
(microbats, approximately 800 species). Megabats,
also called fruit bats, have large eyes with visual ability,
while microbats have been known to have degenerated
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eyes with poor eyesight. Microbats primarily rely on
sophisticated laryngeal echolocation, making high-fre-
quency noises and listening to the returning echoes
for navigation or prey detection [5-9].

It has been recognized, however, that many micro-
bats also depend on vision. Thus, many functional el-
ements of the retina have been found in the microbat
including cone [10, 11] and rod photoreceptors [12],
ultraviolet-sensitive cone photoreceptors [13, 14], and
the functional opsin genes [15, 16], suggesting the
possibility for photopic and scotopic vision. A recent
study also described the distribution of the third class
of mammalian photoreceptors, intrinsically photosen-
sitive retinal ganglion cells (ipRGCs), in the microbat
retina. The microbat has a much higher density of
ipRGCs than diurnal animals, demonstrating the high
species diversity between nocturnal and diurnal ani-
mals [17]. The AII[11, 12] and starburst [18] amacrine
cells, which are the most well-understood amacrine
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cells in many other mammalian species, have also
been found in the microbat retina. Bipolar cells [12,
19] and ganglion cells [20] have also been identified
in the microbat. In addition to the retina, various
neuronal cells and fibers containing neurochemical
components such as acetylcholine, nitric oxide, and
calcium-binding proteins have been localized to the
visual system of the microbat visual cortex [21-23] and
in the superior colliculus [24], indicating the potential
for visual perception and visuomotor integration.

Dopamine (DA), an important neurotransmitter
in the nervous system, plays a widespread role in at-
tention, arousal, learning, motivation, motor control,
reinforcement, and reward [25-30]. Dopaminergic
fibers and cells have been commonly found in the
visual cortex of various mammals including rats
[31-33], rabbits [34], whales [35], monkeys [31, 36],
and humans [37]. Layer I contains the highest density
of dopaminergic fibers [31, 35]. The visual cortex is
known to receive inputs from dopaminergic neurons
in the midbrain. The substantia nigra and ventral teg-
mental areas are also sources of dopaminergic fibers
in the visual cortex [26, 27, 30, 38-40].

The greater horseshoe bat, Rhinolophus ferrum-
equinum, is an insectivorous microbat that mainly
lives in caves. This species has a wide range in the
Palearctic ecozone, occurring from North Africa
and Southern Europe through South-west Asia, the
Caucasus, Iran, Afghanistan, Pakistan, and the Hima-
layas, and all the way to South-eastern China, Korea,
and Japan [41]. Our laboratory previously described
the organization of the dopaminergic system in the
microbat central visual system, and we have identified
at least four types of TH-IR cells in the retina [18].
Thus, although echolocation is the primary method
of navigation for microbat flight, it is also of interest
to explore the functional organization of the central
visual system to find possible implications for the role
of vision in flight navigation [11, 17, 18, 23, 24, 42-44].
In the superior colliculus, TH-IR immunoreactivity
was found within the fibers but not within the cells
[24]. However, the distribution and morphology of
dopaminergic fibers in the microbat visual cortex has
not yet been investigated. As part of a larger effort to
localize dopaminergic cells and fibers in the entire bat
visual system, in this study we aimed to investigate the
organization of dopaminergic systems in the microbat
visual cortex and to compare the organization of the
microbat visual cortex with that of other mammals.
Our results provide some basic information about the
neurochemical organization of TH-IRs immunore-
activities in relation to the functional role of visual
ability in the nocturnal echolocating bat.
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Materials and methods

