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The aim of the work was behavioral and pathomorphological phenotyping of the mice knockout for the DYSF gene, which
plays an important role in the development and progression of dysferlinopathy.

Materials and methods. A B6.A-Dysf"™/Genel (Bla/J) mice subline was used in the work. During the study, a muscle activity
was determined basing on the following tests: “Inverted grid”, “Grip strength”, “Wire Hanging”, “Weight-loaded swimming”,
Vertical Pole”. Histological and immunofluorescent examinations of skeletal muscles (m. gastrocnemius, m. tibialis) were
performed. The presence and distribution of the dysferlin protein was assessed, and general histological changes in the
skeletal muscle characteristics of mice at the age of 12 and 24 weeks, were described. A morphometric analysis with the
determination of the following parameters was performed: the proportion of necrotic muscle fibers; the proportion of fibers
with centrally located nuclei; the mean muscle fiber diameter.

Results. The “Grip strength” test and the “Weight-loaded swimming” test revealed a decrease in the strength of the
forelimbs and endurance in the studied mice of the Bla/J subline compared to the control line. The safety of physical
performance was checked using the “Wire Hanging” test and the “Vertical Pole” test, which showed a statistically
significant difference between the studied mice and control. The coordination of movements and muscle strength of the
limbs examined in the “Inverted Grid” test did not change in these age marks. Decreased grip strength of the forelimbs,
decreased physical endurance with age, reflects the progression of the underlying muscular disease. Histological
methods in the skeletal muscles revealed signs of a myopathic damage pattern: necrotic muscle fibers, moderate
lympho-macrophage infiltration, an increase in the proportion of fibers with centrally located nuclei, and an increase in
the average fiber diameter compared to the control. The dysferlin protein was not found out in the muscle tissues.
Conclusion. Taking into account the results of the tests performed, it was shown that the absence of Dysf/- gene expression
in Bla/J subline mice led to muscular dystrophy with the onset of the development of phenotypic disease manifestations at
the age of 12 weeks and their peak at 24 weeks. Histopathological phenotypic manifestations of the disease are generally
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nonspecific and corresponded to the data of intravital pathoanatomical examination in diferlinopathy patients. The mice of
the studied subline Bla/J are a representative model of dysferlinopathy and can be used to evaluate new therapeutic agents
for the treatment of this disease.

Keywords: dysferlinopathy; DYSF gene; Myoshi’s myopathy; muscular dystrophy; phenotyping; knockout; genotyping;
animals; mouse model; B6.A-Dysf’™!/Gene)

Abbreviations: Bla/) — B6.A-Dysf*™¢/GenelJ; CK — creatine kinase; DNA — deoxyribonucleic acid; PCR — polymerase chain
reaction; bp — base pairs; WT — wild-type mice; EDTA — ethylenediaminetetraacetic acid; Gas M — M. gastrocnemius medialis;
Gas L— M. gastrocnemius lateralis; tib — M. tibialis.
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Llenb. lNoBeaeHyeckoe M natomopdonornyeckoe ¢GeHOTUNUMPOBAHME Mbilei, HOKayTHbIX mo reHy Dysf, urparowemy
Ba)KHEWLWY Po/ib B Pa3BUTUM U MPOrPeccupoBaHmN guchepamHonaTun.

Marepuanbl U metogbl. B paboTte ucnonb3osaHa cyb6auHuUA mbiweit B6.A-DysfP™d/Genel (Bla/)). B xoge nccneposaHusa
onpeaensanv MblleYHYI0 aKTUBHOCTb NPY NOMOLLM CeAyoLnX TecToB: «epeBepHyTas ceTka», «Cnna xBaTku», «YaepikaHue
Ha NPOBOJIOKeY, «BbIHy)Kp,eHHoe nnaBaHMWe C rpysom», «yp,ep»(aHme XUBOTHOIO Ha CKOJ/Ib3KOM BEPTUKA/IbHOM CTEPXKHEN.
BbINONIHEHO TUCTONOTMYECKOE U UMMYHOD/IFOOPECLEHTHOE UCC/Ef0BAaHUE CKENETHOW MyCKynaTypbl (m. gastrocnemius,
m. tibialis). OueHeHO Hanuuue u pacnpegeneHve 6enka gucdepnuHa, onucaHbl ObLLME TMCTONOTMYECKUE U3MEHEHUA
CKe/IeTHOM MblLWLbl, XapaKTepHble A5 Mblwel B Bo3pacTe 12 n 24 Hepenb. TakkKe BbINOAHEH MOPOOMETPUYECKUIA aHANU3
C onpeaeneHnem cneayroLwmx NapaMeTpoB: A0NA HEKPOTU3NPOBAHHBIX MblLLUEYHbIX BOJIOKOH; 014 BOMIOKOH C LEeHTPa/lbHO
PacnoNoXKeHHbIMWU AAPAMWN; CPEAHUI ANAMETP MbILLEYHOFO BOSIOKHA.

