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Abstract

The present study detected distribution and expression of nerve growth factor and inducible nitric
oxide synthase in the mesencephalon and diencephalon, as well as visual- and auditory-related
nervous tissues, in a macaque model of type 2 diabetes using immunohistochemistry. Results
showed that nerve growth factor expression decreased, but inducible nitric oxide synthase
expression increased, in the mesencephalon and diencephalon, as well as visual- and auditory-
related nervous tissues. These results suggested that nerve growth factor and inducible nitric
oxide synthase play an important role in regulating the development of diabetic visual- and

auditory-related diseases.
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INTRODUCTION

Studies have shown that nerve growth factor
(NGF) and inducible nitric oxide synthase
(iNOS) are involved in the pathogenesis of
diabetic neuropathy™®. Neurotrophic factors
exhibit dual biological functions that nourish
neurons and promote neuronal growth
during growth of the vertebrate nervous
system™. In addition, NGF plays an
important role in retinal development™*.,
NGF has been shown to promote retinal
ganglion cell survival following resection of
the optic nerve in adult mice, as well as
promote axonal regeneration of ganglion
cells and nerve fiber growth™. Nitric oxide
synthase is comprised of three types:
endothelial nitric oxide synthase, neuronal
nitric oxide synthase, and iNOS. Nitric oxide
is involved in the development of ischemic
brain injury and exhibits dual functions: nitric
oxide produced by endothelial nitric oxide
synthase has a neuroprotective effect, but
nitric oxide generated by neuronal nitric
oxide synthase and iNOS over-expression
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has toxic effects on nerves™. Cytotoxicity
and cell inhibition, which is the result of
excessive endogenous or exogenous nitric
oxide release, results in nerve and retinal
injury. INOS is a major limiting factor in the
process of nitric oxide generation. Under
normal conditions, retinal and nervous
system tissues express small amounts of
iINOS, but expression is activated under a
pathological state. A previous study™
showed that high glucose levels results in
increased iINOS expression in nervous
tissues and retinal cells, leading to
increased nitric oxide production.

The present study analyzed NGF and iNOS
expression in multiple audio/visual-related
nuclei. In addition, most diabetic animal
models are induced by streptozocin,
although streptozocin has been shown to
influence NGF in vivo expression and lead
to altered expression at diabetes onset,
compared to a spontaneous diabetic animal,
which affects study results™. Therefore, the
present study utilized a spontaneous
diabetic macaque model to better
understand the disease process in humans.
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The present study focused on distribution and
expression of NGF and iNOS in the mesencephalon and
diencephalon, as well as visual- and auditory-related
nervous tissues, using immunohistochemistry. The
relationship between NGF and iNOS during the
development of diabetic neuropathy was determined to
better understand the molecular mechanisms of INOS
and NGF in diabetic neuropathy.

RESULTS

Quantitative analysis of experimental animals

Three mature macaques with spontaneous diabetes
were selected for the diabetes group, and three healthy,
age-matched macaques with diabetes served as the
control group. Six macaques were included in the final
analysis.

Distribution of NGF and iNOS expression in
mesencephalon and diencephalon, as well as visual-
and auditory-related nervous tissues

NGF and iNOS expression was visible as brown and
granular in the cytoplasm. Both factors were expressed
in cytoplasm of photoreceptor cells (cone cells and rod
cells), as well as optic nerve membrane cells and brain
cells. NGF-positive reaction products were mainly
located in the thalamic reticular nucleus, ventral
posterolateral nucleus, ventral posteromedial nucleus
(VPM), medial geniculate nucleus, lateral geniculate
nucleus, retina, and the optic nerve. iINOS-positive
reaction products were mainly distributed in the thalamic
reticular nucleus, medial geniculate nucleus, lateral
geniculate nucleus, superior colliculus, inferior colliculus,
the retina, and the optic nerve.