Animal and tissue preparation. For this study, a total of
12 freshly-caught adult bats (Rhinolophus ferrumequinum,
both sexes, weighing 15-20 g) were examined. All of the bats
were captured in a cave in the district of Gimcheon, South
Korea. After 5-6 h to transport and stabilize the bats, they
were anesthetized with a mixture of ketamine hydrochloride
(3040 mg/kg; Yuhan, Seoul, Korea) and xylazine (3-6 mg/kg;
Bayer, Leverkusen, Germany) prior to perfusion. The bats
were then perfused intracardially with 4% paraformalde-
hyde (Sigma-Aldrich, St. Louis, MO, USA) and 0.3-0.5%
glutaraldehyde (Sigma-Aldrich) in 0.1M sodium phosphate
buffer (pH 7.4) containing 0.002% calcium chloride (Yakuri
Pure Chemicals, Kyoto, Japan). Following a pre-rinse with
approximately 30 ml of phosphate-buffered saline (PBS,
pH 7.4) over a period of 3-5 min, each bat was perfused
with 30-50 ml of fixative for 20-30 min via a syringe needle
inserted through the left ventricle and aorta. The animal was
decapitated and the head was placed in fixative for 2-3 h.
The brain was then removed from the skull, stored for
2-3 h in the same fixative, and then left overnight in 0.1 M
phosphate buffer (pH 7.4) containing 8% sucrose and
0.002% calcium chloride. The brain was then mounted onto
a chuck and cut into 50 um thick coronal sections using
a Vibratome 3000 Plus Sectioning System (Vibratome,
St. Louis, MO, USA). All animal experiments were approved
by the Animal Care and Use Committee of Kyungpook
National University (permission No. 2016-0151). The
“Principles of laboratory animal care” (NIH publication No.
85-23, revised 1985) were followed throughout the research
protocol period.

Horseradish peroxidase staining. The primary antibody
used in this study was rabbit anti-tyrosine hydroxylase (TH;
Pel-Freez, Rogers, AR, USA) [18, 24, 45]. Tissues were
processed free floating in small vials at room temperature
with gentle agitation. For immunocytochemistry, tissues
were incubated in 1% sodium borohydride (NaBH,; Sig-
ma-Aldrich) for 30 min. Afterwards, the tissues were rinsed
for 3 x 10 min in PBS, then incubated for 2 h in PBS with
4% normal goat serum (Vector Laboratories, Burlingame,
CA, USA) with 0.5% Triton X-100 (Yakuri Pure Chemicals)
added. Tissues were next incubated for 24 h in the primary
antiserum (diluted 1:200) in PBS with 4% normal serum
with 0.5% Triton X-100 added. Following three 10 min
rinses in PBS, the tissues were incubated in a 1:200 dilution
of biotinylated secondary IgG in a blocking solution. The
secondary antibody used was biotinylated goat anti-rabbit
(Vector Laboratories). The tissues were then rinsed three
times for 10 min each in PBS and incubated for 2 h in
a 1:50 dilution of avidin-biotinylated horseradish peroxidase
complex (Vector Laboratories) in PBS. The tissues were
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then rinsed in 0.25 M Tris buffer for 3 X 10 min. Finally,
staining was visualized by reaction with 1,3’-diaminobenzi-
dine tetrahydrochloride (DAB) and hydrogen peroxide in
0.25 M Tris buffer for 3-10 min using a DAB reagent set
(Kirkegaard & Perry, Gaithersburg, MD, USA). All tissues
were then rinsed in 0.25 M Tris buffer before mounting. As
anegative control, some sections were incubated in the same
solution without the addition of the primary antibody, and
these control tissues showed no TH-IR immunoreactivity.
Negative control and preabsorption tests for the specificity
of this antibody conducted in the microbat central nervous
system have been described in previous reports [24, 46].
Following the immunocytochemical procedures, the tissues
were mounted on Superfrost Plus slides (Fisher, Pittsburgh,
PA, USA) and dried overnight in a 37°C oven. The mounted
sections were dehydrated, cleared, and coverslipped with
Permount (Fisher).

Quantitative analysis. TH-IR fibers in the bat visual cortex
were examined and photographed with a Zeiss Axioplan
microscope (Carl Zeiss Meditec, Inc., Dublin, CA, USA).
Among the 12 bats, we chose three animals and analyzed
the quantitative data from nine best-labeled tissue sections
(three tissue sections from each of three animals). Con-
ventional or differential interference contrast (DIC) optic
images were obtained using Zeiss AxioCam HRc digital
camera with Zeiss Plan-Apochromat objectives and Zeiss
AxioVision 4 software (Carl Zeiss Meditec, Inc.).

