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RETINAL ABNORMALITIES IN TRANSGENIC MICE OVEREXPRESSING ABERRANT 
HUMAN FUS[1-359] GENE 

Retinal damage is an optional sign in a number of neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS). The aim of this work was to assess 

the structural and functional state of the retina in a murine model of ALS caused by overexpression of the aberrant FUS protein [1-359]. The retinal examination was 

carried out on 12 transgenic and 13 wild-type mice of 2.5–3 months of age. The study revealed not statistically significant higher level of ophthalmoscopic violations 

in FUS[1-359] mice. Moreover, gene expression assay confirmed an increased expression of the inflammatory genes Vegfa, Il1b, Il6, Icam1, Tnfa. However, despite 

the detected structural and functional abnormalities, western blot analysis and quantitative PCR did not detect the expression of the protein and mRNA products 

of the FUS transgene in the retina of FUS[1-359] mice.
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РЕТИНАЛЬНЫЕ АНОМАЛИИ У ТРАНСГЕННЫХ МЫШЕЙ, СУПЕРЭКСПРЕССИРУЮЩИХ 
АБЕРРАНТНЫЙ ЧЕЛОВЕЧЕСКИЙ ГЕН FUS[1-359]

Повреждение сетчатки является неклассическим симптомом ряда нейродегенеративных заболеваний, включая боковой амиотрофический склероз 

(БАС). Целью работы было оценить морфофункциональное состояние сетчатки в мышиной модели БАС, связанной с суперэкспрессией аберрантного 

белка FUS[1-359]. Исследование проводили на 12 трансгенных и 13 диких мышах 2,5–3-месячного возраста. Выявлено, что трансгенные мыши 

демонстрируют выраженную, но не достигающую статистической значимости тенденцию к развитию офтальмоскопических аномалий сетчатки. 

Кроме того, молекулярно-биологический анализ подтвердил увеличение экспрессии провоспалительных генов Vegfa, Il1b, Il6, Icam1, Tnfa. При 

этом, несмотря на обнаруженные структурные и функциональные аномалии, вестерн-блот анализ и количественная ПЦР не выявили экспрессию 

белкового и мРНК продукта трансгена FUS в сетчатке мутантных мышей.
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The retina is the most accessible for examination part of the 
nervous system and it is one of the most vulnerable sensory 
tissues. Such properties make the study of neurodegeneration 
ophthalmic correlates highly relevant, opening up opportunities 
for improving the diagnostics and study of neurodegenerative 
processes. Due to embryonic commonality and similarity of 
proteomic composition, the retina can serve as a platform for 
the development of pathological cascades the central nervous 
system is prone to [1]. In particular, retinal damage was found 
in amyotrophic lateral sclerosis (ALS) [2, 3], a disease caused 
by accumulation of insoluble protein aggregates leading to 
progressive death of motor neurons [4].

Protein inclusions in ALS have a complex composition and 
can consist of various proteins, such as RNA-binding proteins 
or the antioxidant enzyme superoxide dismutase 1, as well as 
neurofilaments or ubiquitin [5]. In 5% of familial cases, ALS is 
associated with the accumulation of aggregates, the main 
component of which is the FUS protein. One of the cause for 
the development of FUS proteinopathy is mutations in the 
nuclear localization signal (NLS) domain and the leak of the 
protein from the nucleus into the cytoplasm, where it is prone 
to form insoluble aggregates [6].

With all this background the aim of this study was to 
assess the relationship between neuronal expression of the 
pathological form of the FUS protein and the activation of 
several pathological pathways in the retina.

METHODS

Animals

Transgenic mice carrying the sequence of the aberrant human 
FUS gene encoding a protein with artificially truncated NLS 
(FUS[1-359]) [7] were used as a model recapitulating FUS 
proteinopathy. The FUS[1–359] murine model is characterized 
by progressive paralysis with onset at the age of 3–4 months 
accompanied by the development of morphological and 
molecular signs of neurodegeneration, including neuronal 
death and neuroinflammation [8].

The study was carried out on 25 CD-1 mice (both sexes), 
12 of which were FUS hemizygotes, and 13 served as wild-type 
controls. The mice were kept in conditions of constant access 
to water and food. Light cycle — 12 h/12 h, illumination — 40–50 lx,
temperature — 23 ± 1 °С, humidity — 42 ± 5%. At the age 
of 80–90 days, mice were sedated (Zolazepam + Tiletamine 
+ Xylazine) for ophthalmoscopy. A brief clinical examination 
performed before sedation allowed to exclude animals with signs 
of inflammatory changes in the anterior chamber of the eyeball. 
Ophthalmoscopic examination was performed after application 
of 1% atropine sulfate. To perform quantitative objective analysis, 
the ophthalmologist assessed the fundus picture on a point scale 
from 0 to 5, where 0 points — no violations, and 5 points — 
severe abnormalities. Ophthalmoscopy scoring results presented 
as M ± SD; statistical significance for intergroup differences was 
challenged using the Kruskell–Wallis test. After ophthalmoscopic 
examination, the animals were euthanized with an overdose of 
anesthesia for further collection of biomaterial: totally 24 retinal 
samples were taken from 6 animals from each group for gene 
expression assay, and 8 retinas and 4 lumbar spinal cord samples 
were collected from 4 animals for western blot analysis.

