
This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to download 
articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.

www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2024
DOI: 10.5603/fhc.99227
ISSN 0239-8508, e-ISSN 1897-5631

FOLIA HISTOCHEMICA
ET CYTOBIOLOGICA
Vol. 62, No. 1, 2024
pp. 37–49

ORIGINAL PAPER

Immunocytochemical localization of nitric oxide 
synthase-containing neurons in the visual cortex  
of the Mongolian gerbil

Xin-Yu Kuai*, Gwang-Jin Jeong*, Chang-Jin Jeon  

Department of Biology, School of Life Sciences, BK21 FOUR KNU Creative BioResearch Group, 
College of Natural Sciences, and Brain Science and Engineering Institute, and Research Institute  
for Dok-do and Ulleung-do Island, Kyungpook National University, Daegu, Korea
*Both authors contributed equally to this work.

Abstract
Introduction. Nitric oxide (NO) is present in various cell types in the central nervous system and plays a crucial role 
in the control of various cellular functions. The diurnal Mongolian gerbil is a member of the rodent family Muridae 
that exhibits unique physiological, anatomical, and behavioral differences from the nocturnal rat and mouse, which 
render it a useful model for studying the visual system. The purpose of this study was to confirm the distribution and 
morphology of neurons that contain nitric oxide synthase (NOS) and their pattern of co-expressing NOS with neuropep-
tide Y (NPY), somatostatin (SST), and gamma-aminobutyric acid (GABA) in the visual cortex of Mongolian gerbils.
Materials and methods. Mongolian gerbils were used in the study. We confirmed the localization of NOS in the visual 
cortex of Mongolian gerbils using horseradish peroxidase immunocytochemistry, fluorescent immunocytochemistry, 
and conventional confocal microscopy.
Results. NOS-immunoreactive (IR) neurons were present in all layers of the visual cortex of the Mongolian gerbil, 
with the exception of layer I, with the highest density observed in layer V (50.00%). The predominant type of NOS-IR  
neurons was multipolar round/oval cells (60.96%). Two-color immunofluorescence revealed that 100% NOS-IR neurons 
were co-labeled with NPY and SST and 34.55% were co-labeled with GABA.
Conclusions. Our findings of the laminar distribution and morphological characteristics of NOS-IR neurons, as well as 
the colocalization patterns of NOS-IR neurons with NPY, SST, and GABA, indicated the presence of species-specific 
differences, suggesting the functional diversity of NO in the visual cortex. This study provides valuable data on the 
anatomical organization of NOS-IR neurons and, consequently, a better understanding of the functional aspects of NO 
and species diversity. (Folia Histochemica et Cytobiologica 2024, Vol. 62, No. 1, 37–49)
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influencer and mediator of many physiological pro-
cesses, such as the regulation of synaptic transmission 
[1–4], vasodilation [5], the facilitation of neural de-
velopment [4, 5], antioxidant activity [5, 6], immune 
modulation [5, 7], enhancement of learning and memo-
ry [7–9], and the modulation of neuronal survival [4, 
6, 7]. NO is produced intracellularly by the neuronal 
nitric oxide synthase (nNOS) and serves as a neuro-
transmitter within the central nervous system (CNS) [4, 
7, 10]. NOS-containing neurons have been localized 
in the visual cortex of many animals including human 

Introduction

Nitric oxide (NO) plays a crucial role in governing 
diverse cellular functions, and is recognized as a key 
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[11], monkey [12, 13], rabbit [14], hamster [15], rat 
[16–18], bat [19], and mouse [14]. NOS-containing 
neurons are distributed through layers I–VI of visual 
cortex in monkeys [12], rabbits [14], hamsters [15], 
bats [19], and mice [14], whereas in the visual cortex 
of humans [11], and rats [18], the NOS-containing 
neurons are absent in layer I and distributed through 
layer II–VI. 

Neuropeptide Y (NPY) is one of the most highly 
expressed neuropeptides across the central and peri-
pheral nervous systems of mammals [20–23]. NPY-
-containing neurons are distributed in layers II–VI 
of the gerbil visual cortex and include at least six 
morphologically different cell types [24]. Somatosta-
tin (SST) exhibits widespread expression throughout 
the brain and plays diverse significant roles [25–31]. 
SST-containing neurons are distributed in layers II–VI 
of the gerbil visual cortex and include four morpho-
logically different cell types [32]. Gamma-aminobu-
tyric acid (GABA) serves as the primary inhibitory 
neurotransmitter in the CNS and plays a crucial role 
in the regulation of the balance between excitation 
and inhibition among neurons [33–35]. This balance 
is critically important for the processing and filtering 
of visual information, thus contributing to the main-
tenance of the normal function of the visual system 
[36]. The colocalization of NOS in the neurons of 
the cerebral cortex, including the visual cortex, with 
various chemical markers, such as NPY [37], SST [16, 
37], and GABA [16, 38, 39] indicates that NOS-con-
taining neurons can be divided into subtypes based 
on the patterns of co-expression of NOS with NPY, 
SST, and GABA.