Distribution of NGF expression in the
mesencephalon, diencephalon, optic nerve, and
retina

NGF expression is shown in Figure 1 and Table 1.
Compared with the control group, NGF distribution and
expression decreased in the mesencephalon and
diencephalon of diabetic macaques (P < 0.05), as well as
average absorbance in reticular nucleus, ventral
posterolateral nucleus, ventral posteromedial nucleus,
medial geniculate nucleus, and lateral geniculate nucleus
nuclei, and the retina and optic nerve (P < 0.01). In
addition, NGF expression significantly decreased in the
superior colliculus and inferior colliculus nuclei (P < 0.05).
Distribution of INOS expression in the
mesencephalon, diencephalon, optic nerve, and
retina

Immunohistochemistry results showed that compared
with the control group, iINOS distribution and expression
significantly increased in the mesencephalon and
diencephalon of diabetic macaques (P < 0.05). Average
absorbance was maximal in reticular nucleus, medial
geniculate nucleus, lateral geniculate nucleus, superior
colliculus, and inferior colliculus nuclei, as well as the
retina and optic nerve (P < 0.01), followed by VPM and
VPL nuclei (P < 0.05; Table 2 and Figure 2).
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Figure 1 Nerve growth factor expressi

mesencephalon, diencephalon, optic nerve, and retina
(immunohistochemical staining, fluorescent microscope).

All positive products (arrows) are extensively distributed in
both groups. Nerve growth factor is primarily expressed in
the cytoplasm of optic nerve membrane cells and brain

cells. In the diabetes group, expression

VPL: Ventral posterolateral nucleus; RT: reticular nucleus;

LGN: lateral geniculate nucleus.
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Table 1 Expression of nerve growth factor in the mesencephalon, diencephalon, optic nerve, and retina

Average absorbance Positive area (um?)

Nuclear group

Diabetes group Control group Diabetes group Control group

Thalamus Ventral posterolateral nucleus 0.129+0.019° 0.288+0.051 2.715+0.280% 3.324+0.305
Ventral posteromedial nucleus 0.167+0.012° 0.232+0.020 3.963+0.220% 4.479+0.310
Thalamic reticular nucleus 0.209+0.023° 0.249+0.007 3.324+1.036% 5.439+1.037
Medial geniculate nucleus 0.265+0.023" 0.331+0.015 3.755+0.472% 4.862+0.632
Lateral geniculate nucleus 0.209+0.011° 0.260+0.018 4.532+0.371% 5.132+0.250
Mesencephalon Superior colliculus 0.241+0.018% 0.272+0.020 2.325+0.669% 3.912+0.926
Inferior colliculus 0.215+0.018% 0.243+0.007 3.898+0.524% 4.958+0.659
Retina 0.147+0.031° 0.228+0.037 1.101+0.421% 2.049+0.476
Optic nerve 0.125+0.024° 0.212+0.018 1.27+0.963% 3.507+1.309

3p < 0.05, °P < 0.01, vs. control group. For every animal, a total of five sections per related nucleus were selected, and average absorbance and
area of positive expression were measured. The average of five data points was considered a single data point. Data were expressed as mean +
SD from three macaques in each group, and results were subjected to one-way analysis of variance with Duncan’s multiple range tests.

Table 2 Inducible nitric oxide synthase expression in the mesencephalon, diencephalon, optic nerve, and retina

Average absorbance Positive area (um?)

Nuclear group

Diabetes group Control group Diabetes group Control group

Thalamus Ventral posterolateral nucleus 0.223+0.007% 0.201+0.018 4.542+0.665% 3.257+0.614
Ventral posteromedial nucleus 0.247+0.007% 0.227+0.015 3.444+0.362% 2.823+0.283
Thalamic reticular nucleus 0.216+0.016" 0.186+0.012 4.974+0.730% 3.705+0.547
Medial geniculate nucleus 0.253+0.019° 0.196+0.024 4.124+0.056% 3.214+0.383
Lateral geniculate nucleus 0.234+0.013° 0.171+0.035 3.698+0.287% 2.982+0.388
Mesencephalon Superior colliculus 0.258+0.037° 0.175+0.039 5.111+0.753% 3.674+0.622
Inferior colliculus 0.264+0.009° 0.181+0.054 5.152+0.874% 3.839+0.429
Retina 0.173+0.012° 0.111+0.026 3.227+0.906° 1.432+0.930
Optic nerve 0.159+0.026" 0.104+0.007 4.291+0.880% 3.115+0.357

3P < 0.05, °P < 0.01, vs. control group. For every animal, a total of five sections per related nucleus were selected, and average absorbance and
area of positive expression were measured. The average of five data points was considered a single data point. Data were expressed as mean *
SD from three macaques in each group, and results were subjected to one-way analysis of variance with Duncan’s multiple range tests.