Quantitative PCR

Contralateral retinas from each animal were pulled and 
incubated for 15 min in ExtractRNA solution (Evrogen; Russia). 

After lysis of the sample in the reagent, it was subjected 
to chloroform extraction. The formed RNA precipitate was 
washed sequentially with isopropyl alcohol and 70% ethanol. 
The resulting precipitate was diluted in 20 μL of water, and the 
concentration of the isolated RNA (~ 200 ng/μL) was measured 
using an IMPLENNanoPhotometer® spectrophotometer (Implen; 
Germany). Reverse transcription was performed using the 
MMLVRTSK021 kit in accordance with the manufacturer's 
protocol (Evrogen; Russia).

Primers for quantitative PCR were designed with use of 
Primer-BLAST resource (NCBI) in compliance with the following 
requirements: 1) melting temperature 59–61°C; 2) one of the 
primers in a pair should span exon-exon junction; 3) forward 
and reverse primers should not form auto- and cross dimers; 
4) the size of the PCR product should be from 95 to 200 bp; 
the primers must be specific to the maximum number of gene 
transcripts.

Quantitative PCR was performed in a BioRad CFX96 
amplifier using the SYBR® Green Master Mix intercalating dye 
(Bio-Rad Laboratories, Inc .; USA) and oligonucleotide primers 
(Evrogen; Russia) (Table 1). The expression level of genes of 
interest (GOI) was assessed relative to the housekeeping genes 
(HKG) Gapdh and Actb. Expression at a specific point was 
calculated using the formula: Gene expression = 2 ^ [(Ct (HKG) 
-Ct (GOI)].

Western blot

Retinal samples were pulled from two animals belonging 
to the same group. After separation in the gel, the proteins 
were transferred by semi-dry electroblotting onto a Hybond-P 
polyvinylidene fluoride membrane (Cytiva; UK) pretreated with 
100% methanol, washed with MilliQ water, and soaked in 
transfer buffer containing 25 mM Tris, 0.15 mM glycine and 
20% methanol. Then the membrane with gel placed between 
tightly pressed two sheets of soaked 3MM Wathman paper 
and transferred into in a semi-dry blotter (GE Healthcare 
Amersham; USA) allowing proteins to diffuse to the membrane 
for 30 min at 50 mA (1.2 mA by 1 cm2). After electroblotting, 
the membrane was washed in Tris-Tween buffer (TTB; 50 mM 
Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20) 3 times for 5 
min. The membrane was blocked in a 4% solution of nonfat 
dry milk in TTB for 1 h at room temperature, then incubated 
with primary antibodies in the same solution at 4 °C overnight. 
After incubation with primary antibodies, the membrane was 
washed in TTB 3 times for 5 min and incubated with secondary 
antibodies for 1.5 h at room temperature, and then rewashed 
in TTB 3 times for 5 min. Detection of specific binding of 
antibodies was performed using ECL Plus reagents (Cytiva; UK) 
according to the manufacturer's instructions. X-ray film was 
used to detect chemiluminescence. Semi-quantitative assay 
of the westerns was performed using densitometric analysis 
using a BioSpectrum AC Chemi HR410 instrument and Vision 
Works LS software (UVP; Great Britain). When carrying out 
densitometric analysis, the specific signal from the analyzed 
protein was normalized in relation to the signal from β-actin 
(after the membrane reincubation with the corresponding 
antibodies) for each lane separately.

RESULTS

FUS[1-359] transgenic mice show mild ophthalmoscopic 
abnormalities.

In both groups, some of the animals were found to have 
vascular anomalies and edema of the optic disc, which is 
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Table 1. Primers, used for gene expression assay

Target gene Forward primer sequence Reverse primer sequence Product length, b.p.