The Mongolian gerbil (Meriones unguiculatus) is 
a small mammal of the rodent Muridae family that has 
become a suitable laboratory model species [40]. As 
such, gerbils have been extensively used in the fields of 
aging [41–43], metabolism [44–46], infection [47, 48], 
immune system [49, 50], and cancer [51, 52]. In neuro-
science research, gerbils have been extensively used to 
study sensory systems [53–58], neurological diseases 
[54, 59–61] and brain structures [62–64]. Gerbils have 
benefits especially in visual studies, because gerbils 
are physiologically, anatomically, and behaviorally dif-
ferent from rats and mice, although they belong to the 
same family [65–68]. For example, both rats and mice 
are nocturnal animals with rod-dominated retinas [67, 
68], whereas gerbils are diurnal animals with a higher 
proportion of retinal cones [67–69], which results in 
a higher visual acuity compared with that of rats and 
mice [70]. In addition, gerbils have a specialized reti-
nal area that is similar to the central fovea in humans, 
which does not exist in rats and mice [67, 71]. These 
characteristics support the use of gerbils instead of 

rats and mice in comparative studies related to vision. 
Therefore, gerbils have been used in studies of central 
visual systems, such as the retina [67, 68, 72, 73], and 
the visual cortex [53–55, 74].

The distribution and morphology of NOS-con-
taining neurons have not been studied in the gerbil 
visual cortex. Therefore, in this study, we investigated 
the organization of NOS-containing neurons using 
commercially available specific antibodies for nNOS. 
Firstly, we examined the laminar distribution and 
morphology of NOS-immunoreactive (IR) neurons 
using immunocytochemistry, quantitative analysis, 
and conventional/confocal microscopy, to determine 
whether NOS-IR neurons are present in specific layers 
and morphological types in the gerbil visual cortex. 
Secondly, we examined the colocalization pattern of 
NOS with NPY, SST, and GABA in the gerbil visual 
cortex, to determine whether NOS-IR neurons are 
a subpopulation of NPY-, SST-, or GABA-IR neurons. 
Thirdly, we compared the laminar distribution and 
morphology of NOS-IR neurons, as well as the diffe-
rences in colocalization with NPY, SST, and GABA, 
with those of other previously studied species, to 
determine the presence/absence of species similarities 
and differences. Finally, these results will provide 
valuable information toward the understanding of 
NOS-IR neurons, the species-specific expression of 
NOS, and species diversity.

Materials and methods

Animals and tissue preparation. Ten Mongolian gerbils (Me-
riones unguiculatus) (22–24 months of age; weight, 110–130 g)  
obtained from a local supplier were used in this study. After 
anesthesia via isoflurane inhalation (1.5% dissolved in 70% 
nitrous oxide), the animals were perfused 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. After pre-washing with approximately 60 mL of 0.1 M  
phosphate-buffered saline (PBS; pH 7.4) for 5 minutes, 75 mL 
of fixative was instilled into each gerbil for 6 minutes through 
a syringe needle that was inserted into the left ventricle and 
aorta of the animal. The animals were decapitated, and the 
brains were gently removed from the skulls, placed in fixative 
overnight, then mounted on chucks and sliced into 50-µm-thick 
coronal sections using a Vibratome 3000 Plus Slicing System 
(Vibratome, St. Louis, MO, USA). All animal experiments 
were approved by the committee of Kyungpook National 
University (permission NO. 2023-0317). Guide for the Care 
and Use of Laboratory Animals (https://grants.nih.gov/grants/
olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf) 
were followed.

