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Abstract: Retinal degeneration (RD) is often associated with deficiencies or the inaccurate production of photo-
receptor-specific proteins, which are encoded by various genes and characterised by the apoptotic and ongoing
death of photoreceptor cells. This study involved administering a single intraperitoneal (i.p.) dose of 50 mg/kg
of N-methyl-N-nitrosourea (MNU) to rats to induce RD. Some of these rats also received intraperitoneal mino-
cycline at varying doses to prevent RD. Euthanasia was conducted at five intervals: at 12, 24, 48, and 72 h, and
on the 7" day; and eye samples were taken. These samples were analysed using histopathology, immunohistochem-
istry, and electron microscopy. Significant RD was observed in the MNU-treated groups, with photoreceptor cell
apoptosis demonstrated by the TUNEL method. Compared with those in the control group, there was a progressive
thinning of the photoreceptor layer and outer nuclear layer, along with increased levels of glial fibrillary acidic
protein (GFAP) and proliferating cell nuclear antigen (PCNA), and reduced levels of rhodopsin and red/green opsin
starting from the 12" hour in the experimental groups. Electron microscopy revealed that amacrine and bipolar
cells, in addition to photoreceptors, were also affected. The minocycline treatment did not show significant differ-
ences in retinal layer thickness or the staining levels of PCNA, GFAP, and opsins in the MNU-induced RD model.
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Retinitis pigmentosa, diabetic retinopathy, reti-
nal detachment, and macular degeneration are the
most common retinal diseases and causes of blind-
ness in humans (Yang et al. 2009). Similar condi-
tions, such as sudden acquired retinal degeneration
in dogs (Lynch et al. 2023), progressive retinal atro-
phy in cats (Minella et al. 2018), and outer retinal
degeneration in monkeys (Kosec et al. 2020), have

been reported. These diseases are marked by retinal
degeneration (RD), characterised by the ongoing
death of the photoreceptors, which leads to blind-
ness in about 50% of cases (Aplin et al. 2014).
The development of retinal disorders involves the
massive degeneration and death of photoreceptor
cells. First, the degeneration of rod receptors, re-
sponsible for monochromatic vision, is followed
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by the degeneration of cone receptors, which are
responsible for polychromatic vision, and this is the
main cause of vision loss (Sun et al. 2023).

Experimental models are crucial to understand-
ing the mechanisms and developing treatment
strategies for retinal disorders. These models can
be generated through genetic techniques such
as transgenic animals, exposure to intense light,
or the use of specific chemicals (Emoto et al. 2014).

N-methyl-N-nitrosourea (MNU) is an alkylating
compound that shows cytotoxic effects by transfer-
ring methyl groups to nucleobases and is a suit-
able candidate for RD models due to its selective
impact on photoreceptor cells (Yan et al. 2024).
The exact reason for this selectivity is not fully
understood, but one possible explanation is the
lower glutathione levels in photoreceptor cells.
Glutathione is known to metabolise MNU and re-
move alkylation products (Tappenier et al. 2013).

Tetracyclines are broad-spectrum antibiotics
with bacteriostatic effects. Minocycline, a second-
generation, long-acting, semi-synthetic antibiotic,
has been shown in numerous studies to inhibit
matrix metalloproteinases, tumour-induced an-
giogenesis, nitric oxide synthase, caspase-3, and
the release of oxygen radicals from neutrophils, in-
dependent of its antimicrobial properties (He et al.
2021). These attributes make minocycline a poten-
tial inhibitor for the research of apoptosis-related
retinal degeneration.

MATERIAL AND METHODS
Animal experiment

This experiment was conducted with 100 female
Sprague Dawley rats, two months old and weigh-
ing between 150 and 200 grams, sourced from the
Firat University Research Centre. Ethical approval
was granted by the Firat University Local Ethics
Committee (09.03.2016, Decision No. 46). The rats
were separated into five groups, each consisting
of 20 animals. One group was designated as the con-
trol, and the remaining four were the experimental
groups. The first experimental group was the MNU
group, the second was the MNU and low-dose mi-
nocycline (LDM) group, the third was the MNU and
medium-dose minocycline (MDM) group, and the
fourth was the MNU and high-dose minocycline
(HDM) group.
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The animal study was conducted in standard cag-
es under normal conditions of humidity and tem-
perature, with unrestricted feeding and no special
conditions applied. The rats in the experimental
groups (MNU, LDM, MDM, and HDM) were ad-
ministered a single dose of MNU via i.p. injection
(Pfaltz & Bauer Inc., Waterbury, CT, USA) at a dos-
age of 50 mg/kg of body weight. The therapeutic
groups (LDM, MDM, HDM) received two doses
of minocycline: 24 h before and 1 h after the MNU
administration, at doses of 50, 75, and 100 mg/kg
of body weight, respectively. Minocycline was pre-
pared as a 2% solution in distilled water. The control
animals were given only an i.p. injection of saline.

To observe the time-dependent pathological
changes, euthanasia was performed at five dif-
ferent time points: at 12, 24, 48, and 72 h and
on the 7" day. In each period, four animals from
each group, totalling 20 animals, were euthanised.
Animals were euthanised by decapitation after be-
ing under deep anaesthesia via the i.p. administra-
tion of 30 mg/kg of a xylazine solution, Xylazinbio
(Bioveta A.S., Ankara, Tirkiye), and 150 mg/kg
of a ketamine solution, Brema (Bremer Pharma
GmbH, Warburg, Germany). The dorsal and ven-
tral parts of the cornea were marked with a lightly
heated needle to determine the eye’s vertical plane
during the trimming process. After the eyeballs
were removed whole, they were fixed in Davidson’s
solution (McKay et al. 2009) for about 36 hours.
At each euthanasia interval, one eye from each
group was fixed in a 2.5% glutaraldehyde solution
for electron microscopic examination.