To quantify the density of IR fibers, we sampled sequen-
tial 210 X 210 um fields and analyzed from nine sections in
three bats (three tissue sections from each of three animals)
across the superficial and deeper layers of the visual cortex.
Line drawings showing the IR fibers were generated to
clearly distinguish the distribution of the TH-IR fibers in
the representative bat visual cortical section using Adobe
Photoshop CS software (Adobe Systems Inc., San Jose,
CA, USA).

In three animals, the morphological types and the aver-
age diameter and area of TH-IR neurons were analyzed. The
morphological types were determined for 273 (SN) and 316
(VTA) neurons analyzed from nine sections in three bats
and the average diameter and area of TH-IR neurons were
determined for 210 (SN) and 236 (VTA) neurons analyzed
from nine sections in three bats (three tissue sections from
each of three animals). All analyses were performed using
a40x Zeiss Plan-Apochromat objective. To obtain the best
images, we analyzed the cells under DIC optics. Only cell
profiles containing a nucleus and at least one faintly visible
nucleolus were included in the analysis. Since our goal was
to obtain an estimate of each morphological cell type, no
attempt was made to assess the total number of cells in each
neuronal subpopulation. The average diameter and area of
labeled neurons were computed using a digital camera (Carl
Zeiss Meditec, Inc.). A cursor was moved manually around
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the outer contour of each cell using Zeiss AxioVison system.
Images were adjusted with respect to brightness and contrast
using Adobe Photoshop CS software (Adobe Systems Inc.).

Results

The distribution of TH-IR fibers in the microbat
visual cortex

The laminar structure of the microbat visual cortex and
the TH-IR immunoreactivity are shown in Figures 1A
and 1B, respectively. These images demonstrate
that the microbat visual cortex has well-developed
dopaminergic fibers. TH-IR fibers were distributed
throughout all layers of the microbat visual cortex.
Figures 1C and 1D show highly magnified sections
of the square regions in Figure 1B. Figure 1B is
a dark-field photomicrograph, captured using 20 X ob-
jective. Figure 1C, including the TH-IR fibers located
within layers I-111, and Figure 1D, showing the TH-IR
fibers located within layers IV-VI, are bright-field
photomicrographs, captured using a 40X objective.
A representation of the density of the TH-IR fibers is
shown in Figure 1E. The dopaminergic fibers in the
microbat visual cortex form a plexus of labeled fibers
with differential densities in the different layers. Quan-
titative maps of fiber distribution indicate the density
of the TH-IR fibers in each layer (Fig. 2). Figure 2
shows the laminar distribution pattern of the TH-IR
fibers in the microbat visual cortex, which were ana-
lyzed using an image processing program developed
at the National Institutes of Health. Three different
sections each from three individual animals (total
9 sections, each represented by a different color in
Fig. 2B) were analyzed in this study. Figure 2C shows
a histogram of the density of the TH-IR fibers in the
microbat visual cortex. The frequency of labeled fibers
varies in each layer: 20.78 = 0.70% (mean * SEM)
of the labeled fibers appear in layer I, 13.65 *+ 0.42%
in layer II, 15.89 = 0.74% in layer 111, 16.14 + 0.63%
in layer IV, 16.45 = 0.66% in layer V, and 17.07 %
+ (0.74% in layer VI. Layer I had the highest density
of TH-IR fibers, while layer II had the lowest TH-IR
fiber density (Figs. 2B, 2C).

The morphology of TH-IR fibers in the microbat
visual cortex

We identified at least two types of TH-IR varicose
fibers in the microbat visual cortex: small varicose
fibers (arrowheads in Figs. 3B, 3C and 3D) and large
varicose fibers (arrows in Figs. 3A, 3B, 3D and 3E).
Varicose fibers were distributed throughout the
rostrocaudal section of the microbat visual cortex
and numerous TH-IR varicosities were distributed
irregularly along the fibers. The TH-IR fibers in the
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Figure 1. Distribution of TH-IR fibers in the microbat visual cortex. A. The approximate limits of the layers are indicated in
the thionin-stained section. B. Low-magnification dark-field photomicrograph of TH-IR fibers in the microbat visual cor-
tex. C, D. Medium magnification bright-field photomicrograph of TH-IR fibers showing the areas marked in (B). Varicose