Horseradish peroxidase staining. A monoclonal mouse anti-
-NOS antibody (diluted at 1:200 in PBS; BD Biosciences, San 
Jose, CA, USA) was used as the primary antibody. Standard 
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immunocytochemical techniques and methods were used in this 
experiment, as described previously [75]. Briefly, the tissues 
were incubated in 1% sodium borohydride (Sigma-Aldrich, 
Saint Louis, MO, USA) for 30 min. Afterward, the tissues were 
rinsed for 3 × 10 min in 0.1M PBS, then incubated in PBS with 
4% normal horse serum (Vector Laboratories, Burlingame, CA, 
USA) with 0.5% Triton X-100 for 2 h. Next, the tissues were 
incubated for 2 overnights with primary antibody. After rinsed 
with PBS, the tissues were incubated in a 1:140 dilution of 
biotinylated secondary horse anti-mouse IgG (Vector Labora-
tories) for 2 h and rinsed with PBS. Afterward, the tissues were 
incubated in the avidin-biotinylated horseradish peroxidase 
complex (diluted at 1:50; Vector Laboratories,) for 2 h. The 
tissues were rinsed in 0.25 M Tris buffer for 3 × 10 min. Finally, 
staining was visualized by reacting with 1,3’-diaminobenzidine 
tetrahydrochloride (DAB) and hydrogen peroxide in 0.25 M Tris 
buffer for 30–60 seconds, using a DAB reagent kit (Seracare, 
Milford, MA, USA). The tissues were then rinsed in 0.25 M Tris 
buffer, mounted on Superfrost Plus slides (Fisher, Pittsburgh, 
PA, USA) and dried overnight in a 37°C oven. The mounted 
sections were dehydrated with ethanol, cleared with xylene, 
and then coverslips were applied with Permount (Fisher). La-
beled sections were examined and photographed using a Zeiss 
Axioplan microscope (Carl Zeiss Meditec, Jena, Germany) with 
conventional or differential interference contrast (DIC) optics.

Fluorescence immunocytochemistry. For the double labeling 
of NOS with NPY, SST, or GABA, standard immunocytoche-
mical methods were used, as described previously [75]. The 
primary antibodies used here were as follows: mouse anti-NOS 
(BD Biosciences), rabbit anti-NPY (Immunostar, Hudson, WI, 
USA), rat anti-SST (Millipore Corporation, Temecula, CA, 
USA), rabbit anti-GABA (Sigma-Aldrich), and guinea pig 
anti-GABA (Sigma-Aldrich). The primary antibodies were 
diluted at 1:500 (NOS, NPY, SST) or 1:200 (GABA). The 
secondary antibodies used here were as follows: Cy3-conju-
gated anti-mouse IgG (Jackson ImmunoResearch, Baltimore, 
PA, USA) or fluorescein (FITC)-conjugated anti-mouse IgG 
(Vector Laboratories, Burlingame, CA, USA) to detect NOS; 
Cy3-conjugated anti-rabbit IgG (Jackson ImmunoResearch) 
to detect NPY; Cy3-conjugated anti-rat IgG (Jackson Immu-
noResearch) to detect SST; and FITC-conjugated anti-guinea 
pig (Jackson ImmunoResearch) or Cy3-conjugated anti-rabbit 
IgG (Sigma-Aldrich) to detect GABA. The dilution ratio of the 
secondary antibodies was 1:200 (NOS, NPY, SST) or 1:500 
(GABA). The labeled sections were preserved in Vectashield 
mounting medium (Vector Laboratories) under coverslips.

Thionin staining. The tissue sections were mounted on Super-
frost Plus slides (Fisher Thermo Scientific) and dried overnight 
in a 37°C oven. Following hydration of the tissue sections 
with gradually decreasing concentration of ethanol, sections 
were stained for thionin (Fisher). The tissue sections were then 
dehydrated with gradually increasing concentration of ethanol 
and cleared with xylene. Finally, cover slips were applied with 
Permount (Fisher).

Quantitative analysis. All analytical methods used here were as 
described previously in detail [24, 32, 75]. For the quantitative 
analysis of laminar distribution, NOS-IR neurons were photo-
graphed using a Zeiss Axioplan microscope with a 20× Zeiss 
Plan-Apochromat objective (Carl Zeiss Meditec). The laminar 
distribution was determined from the analysis of 144 neurons in 
nine sections, each with a width of 2000 µm, from three gerbils 
(three tissue sections from each animal). Morphological types 
were determined based on the analysis of 146 neurons in nine 
sections from three gerbils (three tissue sections from each 
animal). The analysis was carried out using 20× or 40× Zeiss 
Plan-Apochromat objectives. The mean diameter and area of 
NOS-IR neurons were determined based on the analysis of 114 
neurons in twelve sections from three gerbils (four tissue sec-
tions from each animal). Cell profiles containing a nucleus and at 
least a faintly visible nucleolus were exclusively included in this 
analysis. The analysis was carried out using a 40× Zeiss Plan-
-Apochromat objective. The number of double-labeled neurons 
for NPY, SST, and GABA was counted in nine sections from 
three gerbils (three tissue sections from each animal). NOS- 
-IR neurons were image on a computer monitor using a Zeiss 
Axioplan microscope with 40× and 63× Zeiss Plan-Apochromat 
objectives, and the cells were then drawn on acetate paper. The 
final images were drawn using Adobe Photoshop CS (Adobe 
Systems, San Jose, CA, USA).