Tissue preparation

The eye specimens, fixed in Davidson’s solution,
were cut into two halves at the midline (Reisenhofer
et al. 2015), using the previously marked corneal
scars as a guide, and the lens was removed with
forceps. The eye halves were then placed in stan-
dard tissue processing cassettes (Isolab GmbH,
Wertheim, Germany). After being washed under
running tap water for about two hours, the samples
were processed through a series of graded alcohols,
xylene, and paraffin in an automatic tissue process-
ing device (TP 1020; Leica, Wetzlar, Germany), and
subsequently embedded in paraffin using a tissue
embedding device (EG 1150 H; Leica, Wetzlar,
Germany). Histological sections were taken us-
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ing a rotary microtome (RM2125; Leica, Wetzlar,
Germany) and placed on positively charged slides
(Superfrost; Thermo Fisher Scientific, Waltham,
MA, USA).

Morphometric analysis of retinal layers

Sections were stained with haematoxylin-eo-
sin using an automatic tissue staining machine
(Autostainer XL; Leica, Wetzlar, Germany) and
analysed with a light microscope (BX43; Olympus,
Tokyo, Japan). The photoreceptor layer (PL) and the
outer nuclear layer (ONL) were measured in both
the central and peripheral retina using an imag-
ing analysis system (cellSens Standard, Tokyo,
Japan). Measurements in the central retina were
performed at a total of six points, three each in the
superior and inferior quarters, starting at 100 pm
away from the optic nerve and 500 pum apart (Zhang
etal. 2004). In the peripheral retina, measurements
were at distances of 500 pm and 1 000 pm from the
ora serrata at two points in both the superior and
inferior quarters, totalling four points (Figure 1).

Immunohistochemistry

Immunohistochemical analyses were conducted
using the Streptavidin Biotin Peroxidase Complex
technique, following a previously described method
(Hsu et al. 1981). The chemicals from a ready-to-
use immunohistochemistry kit were used in accor-

(A) (B)

©
Figure 1. Photoreceptor layer and outer nuclear layer
measurement points (um) in the central retina (A) and
peripheral retina (B—C)
(B) Superior quarter (P1 and P2); (C) Inferior quarter
(P3 and P4)
S1, S2, S3 = superior quarter; I1, 12, I3 = inferior quarter

dance with the manufacturer’s standard procedure
(Ultra Vision Detection System; Thermo Fisher
Scientific, Waltham, MA, USA). The primary anti-
bodies were: rhodopsin (Monoclonal, mouse; Santa
Cruz, Texas, USA), red-green opsin (Polyclonal,
rabbit; Merck KGaA, Darmstadt, Germany), Glial
Fibrillary Acidic Protein (GFAP) (Monoclonal,
mouse; Santa Cruz Biotechnology, Dallas, TX, USA)
and Proliferating Cell Nuclear Antigen (PCNA)
(Monoclonal, mouse; Santa Cruz Biotechnology).
The slides were examined under a microscope and
scored according to a previously described scoring
system (Carter et al. 2004) (Table 1).

TUNEL method

Apoptotic cells were identified using the Terminal
Deoxynucleotidyl Transferase dUTP Nick End
Labelling (TUNEL) assay with an ApopTag Plus
Apoptosis Detection Kit (Merck KGaA, Darmstadt,
Germany), following the protocol provided by the
manufacturer. The slides were examined under
a normal light microscope. To assess the degree
of apoptosis, brown-stained photoreceptor cell
nuclei were counted at x400 magnification in two
areas located 400 um to the right and left (superior
and inferior quarters) of the optic nerve in each eye.
All the stained and unstained photoreceptor cell
nuclei in the same region were then counted, and
the apoptotic index was calculated as a percentage
(Apoptotic index = TUNEL-positive cell count/to-
tal cell count) (Yoshizawa et al. 1999).

Electron microscopy

Eye samples were fixed with 2.5% glutaraldehyde
and 1% osmium tetroxide (Merck KGaA, Darmstadt,
Germany) in an automated electron microscopic

tissue processing device (EM AMYV; Leica, Wetzlar,

Table 1. Immunoscore table

Stained areas Stain intensity

0.1: <25% 0: negative
0.4: between 26-50% 0.5: trace
0.6: between 51-75% 1: light

0.9: between 76—-100% 2: moderate
- 3: intense

Immunoscore: stained area value x stain intensity value
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Germany). The samples were then dehydrated with
acetone, embedded in araldite blocks, and poly-
merised. The retinal tissue surface and boundar-
ies within the araldite blocks were exposed using
a trimming device (EM TRIM; Leica, Wetzlar,
Germany), and 80 nm thick sections were cut and
placed on copper grids, using an ultramicrotome
(Ultracut R; Leica, Wetzlar, Germany). The sections
were stained with uranyl acetate and lead citrate,
then analysed using a transmission electron micro-
scope (Libra 120; Zeiss, Oberkochen, Germany).

Statistical analysis

A statistical analysis of all the data was performed
using GraphPad Prism [v10.4.2. (633); GraphPad
Software, Boston, MA, USA]. The Shapiro-Wilk
test was used to determine if the data conformed
to a normal distribution. The Bartlett test was
used to analyse whether the variances in normally
distributed data were homogeneous. A one-way
analysis of variance (ANOVA) was used to evalu-
ate the data with homogeneous variances and
normally distributed parameters. For pairwise
group comparisons, Tukey’s test was then used.
The Welch ANOVA and the post hoc Dunnett T3
test were used to assess the inhomogeneous data.
Data without normal distribution were analysed
with the Kruskal-Wallis and Dunn test for pairwise

https://doi.org/10.17221/122/2024-VETMED

comparisons. The threshold for statistical signifi-
cance was set at P < 0.05. The mean * standard
deviation was used to express the results.

RESULTS
Histopathological findings

The mean and standard deviation values of the
ONL and PL measurements in the central retina for
all the euthanasia periods are presented in Tables 2
and 3, and the time-dependent changes are illus-
trated in Figure 2. At the 12" hour, no significant
histopathological findings were observed. By the
24" hour, the ONL thickness had decreased an av-
erage of 5-9 um, and the PL thickness had been
reduced by 1-2 pum in the central retinas of all the
MNU-treated experimental animals. Significant
differences in the ONL and PL were observed only
in the central retina between the control and all the
other groups treated with MNU (P < 0.05).