Actb 5'–CGC AGC CAC TGT CGA GTC–3' 5'–GCC CAC GAT GGA GGG GAA TA–3' 195

Gapdh 5'–AGG AGA GTG TTT CCT CGT CC–3' 5'–TGA GGT CAA TGA AGG GGT CG–3' 145

Icam1 5'–CAT GCC GCA CAG AAC TGG AT–3' 5'–GGT GTC GAG CTT TGG GAT GG–3' 116

Il6 5'–AAA GCC AGA GTC CTT CAG AGA GA–3' 5'–TGG AAA TTG GGG TAG GAA GGA CT–3' 100

Il1b 5'–GCC ACC TTT TGA CAG TGA TGAG–3' 5'–GAC AGC CCA GGT CAA AGG TT–3' 95

Tnfa 5'–ACT GAA CTT CGG GGT GAT CG–3' 5'–ACT TGG TGG TTT GTG AGT GTG–3' 105

Vegfa 5'–GCA CTG GAC CCT GGC TTT AC–3' 5'–CCA CCA GGG TCT CAA TCG GA–3' 152

Bdnf 5'–CCT GCA TCT GTT GGG GAG AC–3' 5'–GCC TTG TCC GTG GAC GTT T–3' 175

Atg7 5'–GCG GCG ACA GCA TTA GGA TT–3' 5'–ATG GCA GGA AAG CAG TGT GG–3' 118

Atg5 5'–TCA GCT CTT CCT TGG AAC ATC AC–3' 5'–AAG TGA GCC TCA ACC GCA TC–3' 95

Bax 5'–CGA GAG GTC TTC TTC CGG GT–3' 5'–TCT TGG ATC CAG ACA AGC AGC–3' 197

Bcl2 5'–CTG GGA TGC CTT TGT GGA ACT–3' 5'–GGC AGG TTT GTC GAC CTC A–3' 155

Fig. 1. Results of ophthalmoscopic examination. A. Representative ophthalmoscopic pictures of experimental animals. B. Results of scale scoring of ophthalmoscopic picture
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routine finding for CD-1 mice [9, 10]. Statistical analysis did 
not reveal significant differences between transgenic and wild-
type animals; however, FUS[1-359] mice  showed a tendency 
towards more pronounced violations in all studied parameters 
(Fig. 1).

Truncated FUS is not expressed in the retina

Western blot analysis did not reveal the presence of a FUS-
immunopositive signal in the retinal tissues of transgenic mice 
(Fig. 2). Furthermore, quantitative PCR also did not detect FUS 
at the mRNA level. Thus, expression assay did not confirm 
retinal expression of the transgene at either the transcriptome 
or protein levels.

Transgenic FUS[1-359] mice are characterized by increased 
expression of proinflammatory genes in the retina

Gene expression assay found increased levels of 
proinflammatory factors Vegfa, Icam1, Il6, Il1b, and Tnfa in the 
retina of transgenic FUS[1-359] mice. No pronounced changes 
in the expression of genes related to neuroplasticity (Bdnf), 
autophagy (Atg7, Atg5), and regulation of apoptosis (Bax, Bcl2) 
were found (Fig. 3).

DISCUSSION

Retinal involvement has been found in various neurodegenerative 
diseases, including Alzheimer's disease [11], Parkinson's 
disease [12, 13], and frontotemporal dementia [14]. Not 
surprisingly, mild ophthalmic abnormalities are also a frequent 
non-motor symptom of ALS [15]. Among typical clinical 
findings, color vision impairment [16], as well as thinning of the 
retina [17] and macula [18–20], are described.

In our study, we did not find significant differences in 
the severity of ophthalmoscopic changes in the studied 
animals. Nevertheless, for all studied parameters, an 
obvious tendency towards more pronounced disorders was 
revealed in transgenic FUS[1-359] mice. Particularly bright 
differences were found in relation to the retinal vasculature, 
which is consistent with the results of the previous report 
[21].

Since transgene is not expressed in the retina, we aimed 
to elucidate the mechanisms of retinal degeneration by 
studying the activity of the most common molecular pathways 
of neurodegenerative damage to motor neurons. In this 
regard, as the primary targets we focused on genes related to 
inflammation, apoptosis, and autophagy. Although pathways 
of autophagy [22–24] and apoptosis [25] are deeply involved in 
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Fig. 2. Absence of truncated FUS protein in retinal tissues of transgenic mice
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Fig. 3. Normalized heatmap for relative expression of genes related to inflammation (Vegfa, Icam1, Il6, Il1b, and Tnfa), neuroplasticity (Bdnf), autophagy (Atg7, Atg5), 
and regulation of apoptosis (Bax, Bcl2)

ALS as confirmed by various in vivo and in vitro studies, we did 
not find changed expression of genes Atg7, Atg5, Bax, Bcl2. 
However, the expression of the Vegfa, Icam1, Il6, Il1b, and Tnfa 
genes was altered markedly, indicating the role of inflammation 
in the mechanisms of retinal degeneration in FUS[1-359] 
mice. These findings are consistent with previous results 
regarding the dramatic role of inflammatory activation (and its 
pharmacological suppression) in the FUS[1-359] mouse model 
[26, 27].

Thus, despite truncated FUS protein is not expressed 
in retinal tissue, transgenic animals show signs of retinal 
abnormalities. Potential mechanisms of damage to the eye 

fundus may include activation of microglia [28], vascular 
regression [20], and neuro-phthalmic interactions through the 
glymphatic system [29].

CONCLUSIONS

The study has demonstrated that transgenic FUS[1-359] mice 
are prone to the development of structural and functional 
abnormalities of the eye fundus, despite the absence of 
transgene expression in the retina. Further detailing of identified 
violations can highlight the most significant pathways of FUS-
associated retinopathy.
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