Results

Laminar distribution of NOS-IR neurons
Fig. 1 depicts the cortical lamination and laminar 
distribution of NOS-IR neurons in the visual cortex of 
the gerbil. We visualized the cortical lamination using 
thionin staining (Figs. 1A, C) and the laminar distri-
bution using DAB staining (Fig. 1B) or fluorescent 
staining (Fig. 1D). NOS-IR neurons were distributed 
throughout layers II–VI, with the densest concentration 
of NOS-IR neurons being observed in layer V. Fig. 2 
provides a quantitative histogram of cell distribution 
revealing the density of NOS-IR neurons in each layer. 
The frequency of labeled neurons was different among 
the layers: 0% ± 0% of NOS-IR neurons were observed 
in layer I, 3.47% ± 3.60% in layer II, 11.11% ± 9.84% 
in layer III, 16.67% ± 9.33% in layer IV, 50.00% ± 
± 11.11% in layer V, and 18.75% ± 13.16% in layer VI.

Morphology of NOS-IR neurons
NOS-IR neurons were intensely labeled in the visual 
cortex of the gerbil, with no weakly labeled neurons 
being detected. There were diverse morphological 
types in the gerbil visual cortex, including multipolar 
round/oval, multipolar stellate, vertical fusiform, ho-
rizontal, and pyriform cells (Fig. 3). The majority of 
NOS-IR neurons were round/oval cells, as reported 
in Figs. 3A–C, and 3K. Round/oval cells exhibited 
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a round-/oval-shaped cell body and multiple dendrites 
extending in various directions. Stellate cells with 
a polygonal-shaped cell body and multiple dendrites 
extending in various directions are depicted in Fig. 3D,  
arrow in 3E, and 3L, respectively. In general, the cell 
bodies of round/oval cells were smaller than those 
of stellate cells. Figs. 3F, 3G, and 3M depict vertical 
fusiform cells with a vertical fusiform cell body, a pri-
mary long process ascending toward the pial surface, 
and a descending process. In turn, Figs. 3H, 3I, and 
3N show horizontal cells with a horizontal fusiform 
cell body and horizontally oriented processes. Moreo-
ver, pyriform cells with a pear-shaped cell body and 
a thick, proximal dendritic stump directed superficially 
or horizontally toward the pial surface with a bouquet 
of dendrites are depicted in Figs. 3J and 3O. Finally, 
Fig. 4A provides a histogram of the relative frequency 
of each cell type. Quantitatively, 60.96% ± 10.28% 
[mean ± standard deviation (S.D.)] (89 of 146 cells) 
of NOS-IR neurons were round/oval, 14.38% ± 9.09% 
(21 of 146 cells) were stellate, 10.27% ± 7.45% (15 
of 146 cells) were vertical fusiform, 8.90% ± 4.22% 
(13 of 146 cells) were horizontal, and 5.48% ± 3.40%  
(8 of 146 cells) were pyriform cells.

The average diameter and area of NOS-IR neurons 
in the visual cortex of the gerbil are reported in Figs. 
4B, and 4C, respectively. The mean diameters of 114 
NOS-IR neurons measured in 12 sections from three 
animals ranged from 10.3 to 17.44 µm, with a mean 
diameter of 13.79 µm (S.D. = 1.28 µm). The majority 
of the cells (79.82%, 91 out of 114 cells) were smaller 

than 15.00 µm. Furthermore, no NOS-IR neurons gre-
ater than 18 µm in diameter were detected in the gerbil 
visual cortex. Finally, these cells ranged in area from 
83.26 to 238.79 µm², with a mean area of 150.57 µm²  
(S.D. = 28.20 µm²).

Colocalization of NOS with NPY, SST, and GABA
In this study, we examined whether NOS-IR neu-

rons in the visual cortex of the gerbil were co-labeled 
with NPY, SST, and GABA. Fig. 5 depicts cells labeled 

Figure 1. Low-magnification micrograph of the laminar distribution of NOS-IR neurons in the visual cortex of the gerbil.  
A, C. Thionin-stained sections showing cortical lamination. B. DAB-stained light micrograph of NOS-IR neurons. D. Fluorescence 
confocal micrograph of NOS-IR neurons. NOS-IR neurons were detected in only a small fraction of neurons within the gerbil visual 
cortex. Most NOS-IR neurons were in the deep cortical layers. Scale bar = 100 µm.