At the 48" hour, the most notable histopathologi-
cal change was severe karyorrhexis in all the ex-
perimental groups, marked by a disruption in the
general histological structures of the ONL and PL.
The fragmentation of the photoreceptor cell nuclei
in the ONL was particularly characteristic at the
48" hour (Figure 3A). The photoreceptor cell bod-
ies in the PL lost their elongated, linear structure

Table 2. The effects of the minocycline used in three different doses (50, 75 and 100 mg/kg) in the experimental reti-
nal degeneration induced by N-methyl-N-nitrosourea (MNU) in the rats on the central outer nuclear layer thickness

Time

Groups N y N 1 y P-value

12™ hour 24™ hour 48™ hour 72" hour 7% day
Control 41.82 + 2.60 41.17 + 3.634 40.36 + 3.934 41.79 + 1.83* 4127 + 1.41* 0.474**
MNU 39.88 + 2,232 34.17 + 3.69%® 29.03 +2.76%>  10.31 + 9.275¢ 448 +5.17%¢  0.000 1%+
LDM 40.48 + 4.00* 32.17 + 321>  31.90 + 2.60° 14.80 + 11.20B¢  4.53 £ 9.06%¢  0.000 1***
MDM 39.99 + 2.90 32.58 + 3.055%  29.78 + 3.788C> 11,33 + 7.39B¢ 10.19 + 11.025¢  0.000 1***
HDM 41.33 + 3.10? 32.65 + 4.01%%  26.47 +£2.63P>  12.07 + 8.448¢ 8.02 + 7.68%¢  0.000 1***
P-value 0.091%** 0.000 1* 0.000 1* 0.000 1#** 0.000 1#** -

Data are given as the mean * standard deviation

*=*The difference between the mean values showing different words in the same line is statistically significant (P < 0.05); A" The
difference between the mean values showing different words in the same column is statistically significant (P < 0.05);
*Data were evaluated with a one-way ANOVA and Tukey’s test was used as the post hoc test for the pair comparisons
of the groups; **Data were evaluated with Welch’'s-ANOVA and Dunnett’s T3 was used as the post hoc test for the pair
comparisons of the groups; ***Data were evaluated with the Kruskal-Wallis test and Dunn’s test was used as the post hoc
test for the pair comparisons of the groups

HDM = high-dose minocycline; LDM = low-dose minocycline; MDM = medium-dose minocycline

250


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 70, 2025 (7): 247-260 Original Paper

https://doi.org/10.17221/122/2024-VETMED

Table 3. The effects of minocycline used in three different doses (50, 75 and 100 mg/kg) in experimental retinal degen-
eration induced by N-methyl-N-nitrosourea (MNU) in rats on central photoreceptor layer thickness

Time

Groups 12 hour 24" hour 48™ hour 72" hour 7t day Prvalue
Control 19.13 + 1.66%%  19.87 +2.36™* 1816+ 1.96*"  20.01 + 1.99%  19.40 + 1324 0,008 3*
MNU 19.22 + 1.3782 18.27 +2.234B2 11,06 + 2.68%P 2.96 + 5.375b¢ 1.59 + 5.08B¢ 0.000 1***
LDM 19.95 + 2.86482  17.34 + 1.6752 11.77 + 2.33BP 6.33 + 6.315b¢ 1.04 + 3.71B¢ 0.000 1***
MDM 20.27 £ 2.064B2  18.92 + 2.14AB*  11.44 + 1.94B 4.70 + 5.985P 453 +£7.37%> 0,000 1%+
HDM 21.54 + 1.25%  17.90 + 2.69%2 11.32 + 1.165P 5.79 + 5.378b¢ 1.81 + 4.30%¢ 0.000 1***
P-value 0.000 1** 0.002* 0.000 1%+ 0.000 1% 0.000 1%+ -

Data are given as the mean * standard deviation

a=¢The difference between mean values showing different words in the same line is statistically significant (P < 0.05); *"°The
difference between the mean values showing different words in the same column is statistically significant (P < 0.05);
*Data were evaluated with a one-way ANOVA and Tukey’s test was used as the post hoc test for the pair comparisons
of the groups; **Data were evaluated with Welch’'s-ANOVA and Dunnett’s T3 was used as the post hoc test for the pair
comparisons of the groups; ***Data were evaluated with the Kruskal-Wallis test and Dunn’s test was used as the post hoc
test for the pair comparisons of the groups

HDM = high-dose minocycline; LDM = low-dose minocycline; MDM = medium-dose minocycline

12% hour 24" hour 48" hour 72" hour 7 day

Control

50 mg/kg MNU

50 mg/kg MNU
50 mg/kg minocycline

50 mg/kg MNU
75 mg/kg minocycline

50 mg/kg MNU
100 mg/kg minocycline

Figure 2. Time-dependent change of the retinal layers
Increased thinning in the ONL and PL in all the groups receiving MNU
MNU = N-methyl-N-nitrosourea; ONL = outer nuclear layer; PL = photoreceptor layer
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50 mg/kg MNU, 48 hour

(A)

72™ hour

(®)
50 mg/kg MNU, 72" hour

(E)
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50 mg/kg MNU, 72" hour

(B)

72™ hour

(D)

50 mg/kg MNU, 72" hour

(F)

Figure 3. (A) Severe karyorrhexis in all the experimental groups, characterised by the disruption of the general histo-

logical structures of the ONL (region between arrows) and PL (region between the arrow heads). (B) Severe thinning

and loss of borders of the ONL and PL (region between the red arrows), cellular infiltrations of macrophages (black

arrows), and a mitotic figure in a Miiller cell (arrowhead). (C-D) General view of the retina in the optic head at the
72" hour, normal retina (C) and thinned ONL (D) (arrows). (E-F) Normal peripheral retina (E) and thinned periph-
eral retina (D), ONL (regions between arrows) and PL (regions between the arrow heads)

MNU = N-methyl-N-nitrosourea; ONL = outer nuclear layer; PL = photoreceptor layer

and light pink colour and showed a hypereosino-
philic appearance. In the internal nuclear layer
(INL), the nucleoli of retinal glia cells stained more
intensely in the experimental group than in the con-
trol group. These findings were consistent across all
the MNU-treated experimental groups. The mean
ONL thickness in the central retinas of all the ex-
perimental groups decreased by 10—14 pm, and
the PL thickness by 6—7 um, relative to the control
group. In the peripheral retina, the decrease was
limited to 2—3 um in both layers. Differences were
seen in the mean ONL and PL thicknesses of the
central retina between the control and experimen-
tal groups (P < 0.05).