dopaminergic fibers generally observed in the microbat visual cortex. E. Drawing of the TH-IR fibers in the microbat visual
cortex. Bar = 50 um.
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Figure 2. Intensity profile of TH-IR fibers in the visual cortex of the microbat. A plot of the intensity of the TH-IR fibers in
different coronal sections of the microbat visual cortex, characterized using the image processing program Image J (NIH,
Bethesda, MD, USA). A. Low-magnification dark-field photomicrograph of the microbat visual cortex shows well-labeled
TH-IR fibers. B. Results of intensity graph analyses from nine coronal sections of the microbat visual cortex are shown.
C. Density histogram of TH-IR fibers in the microbat visual cortex. Highest density was found in layer I. Bar = 50 um.
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Figure 3. High-power differential interference contrast (DIC) photomicrographs of TH-IR fibers in the microbat visual
cortex. A, E. Arrows indicate large varicosities in the microbat visual cortex. C. Arrowheads indicate small varicosities in
the microbat visual cortex. B, D. TH-IR fibers with small (arrowheads) and large (arrows) varicosities in the microbat visual

cortex. Bar = 10 um.

microbat visual cortex exhibited various orientations,
including vertical, horizontal, and oblique orienta-
tions. The microbat visual cortex does not appear to
have dopaminergic neurons; no labeled neurons were
found in this study.

Source of dopaminergic inputs

to the microbat visual cortex

There are several subdivisions of dopaminergic neu-
ron groups. The main groups of dopaminergic neu-
rons are located in the following areas in the brain:
A8 (retrorubral), A9 (substantia nigra), A10 (ventral
tegmental area), All (caudal diencephalic group),
A12 (tuberal cell group), A13 (zona incerta), Al4
(hypothalamic nuclei), A15 (anterior hypothalamic
group), and A16 (olfactory bulb) [46-48]. Among
these, the substantia nigra and ventral tegmental
areas are known to project dopaminergic fibers into
the visual cortex [26, 27, 30, 38—40].

Substantia nigra

TH-IR neurons were distributed in the substantia
nigra of the bat brain. Figure 4A represents an im-
munostained section containing the substantia nigra.
Figure 4B, which is the magnified image of the area
marked by a square in Figure 4A, shows intense la-
beling in various types of neurons in the substantia
nigra. The large majority of the TH-IR neurons were
round or oval cells, although other cell types were
also observed, including stellate, horizontal fusiform,
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and vertical fusiform. Figure SA shows representa-
tive multipolar round or oval cells. Figure 5B shows
a small-sized stellate neuron. The stellate cells had pol-
ygon-shaped cell bodies with many dendrites coursing
in all directions. Figure 5C shows a pyriform neuron
with a pear-shaped cell body and a thick proximal den-
drite directed toward the pial surface. The ascending
process has many small branches, forming a dendritic
bouquet. Figure 5D shows a vertical fusiform cell that
displays a vertical fusiform cell body with a main, long
process ascending towards the pial surface and a long
descending process. Figure S5E shows a horizontal cell
that displays a horizontally oriented small, fusiform cell
body and horizontally oriented processes.

Quantitatively, 52.01 + 3.06% (142 of 273 cells) of
TH-IR neurons were round or oval, 15.82 = 1.06%
(51 of 273 cells) were vertical fusiform, 16.12 + 0.74%
(44 of 273 cells) were stellate, 11.72 + 1.16% (32 of
273 cells) were horizontal cells, and 1.47 * 0.12%
(4 of 273 cells) were pyriform cells (Fig. 7). The
average diameter of the 210 TH-IR neurons in the
substantia nigra ranged from 8.41 to 20.13 wm, with a
mean diameter of 14.39 = 0.13 um. The area of these
cells ranged from 55.51 to 318.26 um?, with a mean
area of 165.90 = 3.23 um? (Fig. 8).