Figure 2. Histogram of the laminar distribution of NOS-IR 
neurons in the visual cortex of the gerbil. NOS-IR neurons were 
distributed through layers II–VI. There were no NOS-IR neurons 
in layer I, and most NOS-IR neurons were located in the deep 
cortical layers. The highest density of NOS-IR neurons was 
observed in layer V. The error bars represent standard deviations.



www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2024
DOI: 10.5603/fhc.99227
ISSN 0239-8508, e-ISSN 1897-5631

41NOS in gerbil visual cortex

Figure 3. Morphology of NOS-IR neurons in the visual cortex of the gerbil, as represented in fluorescence confocal micrographs 
(A–J) and drawings (K–O) of NOS-IR neurons. A–C, and K. Multipolar round/oval cells. Most NOS-IR neurons are round/oval 
cells with many dendrites extending in all directions. D, arrow in E and L. Multipolar stellate cells. F, G, and M. Vertical fusiform 
cells with their longitudinal axis perpendicular to the pial surface. H, I, and N. Horizontal cells have a horizontal spindle-shaped 
cell body with horizontally oriented protrusions. J, and O. Pyriform cells with a thick primary dendrite oriented superficially or 
horizontally toward the pial surface. This ascending process had many small branches, forming a dendritic bouquet. Scale bars = 
= 20 µm (A–J), 50 µm (K–O).
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Figure 4. Histogram of the morphological distribution of NOS-IR neurons in the visual cortex of the gerbil. A. Most of the NOS-IR 
neurons were round/oval cells, whereas pyriform cells represented the smallest proportion of these neurons. The error bars repre-
sent standard deviations. Histogram of the diameter (B) and area (C) of 114 NOS-IR neurons in the gerbil visual cortex. The mean 
diameter of the neurons was 13.79 µm (SD = 1.28 µm), and their mean area was 150.57 µm² (SD = 28.20 µm²).

with NOS (Figs. 5 A1, B1, C1, D1, E1, F1), NPY (Figs. 
5 A2, B2), SST (Figs. 5 C2, D2), and GABA (Figs. 5 
E2, F2), as well as merged images of NOS staining 
with NPY (Figs. 5 A3, B3), SST (Figs. 5 C3, D3), and 
GABA (Figs. 5 E3, F3) staining. All NOS-IR neurons 
were double labeled with NPY (arrows in Figs. 5 A3, 
B3), but not all NPY-IR neurons were double labeled 
with NOS (arrowhead in Fig. 5 B3). Moreover, all  
NOS-IR neurons were double labeled with SST (arrows 
in Figs. 5 C3, D3), but not all SST-IR neurons were 
double labeled with NOS (arrowhead in Fig. 5 D3).  
Most of the NOS-IR neurons were not double labeled 
with GABA (arrowheads in Figs. 5 E3, F3), whereas 
many NOS-IR neurons were double labeled with 
GABA (arrow in Fig. 5 E3). Quantitatively, 100% ± 
± 0% (139 of 139 cells) of NOS-IR neurons were do-
uble labeled with NPY, 100% ± 0% (147 of 147 cells) 
of NOS-IR neurons were double labeled with SST, and 
34.55% ± 3.20% (38 of 110 cells) of NOS-IR neurons 
were double labeled with GABA. The percentage of 
double-labeled cells was relatively consistent across 
sections and among animals (Table 1). 

Discussion 

Our study showed that the highest number of NOS-IR 
neurons was observed in layer V. The labeled neurons 
exhibited various morphologies, with multipolar ro-
und/oval cells being predominant in the visual cortex 
of the gerbil. All NOS-IR neurons co-expressed NPY 
and SST, whereas only one-third of NOS-IR neurons 
co-expressed GABA.