At the 72" hour, the most significant histopatho-
logical finding was the severe thinning of the ONL
and PL. All experimental groups had cellular infil-
trations of the Miiller cells and macrophages in the
ONL and PL (Figure 3B), with the most intense
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period of these infiltrations recorded at 72 hours.
Mitotic cells were present in the INL, ONL, and
PL in all the experimental groups. The mean ONL
thickness decreased by 25-30 um, and the PL thick-
ness decreased by 14—16 pm compared to the con-
trol group. In the peripheral retina, the decrease
was limited to 5-9 pum in both layers. It was ob-
served that the areas where the ONL and PL were
thinnest, were closest to the optic nerve, and that
the thickness of the ONL and PL returned to nor-
mal when moving approximately 1 500—2 000 mi-
crometres away from the optic nerve. However,
in three animals included in the MNU, MDM, and
HDM groups, the severe thinning of the peripheral
retina was observed (Figure 3E,F). A significant dif-
ference was noted between the control and experi-
mental groups in the mean ONL and PL thicknesses
in the central retina (P < 0.05). There was no signifi-
cant difference between the experimental groups.
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By the seventh day, in the experimental groups,
the ONL was severely thinned due to the ongo-
ing death of the photoreceptor cells. Complete
destruction was observed in some parts of the
retinas. Similarly, advanced thinning and complete
disappearance were noted in some areas of the PL.
The mean ONL thickness decreased by about 30—
35 um, and PL thickness by 15-17 um compared
to the control group. In the peripheral retina, the
decrease was limited to 5-9 pm in both layers.
There was a difference between the control and
experimental groups in the central and peripheral
retina thicknesses of both ONL and PL, with nota-
ble thinning in the experimental groups (P < 0.05).
No significant differences were found between the
experimental groups.

TUNEL findings

The mean and standard deviation values of the
apoptotic indices for all the euthanasia periods are
given in Table 4. While the retinas of the control
animals were negative in all periods, varying de-
grees of positivity were seen in the experimental
groups (Figure 4). The positivity was only in the
photoreceptor cell nuclei located in the ONL
of the retina. It was observed that the positivity
decreased as it moved from the central to the pe-
riphery, and it was completely absent at a distance

of approximately 1 500-2 000 um from the optic
nerve. No positivity was observed in the other lay-
ers. There was no statistically significant differ-
ence between the experimental groups at any of the
periods.

At the 12" hour, the positivity was found
to be around 9-10%, with the highest positivity
in the MNU group at 10.05%, and the lowest in the
LDM group at 9.80%.

At the 24" hour, the number of positive cells
and staining intensity increased in the ONL com-
pared to the 12" hour, and the positivity was found
to be around 33-35% in the experimental groups.
The highest positivity was found in the LDM group
at 35.78%, and the lowest positivity was found
in the MDM group at 33.87%.

In the experimental group, animals euthanised
at the 48" hour showed an increase in the number
of positive cells and staining intensity in the ONL
compared to the 24" hour. The ONL was selectively
stained brown throughout due to the severe and
widespread karyorrhexis. The positivity was found
to be around 90-93%. The highest positivity was
found in the HDM group at 93.61%, and the lowest
positivity was found in the MDM group at 90.39%.

At the 72" hour, positivity was observed in the
ONL with 14-15%. The highest positivity was
found in the MDM group at 15.63%, and the low-
est positivity was found in the LDM group at 14.9%.
It was observed that the positivity, which reached

Table 4. The effects of the minocycline used in three different doses (50, 75 and 100 mg/kg) in the experimental retinal

degeneration induced by N-methyl-N-nitrosourea (MNU) in the rats on the apoptotic indices

Groups Time P-value
12 hour 24" hour 48" hour 72" hour 7% day

Control 0.00 + 0.00® 0.00 + 0.00® 0.00 + 0.00® 0.00 + 0.00® 0.00 + 0.00® -
MNU 10.05 + 1.66%¢  34.61 +3.724% 9337 +4.294% 1492 + 1414 12.23 + 1.174P¢  0.000 1%+
LDM 980+ 1.66"  3578+1.76*"  91.07 +6.11%*  14.90 + 1.06*°  10.42 + 1.84*%4  0.000 1**
MDM 10.01 + 1.524¢ 3387 +2.09*"  90.39 +4.41%* 1563 +1.04%  11.33 +1.48%34 0,000 1**
HDM 10.03 +1.24%¢ 3522+ 1154 9361 +4.01**  15.34+0.80*°  10.18 + 1.80%¢  0.000 1**
P-value 0.000 1* 0.000 1* 0.000 1* 0.000 1* 0.000 1*** -

Data are given as the mean * standard deviation

a=cThe difference between mean values showing different words in the same line is statistically significant (P < 0.05); *""The

difference between the mean values showing different words in the same column is statistically significant (P < 0.05);

*Data were evaluated with a one-way ANOVA and Tukey’s test was used as the post hoc test for the pair comparisons

of the groups; **Data were evaluated with Welch’'s-ANOVA and Dunnett’s T3 was used as the post hoc test for the pair

comparisons of the groups; ***Data were evaluated with the Kruskal-Wallis test and Dunn’s test was used as the post hoc

test for the pair comparisons of the groups

HDM = high-dose minocycline; LDM = low-dose minocycline; MDM = medium-dose minocycline
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12" hour 24" hour