Ventral tegmental area

Figure 4C presents an immunostained section contain-
ing the ventral tegmental area. Figure 4D is the magni-
fied image of the area marked by square in Figure 4C
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Figure 4. Photomicrographs show presumed sources of TH-IR fibers in the microbat visual cortex. A. Low-magnification
photomicrograph of coronal sections showing the substantia nigra. B. High-magnification photomicrograph of the image in
the square marked in (A). C. Low magnification photomicrograph of a coronal section showing the ventral tegmental area.
D. High magnification photomicrograph of the image in the square marked in (C). RN — red nucleus; SN — substantia
nigra; VTA — ventral tegmental area. Bars: C = 200 um, D = 50 um.

and shows intense labeling in various types of neurons in
the ventral tegmental area. The majority of TH-IR neu-
rons in the microbat ventral tegmental area were round
or oval cells. Figure 6A shows several representative
round or oval cells, and Figure 6B shows a large-sized
stellate neuron with a polygon-shaped cell body and
numerous dendrites coursing in all directions. Figure 6C
shows a vertical fusiform cell that displays a vertical
fusiform cell body with a main, long process ascending
towards the pial surface and a long descending process.
Figure 6D shows a horizontal cell that displays a hori-
zontally oriented fusiform cell body and horizontally
oriented processes. The pyriform cells (Fig. 6E) have
pear-shaped cell bodies with a thick, proximal dendritic
stump directed superficially towards the pial surface.
Pyriform and horizontal cell types, however, were rare.
Quantitatively, 60.76 = 3.47% (192 of 316 cells)
of the TH-IR neurons were round or oval, 15.82 =
0.82% (50 of 316 cells) were vertical fusiform, 8.23 +
0.11% (26 of 316 cells) were stellate, 13.61 * 1.55%
(43 of 316 cells) were horizontal cells, and 1.58 *
0.11% (5 of 316 cells) were pyriform cells (Fig. 7).
The average diameter of the 236 TH-IR neurons in
the ventral tegmental area ranged from 8.18 to 17.55
pm, with a mean diameter of 11.85 = 0.13 um. The
area of these cells ranged from 52.61 to 242.04 um?,
with a mean area of 113.62 * 2.54 um? (Fig. 8).
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Discussion

This study demonstrates that TH-IR fibers are dis-
tributed in the microbat visual cortex. We identified
at least two types of TH-IR varicose fibers, and the
TH-IR cells identified in the substantia nigra and
ventral tegmental area are thought to be the sources
of these TH-IR fibers.

The purpose of this study was to investigate if
TH-IR fibers are distributed in the microbat visual
cortex as previously observed in the visual cortex of
other animals [31-37]. The results show that TH-IR
fibers with varicosities are present throughout all
layers of the microbat visual cortex. A dopaminergic
fiber density gradient was observed in the microbat
visual cortex: layer I had the most densely innervat-
ed lamina, while layer II was the least innervated
lamina. Dopaminergic fibers have been found in the
visual cortex of many other mammals including rats
[31-33], rabbits [34], whales [35], monkeys [31, 36],
and humans [37]. In the rat visual cortex, dopaminer-
gic fibers were located in layers I-11I and in layer VI
[31]. In the rabbit visual cortex, layers I-1I and layer
IV are the most heavily innervated [34]. In the whale
visual cortex, most of the dopaminergic fibers were
primarily located in layer I [35], and a similar pattern
was found in the monkey visual cortex [31]. Thus,
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Figure 5. High-power differential interference contrast (DIC) photomicrographs of TH-IR cell types in the microbat sub-
stantia nigra. A. Round cells. At least three processes in various directions are seen (right side). The majority of TH-IR
neurons were round or oval cells with many dendrites coursing in all directions. B. A multipolar stellate cell. Stellate neu-
rons had polygon-shaped cell bodies with many dendrites coursing in all directions. C. A pyriform cell with a thick primary
dendrite oriented toward the pial surface. This ascending process has many small branches, forming a dendritic bouquet.
D. A vertical fusiform cell with a vertical fusiform cell body and vertically oriented processes. E. A horizontal fusiform cell
with a horizontal fusiform cell body and horizontally oriented processes. Bar = 20 um.

although the pattern of dopaminergic innervation
has not been studied extensively across diverse animal
species, the distribution pattern of the TH-IR fibers
in the microbat visual cortex is similar to that of most
of the mammals studied to date.