Previous studies have demonstrated the existence 
of two types of NOS-IR neurons in the mammalian ce-
rebral cortex according to staining intensity: intensely 
labeled type 1 cells and weakly labeled type 2 cells 
[12, 14, 37, 38, 76]. The present study, which exami-
ned the visual cortex of gerbils, showed that intensely 
labeled NOS-IR neurons were distributed through 
layers II–VI, with the highest density of the neurons 

in the infragranular layers, especially in layer V.  
No weakly labeled NOS-IR neurons were found in this 
study that was also reported for the visual cortex of 
the hamster [15]. Intensely labeled NOS-IR neurons 
are largely expressed in the infragranular layers in 
many mammals [12, 14, 15]. Thus, in monkeys [12], 
rabbits [14], hamsters [15], and mice [14], the highest 
density of intensely labeled NOS-IR neurons in the 
visual cortex is detected in layer VI. However, there 
are some discrepancies regarding the location of the 
highest density of intensely labeled NOS-IR neurons 
among animals; in the human visual cortex, intensely 
labeled NOS-IR neurons are mostly distributed in lay-
ers II/III [11], whereas in the rat visual cortex, intensely 
labeled NOS-IR neurons are usually located in layers 
II/III, V, and VI [18]. On the contrary, in the bat visual 
cortex, the highest density of intensely labeled NOS-IR 
neurons is found in layer IV [19]. Conversely, weakly 
labeled NOS-IR neurons are predominantly found 
in supragranular layers in many mammals [12, 14, 
18]. In monkeys [12], rabbits [14], rats [18] and mice 
[14], the highest density of weakly labeled NOS-IR 
neurons is observed in layers II/III. However, there are 
also discrepancies according to species. For example, 
in the human visual cortex, weakly labeled NOS-IR 
neurons are mostly distributed in layer IV [11]. In 
the bat visual cortex, the highest density of weakly 
labeled NOS-IR neurons is found in layer VI [19]. 
Therefore, the present and previous studies indicate 
that there are labeling-intensity-specific and species-
-specific divergencies in the laminar distributions of 
NOS-IR neurons in the visual cortex of mammals. 
The anatomically different segregation of NOS-IR 
cells in the visual cortical layers suggests that there 
might be some subtle functional segregation of these 
cells as the input and output, and that the cortical cell 
types vary among the different cortical layers [77]. 
Although our understanding of the specific factors that 
contribute to this difference remains limited at present, 
our results provide an illustration of the diversity of 
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Figure 5. Colocalization of NOS-
-IR neurons with NPY, SST, and 
GABA in the visual cortex of the 
gerbil. Fluorescence confocal 
micrographs of NOS-IR neurons 
(A1, B1, C1, D1, E1, F1), shown 
in red, or NPY-IR (A2, B2), SST-
-IR (C2, D2), and GABA-IR (E2, 
F2) neurons, shown in green, and 
superimposed images of NOS with 
NPY (A3, B3), SST (C3, D3), and 
GABA (E3, F3) in the gerbil visual 
cortex. All NOS-IR neurons co-ex-
pressed NPY (arrows in A3, B3) 
or SST (arrow in C3, D3), but not 
all NPY (arrowhead in B3) or SST 
(arrowhead in D3) neurons. Many 
NOS-IR neurons co-expressed 
GABA (arrow in E3), but most did 
not (arrowhead in E3, F3). Scale 
bar = 20 µm.
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Table 1. Percentage of NOS-IR neurons and neurons double labeled with NPY, SST, or GABA in the gerbil visual cortex

Antibodies Animal No. of sections No. of NOS cells No. of Double % Double (Mean ± SD)

NPY

#1 3 35 35 100 ± 0

#2 3 45 45 100 ± 0

#3 3 59 59 100 ± 0

NPY total 9 139 139 100 ± 0

SST

#1 3 51 51 100 ± 0

#2 3 48 48 100 ± 0

#3 3 48 48 100 ± 0

SST total 9 147 147 100 ± 0

GABA

#1 3 29 10 34.48 ± 4.04

#2 3 38 13 34.21 ± 3.92

#3 3 43 15 34.88 ± 2.96

GABA total 9 110 38 34.55 ± 3.20

2,000-µm width per section; Abbreviation: SD — standard deviation.

the distribution of NOS-IR neurons in the mammalian 
visual cortex.

The NOS-IR neurons in the visual cortex of the 
gerbil were a morphologically diverse subpopulation 
of nonpyramidal neurons; although most were multi-
polar round/oval cells, some multipolar stellate, verti-
cal fusiform, horizontal, and pyriform cells were also 
observed. Here, NOS was not expressed in pyramidal 
neurons. Consistent with the current findings, in the 
visual cortex of humans [11], monkeys [12], rabbits 
[14], rats [17, 18], bats [19], hamsters [15, 78], and 
mice [14], most NOS-IR neurons were round/oval, 
and stellate cells with multipolar or bitufted dendritic 
arrangements and resembled nonpyramidal neurons. 
In other cortical areas, NADPH-diaphorase or NOS-IR 
neurons were also nonpyramidal neurons, indicating 
that NOS-IR neurons are a subpopulation of nonpy-
ramidal cells in the mammalian cerebral cortex [79]. 
Our results validate the findings of previous studies 
and strongly suggest that NOS-IR neurons in the visual 
cortex of gerbils are not projecting neurons; rather, 
they function as interneurons like in humans [11], 
monkeys [12, 13], rabbits [14], bats [19], hamsters 
[15], mice [14]. 