DISCUSSION

NGF and iNOS expression and distribution in the
mesencephalon and diencephalon of type 2 diabetic
macaques

In recent years, studies focused on the relationship
between NGF and diabetic neuropathy have obtained
some progress. In diabetic rats, the central and
peripheral nervous systems exhibit decreased NGF
expression™®. NGF expression increases at an early
stage of diabetes, but decreases with development of
the disease in a rat model™”. NOS-positive neurons
exist in the rat hypothalamic paraventricular nucleus,
supraoptic nucleus, periventricular nucleus, and
lateral hypothalamic area™®. In addition, high blood
sugar leads to increased NOS expression™. Results
from the present study showed that NGF and iNOS
were widely distributed in the brain, but the
distribution within the mesencephalon and
diencephalon varied. Compared with the control
group, NGF expression in the mesencephalon,
diencephalon, and related visual and auditory nervous
tissues decreased in the diabetes group, although
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iINOS expression increased. These results suggested
that during the early stages of injury, NGF plays a role
in neuronal nutrition and regeneration, which was
consistent with previous findings™®. NGF expression
decreased when repair effect did not ameliorate
development of diabetes. In addition, high iNOS
expression could induce harm.

High blood sugar led to increased iNOS expression,
thereby heightening nitric oxide production; excessive
nitric oxide production and release led to neurotoxicity
via free radicals and further aggravated neuronal
damage. A previous study showed that endothelial nitric
oxide synthase expression decreases in the
hypothalamus and brain stem reticular neurons in a high
blood sugar rat model at 6 weeks of age®.. These results
suggested in addition to disease progression, a
short-term protective effect was generated by the
endothelial nitric oxide synthase-mediated decline, and
neurotoxic effects were mediated by neuronal nitric oxide
synthase and iNOS. Nerve injury took place during the
interim and late stages of disease. NGF played a role in
nerve nutrition and regeneration. In addition, iINOS
increased nerve injury mediated by nitric oxide, resulting
in an indirect effect on diabetes neuropathy.
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Figure 2 Inducible nitric oxide synthase expression in the
mesencephalon, diencephalon, optic nerve, and retina
(immunohistochemical staining, fluorescent microscope, x
400).

All positive products are extensively distributed in both
groups. inducible nitric oxide synthase expression is
primarily within the cytoplasm of photoreceptor cells (cone
cells and rod cells) and brain cells. In the diabetes group,
expression is increased.

LGN: Lateral geniculate nucleus; COS: superior colliculus.

NGF expression significantly decreased in reticular
nucleus, ventral posterolateral nucleus, ventral
posteromedial nucleus, medial geniculate nucleus, and
lateral geniculate nucleus nuclei. In addition, INOS
significantly increased in the geniculate nuclear group,
as well as superior colliculus and inferior colliculus. The
thalamic reticular nucleus is involved in vision and is
connected with important nuclei related to visual
pathways®®". The reticular nucleus contains visual,
somatosensory, and auditory areas, and each sensation
has a representative area. The ventral posterior nucleus
is the main relay station for body sensory functions. The
geniculate nuclear group, which includes the medial
geniculate nucleus and lateral geniculate nucleus,
receives visual and auditory input from the brainstem,
and these neurons are specific sense relay nucleus.
Superior colliculus and inferior colliculus represent
subcortical visual and auditory reflex centers,
respectively, which receive input from visual and auditory
pathways. These results suggested that abnormal NGF
and INOS expression in the reticular nucleus, ventral
posterior nucleus, and geniculate nuclear groups, as well
as other nuclei, correlated with occurrence and
development of audio-visual sensory and consciousness
disturbances in diabetes patients.