We found TH-IR varicosities throughout the
microbat visual cortex, and identified at least two
different types: small and large varicose TH-IR fibers.
Varicose dopaminergic fibers are common in several
brain regions in mammals [24, 31, 32, 35], including
the visual cortex of rats [31, 32], whales [35], and mon-
keys [36]. In our previous study on the distribution
of TH in microbats, we also identified two types of
varicose dopaminergic fibers in the superior colliculus
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[24]. As differences in shape, diameter, and synaptic
microstructure of varicosities are thought to affect
synaptic profiles [49], we propose that the dopamin-
ergic output may be influenced by the morphology of
the varicose dopaminergic fibers. However, electron
microscopy studies will be required to confirm the
synaptic profiles of the TH-IR fibers in the microbat
visual cortex.

We did not find TH-IR neurons in the microbat
visual cortex, and our results are similar to those of
previously studies of mammals such as monkeys [35]
and rabbits [34]. However, the TH-IR neurons were
found in rat, whale, and human visual cortex [32, 37].
In rat visual cortex, the TH-IR neurons are located
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Figure 6. High-power differential interference contrast (DIC) photomicrographs of TH-IR cell types in the microbat ventral
tegmental area. A. Several round or oval cells can be identified in this Figure. The majority of TH-IR cells were round or oval
cells. B. A multipolar stellate cell. Stellate neurons had polygon-shaped cell bodies with many dendrites coursing in all direc-
tions. C. A vertical fusiform cell with a vertical fusiform cell body and vertically oriented processes. D. A horizontal fusiform
cell with a horizontal fusiform cell body and horizontally oriented processes. E. Pyriform cells with a thick primary dendrite
oriented toward the pial surface. This ascending process had small branches, forming a dendritic bouquet. Bar = 20 um.
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Figure 7. Histogram of the distribution of TH-IR neurons
in the microbat substantia nigra and ventral tegmental area.
In both areas, round or oval neurons presented the highest
concentration of TH-IR cells, whereas the pyriform neurons
comprised the smallest proportion. SN — substantia nigra;
VTA — ventral tegmental area.
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in layers I-VI. Most of these TH-IR neurons have
bipolar or multipolar morphology and either fusiform
or oval-shaped cell bodies [32]. In the whale visual
cortex, TH-IR neurons are mainly observed in layer
1[35]. TH-IR neurons in the visual cortex are mainly
considered to be interneurons, and have been found
to coexpress GABA or its biosynthetic enzyme glu-
tamic acid decarboxylase (GAD) [50]. The functional
significance of these inter-species differences in the
presence of dopaminergic neurons in the visual cortex
has not yet been understood. However, these patterns
may reflect variations in the connections and synaptic
loops of the dopaminergic system in the animal visual
cortex. Another study demonstrated that dopamine
modulates GABA release from interneurons via the
D2-like dopamine receptors in the prefrontal cortex
[51]. Thus, dopaminergic fibers may synapse with
GABAergic interneurons and modulate GABA levels
in the microbat visual cortex.

In the midbrain, TH-IR neurons found in the sub-
stantia nigra and ventral tegmental area form several
dopaminergic pathways, such as the nigrostriatal,
mesolimbic, and mesocortical pathways, that are
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Figure 8. Histogram of TH-IR cell area and diameter in the microbat brain. The diameter of 210 TH-IR neurons in the sub-
stantia nigra ranged from 8.41 to 20.13 wm, with a mean of 14.39 = 2.01 um (mean + SD). The area of these cells ranged from
55.51 to 318.26 um?, with a mean of 165.90 = 46.86 um? The diameter of 236 TH-IR neurons in the ventral tegmental area
ranged from 8.18 to 17.55 wm, with a mean of 11.85 * 2.03 um. The area of these cells ranged from 52.61 to 242.04 um?, with
amean of 113.62 + 39.11 um?. The best-stained cells were measured. SN — substantia nigra; VT A — ventral tegmental area.