Here, we also estimated the size of NOS-IR neurons 
and found that most NOS-IR neurons in the visual 
cortex of the gerbil exhibited a small to medium size 
(Figs. 4B and C), with a mean diameter of 13.79 ± 
± 1.28 µm. In previous studies, the average diameter 
of intensely labeled NOS-IR neurons in most studied 
animals was less than 20 µm. In humans [11], rab-
bits [14], bats [19], and hamsters [15], the average 
diameter of intensely labeled NOS-IR neurons in 
the visual cortex was reported at 16 µm, 10–15 µm,  
12 µm, and 10–15 µm, respectively. Thus, similar to 
that observed in other animals, the NOS-IR neurons in 
the visual cortex of the gerbil showed a typical small 

to medium size. In contrast, in the monkey cerebral 
cortex, including the visual cortex, the average diame-
ter of intensely labeled NOS-IR neurons is 20–50 µm, 
and the average diameter of weakly labeled neurons 
is less than 20 µm [38]. Furthermore, in the human 
inferior colliculus, NOS-IR neurons were categorized 
into four types based on their perikaryal diameter, 
exhibiting a wide range of sizes, from 7 to 45 µm in 
diameter [80]. The data suggest that the size of NOS-IR 
cells may vary according to the species and brain areas 
and the small cells in the human inferior colliculus are 
morphologically similar to cells in the visual cortex of 
gerbil in the present study. Further studies to elucidate 
the relationship between this discrepancy in size and 
various functional aspects of NOS-IR neurons are 
indispensable in the future.

We compared the distributional pattern of NOS-IR 
neurons in the visual cortex of gerbils with that of other 
neurochemical markers, i.e., NPY [24] and SST [32]. 
Notably, we found that the pattern of NOS-IR neurons 
was similar to that of NPY-IR and SST-IR neurons. 
Moreover, all of these neurons were distributed in 
layers II–VI and were primarily distributed in deep 
cortical layers, with the highest density detected in 
layer V. The majority of the NOS-IR, NPY-IR [24], 
and SST-IR neurons [32] were multipolar round/oval 
and multipolar stellate cells. Based on the analysis of 
the laminar distribution patterns and morphological 
types, NOS-IR, NPY-IR, and SST-IR neurons exhibit 
certain similarities.

To understand further the relationship between 
NOS-IR, NPY-IR, and SST-IR neurons in the visual 
cortex of the gerbil, we examined the double labeling 
of NOS with NPY and SST. The resulting data allowed 
us to draw the reliable conclusion that 100% of NOS-
-IR neurons co-expressed NPY and SST in the gerbil 
visual cortex. However, not all NPY-IR or SST-IR  
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neurons co-expressed NOS. In previous studies, NOS-
-IR neurons co-expressing NPY and SST were reported 
in the human prefrontal cortex [81], monkey cerebral 
cortex [37], rat striatum [82], and mouse barrel cortex 
[76]. Similar to our result, in monkey cerebral cortex 
[37], and rat striatum [82], not all NPY-IR and SST-IR 
neurons co-expressed NOS. In the cerebral cortex of 
monkeys, type 1 cells were essentially always (> 99%) 
immunoreactive to NPY and SST, whereas type 2 cells 
were rarely or never labeled with antibodies against 
NPY (< 2%) or SST (< 5%), demonstrating that the 
two types of nNOS-expressing cells can be distin-
guished using NPY and SST staining [37]. Similarly, 
in the mouse barrel cortex, most of the type 1 cells 
(91.5%) co-expressed SST, whereas a relatively low 
percentage of type 2 cells (18.7%) co-expressed SST 
[76]. Thus, considering the staining intensity and the 
co-expression pattern with NPY and SST observed in 
the present study, it is plausible to suggest that NOS-
-IR neurons present in the visual cortex of the gerbil 
are type 1 cells. In addition, the combined results of 
the laminar distribution, morphology, and double-
-labeling ratio of NOS-IR neurons with NPY-IR and 
SST-IR neurons suggest that the NOS-IR neurons are 
a subpopulation of NPY-IR and/or SST-IR neurons in 
the visual cortex of gerbils.