Control

50 mg/kg MNU

50 mg/kg MNU
50 mg/kg minocycline

50 mg/kg MNU
75 mg/kg minocycline

50 mg/kg MNU
100 mg/kg minocycline

https://doi.org/10.17221/122/2024-VETMED

48" hour 72" hour 7% day

Figure 4. TUNEL positivity in the ONL in all the MNU given groups (brown stained cells)
MNU = N-methyl-N-nitrosourea; ONL = outer nuclear layer; TUNEL = terminal deoxynucleotidyl transferase dUTP

nick end labeling

the highest level at the 48" hour, decreased signifi-
cantly due to the decrease in the number of surviv-
ing cells.

On the 7" day, the positivity was found at 10—
12%. The highest positivity was seen in the MNU
group at 12.23%, and the lowest positivity was
found in the HDM group at 10.18%.

Immunohistochemical findings
RHODOPSIN

At the 12" and 24" hours, the immunoperoxidase
(IP) staining showed widespread and strong posi-
tivity in the outer nuclear layer (ONL) and photo-
receptor layer (PL) in all the groups. The positivity

254

was intracytoplasmic, and the cell nuclei remained
unstained. No difference was noted between the cen-
tral and peripheral retina, as both exhibited intense
staining. There was no statistically significant differ-
ence between the groups.

By the 48" hour, the staining intensity in the ONL
and PL of the central retina in the experimental
groups had decreased, with a particulate and occa-
sionally cavity-like appearance. The staining inten-
sity increased toward the periphery, resembling that
of the control group.

At the 72" hour and on the 7' day, the staining
in the central retina of the experimental groups
was significantly reduced. Staining was seen only
around the surviving photoreceptor cell nuclei, and
with no staining in the PL (Figure 5). Statistically
significant differences were observed between the
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Rhodopsin
(A)

Control

72" hour

(B)

50 mg/kg MNU, 100 mg/kg minocycline

72" hour

(©)
50 mg/kg MNU, 100 mg/kg minocycline

7% day

Red/green opsin

(D)

Control

(E)

50 mg/kg MNU, 100 mg/kg minocycline

(F)

50 mg/kg MNU, 100 mg/kg minocycline

Figure 5. Rhodopsin (A-C) and red/green opsin (D-F) positivity (arrows) in the ONL and PL (72 hour and 7™ day)

ONL = outer nuclear layer; PL = photoreceptor layer

control and experimental groups at the 48" and
72" hours and on the 7" day (P < 0.05); no signifi-
cant differences were found among the experimental
groups.

RED-GREEN OPSIN

At the 12 and 24" hours, the IP staining showed
rare, but strong positivity in the ONL, PL, and the
outer plexiform layer (OPL). The positivity was
intracytoplasmic, with unstained cell nuclei. The
staining began as a long, thin line in the PL, thick-
ened around the photoreceptor nucleus in the ONL,
and terminated at the ONL-OPL border (Figure 5).
Due to the smaller number of cone receptors com-
pared to rod receptors, positivity appeared at in-
tervals of 15-20 pum. At the 48™ and 72"¢ hours,
and on the 7 day, the staining was reduced in all
the experimental groups compared to the control
group. The previously observed long, thin staining

became fragmented and particulate (Figure 5E,F).
Statistically significant differences were observed
between the control and experimental groups
(P < 0.05), while no significant differences were
detected among the experimental groups.

GFAP

The GFAP staining showed intense positivity in the
ganglion cell layer (GCL) and optic nerve across all
the groups at the 12 and 24" hours. At the 48" and
72" hours, the experimental groups also exhibited
positivity, like fringes, extending from the GCL to the
ONL in a fringe-like pattern, in addition to the optic
nerve and GCL. By the 7" day, the positivity had fur-
ther increased in the experimental groups (Figure 6).
Statistically significant differences were observed be-
tween the control and experimental groups at the
48" and 72" hours and on the 7" day, but no differ-
ences were found among the experimental groups.
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PCNA photoreceptor cell nuclei in the ONL. Additionally,

The PCNA staining showed no positivity in the
control group at any of the time points. In the ex-
perimental groups, positivity was observed in the
inner nuclear layer (INL) at 24 h, and in the INL,
ONL, and PL at 48 hours. By the 72" hour, the posi-
tivity further increased, with the Miiller cells and
macrophages showing staining (Figure 6). By the
7" day, the positivity subsequently decreased.
Differences between the control and experimen-
tal groups were statistically significant at the 48'",
727 hours, and on the 7% day, but no differences
were found among the experimental groups.

Electron microscopic findings

The electron microscopy revealed no signifi-
cant findings in the control group. At the 12" and
24" hours, the retinal samples from the MNU-
treated experimental groups showed nuclear
pyknosis as the most prominent finding in the

GFAP

50 mg/kg MNU, 50 mg/kg minocycline

24™ hour

50 mg/kg MNU, 50 mg/kg minocycline

72" hour

50 mg/kg MNU, 50 mg/kg minocycline

7% day

nuclear chromatolysis and intracytoplasmic myelin
figures were noted. In the PL, pyknotic mitochon-
dria were observed in the inner segments of the
rod and cone receptors, with condensation and
degenerative changes in the outer segment discs.
Bipolar and amacrine cells in the INL were ob-
served to show degenerative changes such as intra-
cytoplasmic oedema, formation of myelin figures,
mitochondrial dilatation, and loss of cristae. Miiller
cells appeared unaffected. At the 48" hour, nuclear
condensation and total organelle degeneration were
noted in the ONL, along with irregularity and con-
densation in the outer segment discs (Figure 7).
By the 72" hour and on the 7" day, nuclear conden-
sation, nuclear chromatolysis, and fragmentation
were observed in the ONL. Additionally, pyknotic
mitochondria, lysozyme deposition, and autopha-
gosomes containing myelin figures were noted
in the photoreceptor cells. Degenerative changes,
intracytoplasmic oedema, mitochondrial dilata-
tion, and loss of cristae were observed in some
bipolar cells.