NGF and iNOS expression in the optic nerve and
retina of type 2 diabetic macaques

Diabetic and optic neuropathies are frequently occurring
complications of diabetes. The optic nerve is part of the
central nervous system and is very sensitive to ischemia,
hypoxia, and metabolic disorders®®?. A previous study
confirmed that in diabetic rats, diabetes-induced
ischemia and hypoxia of the optic nerve results in
damage to intracellular aerobic respiration, as well as a
series of compensatory responses®!. Compared with the
control group, NGF and iNOS expression significantly
decreased and increased, respectively, in the optic nerve
of the diabetic group and increased, suggesting that
expressional changes played an important role in the
development of optic nerve lesions. Results from a
previous study®? showed multi-fold increased NGF
expression in rat retinal neurons at early stage. In
addition, another study discussed iNOS expression in
diabetic rat retinal tissue and its influence on cell
apoptosis™®!, concluding that iNOS expression increases
in the retina of diabetic rats in accordance with duration
of disease. These results demonstrated that INOS
expression significantly increased in the optic nerve and
retina in diabetic groups. However, significantly
decreased NGF expression suggested NGF-induced
decreased nerve growth and regeneration, together with
increased damage due to iNOS, were important factors
in the development of diabetic retinopathy.

MATERIALS AND METHODS

Design
A randomized, controlled, animal experiment.
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Time and setting

The study was performed at the Experimental Animal
Engineering Center, College of Veterinary Medicine,
Sichuan Agricultural University, China from October
2010 to March 2011.

Materials

Related indices (blood sugar, blood insulin, and glycated
hemoglobin) were measured in three 8-year-old
macaques with spontaneous diabetes and three healthy
age-matched macaques, which were provided by the
National (Sichuan) Experimental Rhesus Monkey
Resources Base.

The experimental procedures were performed in
accordance with the Guidance Suggestions for the Care
and Use of Laboratory Animals, issued by the Ministry of
Science and Technology of China®®. The animals had
not received medical or immunomodulatory treatments
prior to experimentation.

Methods

Tissue section preparation

Under deep anesthesia, the animals were sacrificed. The
mesencephalon, diencephalon, eyeball, and optic nerve
were rapidly dissected. Tissue specimens were fixed in
4% paraformaldehyde in phosphate buffer (pH 7.4) for
18-24 hours and routinely processed for paraffin
embedding and serial sectioning into 4-um thick sections
for subsequent hematoxylin-eosin staining and
immunohistochemistry. Sections stained by
hematoxylin-eosin were used for nuclei location.

NGF and iNOS immunohistochemistry

Serial sections were de-paraffinized and rehydrated in
alcohol. Tissue sections were blocked with 3% hydrogen
peroxide, then subjected to antigen retrieval in citric acid
buffer (pH 6.0) by microwave for 4 x 6 minutes. The
sections were incubated with rabbit anti-human NGF or
iNOS polyclonal antibody (Boster, Wuhan, China; 1: 100
of dilution) overnight at 4°C. The sections were then
washed three times with PBS (pH 7.4). The sections
were incubated with goat anti-rabbit secondary antibody
(1: 100; Boster) at 37°C for 20 minutes.
Immunohistochemical staining was performed using a
standard avidin-biotin-peroxidase complex technique
(immunohistochemistry kit, Boster). The staining was
visualized with diaminobenzidine (Boster), and the
sections were dehydrated and mounted. Negative
controls were incubated with PBS.

Microscopic observation and image analysis
Anatomical position of the nuclei was identified according
to the Rat Brain Atlas (Paxinos and Watson, 2006)%".
Tissue sections were observed by light microscopy
(Nikon, Tokyo, Japan), and images were captured at
100 %, 200 x, and 400 x magnification using a
Nikon50i-BF fluorescent biological digital microscope
(Nikon). For each animal, a total of five sections per
related nucleus were selected. Average absorbance and
areas with positive expression were measured using the
Jiangsu Jetta 801 morphological image analysis system
(Jieda, Nanjing, Jiangsu, China).
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Statistical analysis

Statistical analysis was performed using SPSS 11.5
software (SPSS, Chicago, IL, USA). Data were
expressed as mean + SD and subjected to one-way
analysis of variance with Duncan’s multiple range tests.
P < 0.05 was considered statistically significant.
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