Notably, based on the double-labeling data of NOS 
and GABA, only approximately one third of NOS-IR 
neurons expressed GABA in the visual cortex of 
the gerbil. This result was interesting to us because 
previous studies reported that NOS-IR neurons are 
mostly subpopulations of GABAergic neurons [16, 
38, 39], and the NOS-IR neurons in the present study 
were nonpyramidal interneurons that co-expressed 
NPY and SST, which are commonly used as chemical 
markers for GABAergic subpopulations in rats [39] 
and mice [83, 84]. However, a previous study of the 
rat hippocampus reported a different pattern of GABA 
expression in NOS-IR neurons across subregions of the 
hippocampus [39]. In the rat dentate gyrus and Am-
mon’s horn outside the pyramidal layer, all NOS-IR 
neurons co-expressed GABA; however, in the pyra-
midal layer of Ammon’s horn and alveus, no NOS-IR 
neurons co-expressed GABA [39]. In the monkey 
visual cortex, although all type 2 NOS-IR neurons 
co-expressed GABA, many type 1 NOS-IR neurons 
(42%) did not co-express GABA [38], indicating the 
differential regional- and type-specific co-expression 
of NOS-IR neurons with GABA. In addition, although 
SST-IR neurons are thought to be almost GABAergic 
in the visual cortex [85], we previously found that only 
one-third of SST-IR neurons expressed GABA in the 
gerbil visual cortex [32]. Therefore, we suggested the 
existence of an unconventional group of SST neurons 

that do not express GABA [32]. In addition, NPY-IR 
neurons are thought to be GABAergic mainly in the 
cerebral cortex [86–89], hippocampus [90], and hypo-
thalamus [91]. However, in a previous study [24], at 
least 10% of the NPY-IR neurons in the gerbil visual 
cortex did not express GABA. It is notable that, altho-
ugh calcium-binding proteins are conventionally used 
as chemical markers of GABAergic subpopulations, 
which account for the majority of the total GABAergic 
population in rats and mice [16, 85], they expressed 
a low ratio of double labeling with GABA in the gerbil 
visual cortex [75]. This suggests that the expression 
patterns of various chemical markers in the visual cor-
tex are species-specific even in the rodents, possibly 
providing a basis for understanding subtle functional 
differences in the future. However, additional physio-
logical studies are needed to clarify this issue.

NO is involved in various multifunctional pro-
cesses and pathologies because of the widespread 
expression of NOS in the CNS and the fact that NO 
has extensive and unique opportunities to interact with 
other neuronal components [5]. In the mammalian 
visual cortex, previous studies have revealed potential 
roles for NO in various processes, such as the synaptic 
transmission [92], homeostatic plasticity [93], apo-
ptosis [94] and neurovascular coupling [95]. In the 
mouse visual cortex, NO-stimulated cGMP formation 
is essential for the activity-dependent strengthening 
of synaptic transmission [92]. In the rat visual cortex, 
homeostatic plasticity processes, which involve the 
integration of new information in a neuron by changing 
the strength of its synaptic input while maintaining its 
stable excitability level, require nNOS activation [93]. 
In the visual cortex of the golden hamster, NOS inhi-
bition significantly rescued neurons from undergoing 
apoptosis, indicating that NO may serve as a signal that 
triggers apoptosis and plays a role in the maturation 
of the visual cortex [94]. In addition, in the dynamic 
control of cerebral blood flow in humans, the speed 
of the neurovascular coupling responses to visual 
stimulation is reduced by nNOS inhibition [95]. Ho-
wever, to date, there have been relatively few studies 
of the subregional- and cell type-specific functions of 
nNOS in the visual cortex. Further research is needed 
to delineate the specific function of nNOS and its cor-
relation with different cell types. The present data may 
serve as a foundation for elucidating the diverse roles 
of NOS-IR neurons in the mammalian visual cortex.

In conclusion, the current findings suggest that, 
although laminar organization is distinctive across 
species, the morphological characteristics of NOS-IR 
neurons in the visual cortex of gerbils are similar to 
those of other species. Double labeling of NOS-IR neu-
rons with NPY and SST showed that NOS-IR neurons 
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are a subpopulation of NPY-IR and/or SST-IR neurons. 
However, NOS-IR neurons exhibited a low percentage 
of double labeling with GABA in the visual cortex of 
the gerbil. Although the specific function of NO in the 
gerbil visual cortex cannot be confirmed at present, the 
specific laminar organization, morphological features 
of NOS-IR neurons, and different colocalization pat-
terns of NOS-IR neurons with other chemical markers 
across species likely reflect the functional diversity of 
NO in visual activities. These data will provide valu-
able clues for a better understanding of NO function 
and species diversity.
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