PCNA
50 mg/kg MNU, 50 mg/kg minocycline

50 mg/kg MNU, 50 mg/kg minocycline

50 mg/kg MNU, 50 mg/kg minocycline

Figure 6. GFAP and PCNA positivity in the retinal layers (arrows) (24, 72" hours and 7% day)
GFAP = glial fibrillary acidic protein; MNU = N-methyl-N-nitrosourea; PCNA = proliferating cell nuclear antigen
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Control

Figure 7

ONL

(1)

PL

3)

INL

(5)

Figure 7. Electron microscopic view of the retina

50 mg/kg MNU

(6)

(1) Normal view of photoreceptor nuclei (N). (2) Apoptotic nuclei of the photoreceptors (A), chromatolysis (C), cell

degeneration (asterisk), and nuclear fragmentation (arrows) (MNU group, 24" hour). (3) Normal view of the photorecep-

tor body parts, outer (O) and inner (I) segments. (4) Pycnotic mitochondria (arrows) in the inner segments, condensation

in the outer segment discs (stars) of the photoreceptors (MNU group, 24 hour). (5) Normal view bipolar cell (B) Miiller

cell (M) and amacrine cell (A). (6) Degeneration and intracytoplasmic oedema (stars), myelin figures (thick arrows),

dilatation and loss of crystals in mitochondria (thin arrows) in the bipolar cell (B) and amacrine cells (A), normal Miiller

cell (M) (MNU group, 48 hour)

INL = internal nuclear layer; MNU = N-methyl-N-nitrosourea; ONL = outer nuclear layer; PL = photoreceptor layer

DISCUSSION

In similar studies with MNU in the past, chemi-
cals suitable for targeting the pathogenesis of the
model have been used as therapeutic agents.
These include PARP [Poly (ADP-ribose) poly-
merase] inhibitors (Kiuchi et al. 2003), calpain
inhibitors (Kuro et al. 2011), food supplements
(Jing et al. 2023; Shi et al. 2024), neurotropic fac-

tors (Xu et al. 2008), heat shock protein activators,
such as valproic acid (Koriyama et al. 2014), and
antioxidants (Zhou et al. 2022). Positive results
were obtained from these studies, especially with
antioxidants, as it is known that patients with this
condition had high levels of reactive oxygen radi-
cals and low levels of antioxidants, such as glutathi-
one, superoxide dismutase, and catalase, compared
to healthy subjects (Danulescu and Costin 2012).
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However, the results remain limited in their effec-
tiveness in preventing RD, and it is still important
to find new substances or combinations that are
likely to be effective.

Tsubara et al. (2007), in their studies using a sin-
gle dose of 50-75 mg/kg of MNU, showed that
histopathologically, at the 24™ hour, the photore-
ceptor nuclei were hyperchromatic stained; at the
48" hour, the photoreceptor cells showed intense
pyknosis and karyorrhexis; at the 7 day, the ONL
and PL almost disappeared and the INL came into
contact with the choroid and destruction in areas,
close to the optic nerve, was more severe. In the
present study, similar findings were obtained his-
topathologically, but two different conditions were
identified. The first is the absence of hyperchro-
matic staining of the photoreceptor nuclei at 24 h,
since it is thought to be difficult to detect hyper-
chromasia in these cells, which are already strongly
hyperchromatic. The second difference is that the
peripheral retina of a small number of animals was
also significantly affected. Here, it is thought that
individual differences between animals may influ-
ence resistance to MNU.

Tsubara et al. (2007) demonstrated that the most
typical finding from the 12*" hour was the con-
densed photoreceptor nuclei in electron micro-
scopic examinations of MNU-induced RD. In the
present study, condensation of photoreceptor nu-
clei was the most striking finding. As an impor-
tant point here, the degeneration of amacrine and
bipolar cells, only seen in electron microscopy,
differed from the claim that MNU affects only
photoreceptors.

As a therapeutic agent, minocycline has not been
previously used in RD models induced by MNU,
but has been used in light-induced RD (Zhang
et al. 2004; Chang et al. 2005), transgenic animals
with a genetic defect causing RD (Peng et al. 2014;
Terauchi et al. 2021; Ozaki et al. 2022), in pa-
tients with age-related degeneration (Sivaprasad
et al. 2011; Du et al. 2022), in mice with retinal
detachment (Yang et al. 2009), glaucoma models
(Grotegut et al. 2020) and mouse models with sub-
retinal bleeding (Zhao et al. 2011), with varying
degrees of positive results. In these studies, the
anti-apoptotic and anti-inflammatory activities
(Thomas et al. 2003), which are completely inde-
pendent of the antimicrobial activity of minocy-
cline, and the ability to cross the blood-brain barrier
(Bonelli et al. 2003), came to the fore. In particular,
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neuroinflammation is believed to play a role in the
pathogenesis of many chronic neurodegenerative
diseases (Glass et al. 2010). Past studies have shown
that microglial activation is associated with heredi-
tary retinal degeneration (Langman 2007).

In RD studies, minocycline was administered
daily either before, after, or during the experiment
(Zhao et al. 2011; Peng et al. 2014). In this study,
minocycline was administered in two doses, 24 h
before and immediately after the MNU administra-
tion. Daily dosing was avoided because euthana-
sia would begin after the 12 hour. To determine
if the efficacy of minocycline was dose-dependent,
it was administered at 50, 75, or 100 mg/kg. Despite
some success in RD models with light exposure and
transgenic animals, minocycline did not achieve
the expected results in the MNU-induced model.
The ineffectiveness of minocycline in the MNU-
induced RD model is thought to result from fac-
tors such as the involvement of multiple caspases,
including caspase-3, -6, -8, -9, and -12 (Yoshizawa
etal. 1999), DNA alkylation by MNU occurring too
early, between 6 and 12 h (Ogino et al. 1993), and
the possible predominance of caspase-indepen-
dent (calpain-dependent) apoptosis (Reisenhofer
et al. 2015).