Table 1. Quantitative data of tyrosine hydroxylase-immunoreactive cells in microbat substantia nigra and ventral tegmental area

Animal number Number of TH cells Diameter + SEM
(wm) Area = SEM (um?)

Substantia Nigra 1 72 14.76 = 0.23 174.41 = 5.65
2 64 14.05 = 0.21 157.47 = 5.06

3 74 14.32 = 0.25 164.91 = 5.81

Average 70 14.39 £ 0.13 165.90 + 3.23

Ventral Tegmental Area 1 77 11.00 = 0.18 97.06 = 3.27
2 78 12.45 = 0.23 125.18 + 4.69

3 81 12.09 = 0.23 118.22 = 4.50

Average 78.66 11.85 = 0.13 113.62 = 2.54

known to project to the visual cortex. These pathways and microbats, TH-IR nuclei were found in the sub-

are associated with emotion-based behaviors and the
control of voluntary motor movements. In previous
studies identifying dopaminergic nuclei in megabats
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stantia nigra and ventral tegmental areas [24, 46-48,
52]. Morphometric analysis of the TH-IR cells in the
substantia nigra showed a medium-large cellular area
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(range 151.26-255.29 um?), while the TH-IR cells
in the ventral tegmental area had a small-medium
cellular area (range 92.70-187.67 um?) [52]. These
results are similar to those observed in other mam-
mals [53]. Our results also show that the TH-IR cells
in the substantia nigra are larger than in the ventral
tegmental area. In the present study we identified
various cell types including round or oval, stellate,
vertical fusiform, and horizontal cells. Although the
presence of dopaminergic circuits need to be verified
by retrograde trace injection, our current results and
pervious findings [26, 27, 30, 38-40] suggest that
dopaminergic cells found within the midbrain may
be the source of the dopaminergic innervation in the
microbat visual cortex. In addition, dopaminergic
neurons of different soma sizes that originate in the
midbrain are presumed to project varying sizes of
dopaminergic fibers into the microbat visual cortex.

Dopaminergic neurons from the substantia nigra
target layer I in the rat brain, while neurons originat-
ing in the ventral tegmental area and midline nuclei
target layers V=VI [31]. Assuming that the central
dopaminergic system in the microbat visual cortex
is similar to that of the rat, it is possible that the
pattern of TH-IR fiber distribution in the bat visual
cortex represents region-specific laminar localization
of dopaminergic afferents. The high density of TH-
IR fibers in layer I of the bat visual cortex suggests
that the bat visual cortex may receive much denser
dopaminergic projections from the substantia nigra
compared to the ventral tegmental area. However,
the functional significance of the higher density of
dopaminergic fibers in layer I of the visual cortex is
not completely understood.

The functional role of TH-IR fibers in the visual
cortex has not been fully elucidated yet. The dopa-
minergic system in the visual cortex may be involved
in predicting reward information [54, 55]. Dopamine
enhances the visual information content of oscillatory
activity in the visual cortex [56]. In the bat, the striatal
dopamine receptor-mediated pathway is an important
factor in the production of bat echolocation pulses
[57]. However, physiological studies of the role of
dopamine in the visual cortex of bats have not been
conducted. Our results demonstrate a well-organized
dopaminergic system in the microbat visual cortex,
which suggests that dopaminergic fibers in the visual
cortex may play important roles such as predicting
reward information and promoting the visual sen-
sory information, as previously described in other
mammals [54-56]. However, defining how dopamine
modulates various brain functions in the microbat
visual cortex requires further studies focusing on
electrophysiological approaches.

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2020
10.5603/FHC.a2020.0009

Myung-Jun Lee et al.

In conclusion, our results show that well-organized
TH-IR fibers are present in the microbat visual cortex.
TH-IR cells were not observed in the microbat visual
cortex. The microbat substantia nigra and ventral
tegmental areas, which are known sources of dopa-
minergic fibers found in the mammalian visual cortex,
contained many well-labelled TH-IR neurons. These
results combined with previous studies of the microbat
visual system may contribute valuable information
to the theory that the microbat visual system has
functional roles and is capable of visual processing.
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