In conclusion, based on the data from this study,
it can be stated that a single dose of MNU induced
severe photoreceptor apoptosis quickly in the RD
model, which is beneficial for gathering informa-
tion on RD-related diseases. While minocycline
is known to be effective against neurodegenera-
tive diseases, it was found to be ineffective in this
particular model. Although many studies have
demonstrated the anti-apoptotic properties of mi-
nocycline, the complex nature of MNU-induced
retinal degeneration may have limited its effective-
ness. Future research could explore the use of a lon-
ger-term MNU model with daily administration
of 1-2 doses of minocycline or investigate the po-
tential of combining minocycline with other drugs.

Acknowledgement

We would like to thank Scientific and Technical
Research Council of Turkey (TUBITAK) for sup-
porting this study and Professor Cemal Orhan for
his contributions to the statistical analysis of the
study, which significantly increased the precision
and interpretation of our results.


https://www.agriculturejournals.cz/web/vetmed/

Veterinarni Medicina, 70, 2025 (7): 247-260

Original Paper

https://doi.org/10.17221/122/2024-VETMED

Conflict of interest

The authors declare no conflict of interest.

REFERENCES

Aplin FP, Luu CD, Vessey KA, Guymer RH, Shepherd RK,
Fletcher EL. ATP-induced photoreceptor death in a feline
model of retinal degeneration. Invest Ophthalmol Vis Sci.
2014 Nov 25;55(12):8319-29.

Bonelli RM, Heuberger C, Reisecker F. Minocycline for
Huntington’s disease: An open label study. Neurology.
2003 Mar 11;60(5):883-4.

Carter JH, Douglass LE, Deddens JA, Colligan BM, Bhatt
TR, Pemberton JO, Konicek S, Hom J, Marshall M, Graff
JR. Pak-1 expression increases with progression of colo-
rectal carcinomas to metastasis. Clin Cancer Res. 2004
May 15;10(10):3448-56.

Chang CJ, Cherng CH, Liou WS, Liao CL. Minocycline
partially inhibits caspase-3 activation and photoreceptor
degeneration after photic injury. Ophthalmic Res. 2005
Jul-Aug;37(4):202-13.

Danulescu R, Costin D. Use of blood markers in early di-
agnosis of oxidative stress in age related macular degen-
eration. Rev Med Chir Soc Med Nat Iasi. 2012 Oct-Dec;
116(4):1136-42.

Du X, Byrne EM, Chen M, Xu H. Minocycline inhibits mi-
croglial activation and improves visual function
in a chronic model of age-related retinal degeneration.
Biomedicines. 2022 Dec 12;10(12):3222.

Emoto Y, Yoshizawa K, Kinoshita Y, Yuri T, Yuki M, Say-
ama K, Shikata N, Tsubura A. Green tea extract sup-
presses N-methyl-N-nitrosourea-induced photoreceptor
apoptosis in Sprague-Dawley rats. Graefes Arch Clin Exp
Ophthalmol. 2014 Sep;252(9):1377-84.

Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH.
Mechanisms underlying inflammation in neurodegen-
eration. Cell. 2010 Mar 19;140(6):918-34.

He ], Mao J, Hou L, Jin S, Wang X, Ding Z, Jin Z, Guo H,
Dai R. Minocycline attenuates neuronal apoptosis and
improves motor function after traumatic brain injury
in rats. Exp Anim. 2021 Nov 10;70(4):563-9.

Hsu SM, Raine L, Fanger H. The use of antiavidin antibody
and avidin-biotin-peroxidase complex in immunoper-
oxidase technics. Am J Clin Pathol. 1981 Jun;75(6):
816-21.

Jing H, Nie M, Wang X, Zhang Z, Xu Y, Zhang G, Li D,
Dai Z. Lutein combined with EGCG improved retinitis
pigmentosa against N-methyl-N nitrosourea-induced.
Food Funct. 2023 Oct 30;14(21):9554-66.

Grotegut P, Perumal N, Kuehn S, Smit A, Dick HB, Grus
FH, Joachim SC. Minocycline reduces inflammatory re-
sponse and cell death in a S100B retina degeneration
model. ] Neuroinflammation. 2020 Dec 14;17(1):375.

Kiuchi K, Kondo M, Ueno S, Moriguchi K, Yoshizawa K,
Miyake Y, Matsumura M, Tsubura A. Functional rescue
of N-methyl-N-nitrosourea-induced retinopathy by nic-
otinamide in Sprague-Dawley rats. Curr Eye Res.
2003 Jun;26(6):355-62.

Koriyama Y, Sugitani K, Ogai K, Kato S. Heat shock protein
70 induction by valproic acid delays photoreceptor cell
death by N-methyl-N-nitrosourea in mice. ] Neurochem.
2014 Sep;130(5):707-19.

Kosec G, Kafarnik C, Sayers G, Scurrell EJ, Carter WJ]. Outer
retinal degeneration in two closely related Goeldi’s mon-
keys (Callimico goeldii). Vet Ophthalmol. 2020 Mar;23(2):
394-401.

Kuro M, Yoshizawa K, Uehara N, Miki H, Takahashi K,
Tsubura A. Calpain inhibition restores basal autophagy
and suppresses MNU-induced photoreceptor cell death
in mice. In Vivo. 2011 Jul-Aug;25(4):617-23.

Langmann T. Microglia activation in retinal degeneration.
] Leukoc Biol. 2007 Jun;81(6):1345-51.

Lynch AM, Ruterbories LK, Robertson JB, Lunn KF, Mowat
FM. Hemostatic profiles in dogs with sudden acquired
retinal degeneration syndrome. J Vet Intern Med. 2023
May-Jun;37(3):948-59.

McKay JS, Steele SJ, Ahmed G, Johnson E, Ratcliffe K.
An antibody panel for immunohistochemical analysis
of the retina in Davidson’s-fixed, paraffin-embedded
eyes of rats. Exp Toxicol Pathol. 2009 Mar;61(2):91-100.

Minella AL, Occelli LM, Narfstrom K, Petersen-Jones SM.
Central retinal preservation in rdAc cats. Vet Ophthal-
mol. 2018 May;21(3):224-32.

Ogino H, Ito M, Matsumoto K, Yagyu S, Tsuda H, Hirono I,
Wild CP, Montesano R. Retinal degeneration induced by N-
methyl-N-nitrosourea and detection of 7-methyldeoxy-
guanosine in the rat retina. Toxicol Pathol. 1993;21(1):21-5.

Ozaki E, Delaney C, Campbell M, Doyle SL. Minocycline
suppresses disease-associated microglia (DAM) in a model
of photoreceptor cell degeneration. Exp Eye Res. 2022 Apr;
217:108953.

Peng B, Xiao J, Wang K, So KF, Tipoe GL, Lin B. Suppres-
sion of microglial activation is neuroprotective in a mouse
model of human retinitis pigmentosa. ] Neurosci. 2014
Jun 11;34(24):8139-50.

Reisenhofer M, Balmer J, Zulliger R, Enzmann V. Multiple
programmed cell death pathways are involved in N-me-
thyl-N-nitrosourea-induced photoreceptor degeneration.
Graefes Arch Clin Exp Ophthalmol. 2015 May;253(5):
721-31.

259


https://www.agriculturejournals.cz/web/vetmed/

Original Paper

Veterinarni Medicina, 70, 2025 (7): 247-260

Shi E, Wang X, Jing H, Xu Y, Feng L, He F, Li D, Dai Z.
Synergistic effect of chitosan and -carotene in inhibiting
MNU-induced retinitis pigmentosa. Int ] Biol Macromol.
2024 May;268(Pt 2):131671.

Sivaprasad S, Patra S, DaCosta J, Adewoyin T, Shona O,
Pearce E, Chong NV. A pilot study on the combination
treatment of reduced-fluence photodynamic therapy,
intravitreal ranibizumab, intravitreal dexamethasone and
oral minocycline for neovascular age-related macular
degeneration. Ophtalmologica. 2011;225(4):200-6.

SunY, Sun Y, Chen S, Yu Y, Ma Y, Sun F. Hypoxic precon-
ditioned MSCs-derived small extracellular vesicles for
photoreceptor protection in retinal degeneration. ] Na-
nobiotechnology. 2023 Nov 25;21(1):449.

Tappeiner C, Balmer J, Iglicki M, Schuerch K, Jazwinska A,
Enzmann V, Tschopp M. Characteristics of rod regen-
eration in a novel zebrafish retinal degeneration model
using N-methyl-N-nitrosourea (MNU). PLoS One. 2013
Aug 12;8(8):e71064.

Terauchi R, Kohno H, Watanabe S, Saito S, Watanabe A,
Nakano T. Minocycline decreases CCR2-positive mono-
cytes in the retina and ameliorates photoreceptor degen-
eration in a mouse model of retinitis pigmentosa. PLoS
One. 2021 Apr 22;16(4):e0239108.

Thomas M, Le WD, Jankovic J. Minocycline and other tet-
racycline derivatives: A neuroprotective strategy in Par-
kinson’s disease and Huntington’s disease. Clin Neuro-
pharmacol. 2003 Jan-Feb;26(1):18-23.

Tsubara A, Yoshizawa K, Kuro M. N-Methyl-N-nitrosourea
animal models for retinitis pigmentosa. In: Conn M,
editor. Animal models for the study of human disease.
Animal models for the study of human disease. Amster-
dam, Netherlands: Elsevier Inc.; 2007. p. 117-44.

260

https://doi.org/10.17221/122/2024-VETMED

Xu H, Yang N, Li XK, Zheng Q, Zhao W, Su ZJ, Huang YD.
Retina protective effect of acidic fibroblast growth factor
after canceling its mitogenic activity. ] Ocul Pharmacol
Ther. 2008 Oct;24(5):445-51.

Yan W, He Q, Long P, Zhang L, Wang H, Chen T. A novelly-
spatiotemporal characterization of the disease course
in the MNU-induced retinitis pigmentosa model. J In-
flamm Res. 2024 Nov 20;17:9243-54.

Yang L, Kim JH, Kovacs KD, Arroyo JG, Chen DF. Minocy-
cline inhibition of photoreceptor degeneration. Arch
Ophthalmol. 2009 Nov;127(11):1475-80.

Yoshizawa K, Nambu H, YangJ, Oishi Y, Senzaki H, Shikata N,
Miki H, Tsubura A. Mechanisms of photoreceptor cell
apoptosis induced by N-methyl-N-nitrosourea in Sprague-
Dawley rats. Lab Invest. 1999 Nov;79(11):1359-67.

Zhang C, Lei B, Lam TT, Yang F, Sinha D, Tso MO. Neuro-
protection of photoreceptors by minocycline in light-
induced retinal degeneration. Invest Ophthalmol Vis Sci.
2004 Aug;45(8):2753-9.

Zhao L, Ma W, Fariss RN, Wong WT. Minocycline attenu-
ates photoreceptor degeneration in a mouse model
of subretinal hemorrhage microglial: Inhibition as a po-
tential therapeutic strategy. Am J Pathol. 2011 Sep;179(3):
1265-77.

Zhou Y, Xu W, Liu A, Tao Y, Wang Q, Yang Y, Wang L,
Huang Y. Protective effect of Salvianolic acid a against
N-methyl-N-Nitrosourea-induced retinal degeneration.
Evid Based Complement Alternat Med. 2022 May 27;2022:
1219789.

Received: December 23, 2024
Accepted: May 22, 2025
Published online: July 25, 2025


https://www.agriculturejournals.cz/web/vetmed/