Pe3ynbtatbl. TecT «Cnna xBaTkn» U «[pUHYAUTENBHOE NAaBaHUE C FPy30M» BbIABU/IU CHUXKEHWUE CUIbI MePeAHUX KOHEYHOCTEN
1 BbIHOC/IMBOCTH Yy UCC/IeAyeMbIX Mblwei cy6iuHum Bla/) no cpaBHEHUIO C KOHTPOJIbHOM MHKUEeNR. CoXpaHHOCTb GU3nyecKom
paboTocnocobHOCTM MpoBEPEHa MPX MOMOLM TECTOB «[POBOMOYHbIN TECT» U «YAEpXKaHUE KMBOTHOMO Ha CKOIb3KOM
BEPTUKA/IbHOM CTEepPXXHe», KOTOpble MOKa3a/M CTaTUCTUYECKM 3HAYMMOe pasinyvme mexay uccnegyembiMn Mblllamn U
KoHTponem. KoopanHauusa ABUMKEHUIM U MbllleYHAs CUla KOHEYHOCTel, UCCNeaoBaHHbIX B TecTe «llepeBEpHYTas ceTKa»,
B AaHHbIX BO3PACTHbIX MEeTKaX He U3MEeHeHa. YMeHbLIEHNE CUNbI XBATKMU nepegHux KOHe‘-IHOCTei;I, CHUXXeHune ¢VI3VI‘-IeCKOI7I
BbIHOC/IMBOCTM C BO3PACTOM OTPaXKaeT MNPOrpeccrpoBaHME OCHOBHOTO MbIWEYHOro 3abonesaHus. MCTONOrMYECKUMMU
MEeToAaMM B CKENETHOM MYCKy/IaType BblsiB/IEHbI NMPU3HAKM MUOMATUYECKOTO NaTTepHa NOBPEXKAEHUA: HEKPOTU3UPOBAHHbIE
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MbILIEYHbIe BO/IOKHA, YMepeHHasa IMMmbo-makpodaranbHaa MHGUABTPALMA, yBENUYEHWE NO CPABHEHUIO C KOHTPO/IEM L0/
BOJIOKOH C LEHTPa/IbHO PAcMONOKEHHbIMU AAPaMK, CPEAHErO0 AMAaMETPaA BONOKHA. benok anchepanH B TKaHAX MbIWL, He
06HapyKeH.

3akntoueHune. C y4eTom pesy/ibTaToB NPOBeAeHHbIX TECTOB MOKa3aHo, YTO OTCyTCTBMEe 3Kcnpeccuu reHa Dysf/ y mbiweit
cybanHumn Bla/) npuBogMAO K MbIEYHOW AUCTPOGUM C HAYANOM Pa3BUTMA GEHOTUMUYECKUX MPOABAEHMI 60MesHU B
12 Hepenb KU3HM U UX NMWUKOM K 24 Hepene. lMatoructonornyeckme GeHOTUNUYECKME MPOABAEHUA 6ONE3HM B LEs oM
HecrneumMonYHbl U COOTBETCTBOBAMIM AAHHLIM MPUNKW3HEHHOMO MNATO/IOFOAHAaTOMMWYECKOTO UCCAEf0BaHUA Y NaLMEHTOB C
andepamHonaTmen. Mbiwmn uccnegyemoin cybavmHum Bla/) saBaaloTca penpeseHTaTUBHON Moaenbio avcdepavHonaTum m
MOryT 6bITb MCMOb30BaHbI ANA OLEHKN HOBbIX TEPANEBTUYECKUX CPEACTB A/A JIeHeHUA JaHHOro 3aboneBaHumA.

KnioueBble cnosa: auchepnavHonatusa; reH Dysf; muonatna Muolwm; mbiweyHas guctpodus; GeHoTUNUpoBaHUE; HOKAyT;
reHOTUNMPOBaHMeE; TPAHCTEHHbIE XMBOTHbIE; MbllMHaA Mogesnb; B6.A-Dysf™m!/Gene)

CnucoKk cokpauwieHwmit: Bla/) — B6.A-DysfP™!/Genel; KK — KpeaTuHKkuHasza; OHK — 0e30KCMpUBOHYKNEMHOBAA KWUC/IOTa;
MLP—nonvmepasHas LenHan peakumsa; n.0.—nap ocHoBaHU1, WT—MbIWwn guKoro Tuna; 4TA —3TUneHaNaMUHTETPAYKCYCHasA

Kucnota; Gas M — M. gastrocnemius medialis; Gas L — M. gastrocnemius lateralis; tib — M. tibialis.

INTRODUCTION

Dysferlinopathy is phenotypically heterogeneous
progressive muscular dystrophy caused by mutations
in the DYSF (2p13) gene, which encodes the
transmembrane protein dysferlin (230 kDa) involved
in the sarcolemma repair. [1]. Dysferlinopathy includes
a presymptomatic stage of an asymptomatic increase
in the level of creatine kinase (CK) in the blood, and a
manifest stage, characterized by a progressive lesion of
the proximal and/or distal muscles of the extremities
[2]. There are five main phenotypes of dysferlinopathy:
Miyoshi’s distal myopathy (OMIM # 254130), limb-girdle
muscular dystrophy R2 (LGMD R2, OMIM # 253601);
distal myopathy of the anterior bed of the leg (distal,
with the origin in the anterior tibial muscle (DMAT,
OMIM # 606768); a proximal-distal form (transitional
form) and a congenital phenotype [3]. Dysferlin consists
of seven C2 domains and is a transmembrane protein
of skeletal muscles, also expressed by cardiomyocytes
and monocytes [4]. The main role of dysferlin is Ca?
dependent repair of the sites of the sarcolemma damage
[5]. Dysferlinopathy is manifested in the range from late
adolescence to early adulthood, followed by a steady
increase in disease manifestations [6].

The disease manifestation occurs in late
adolescence — early adulthood, followed by a steady
progression of muscle weakness and an outpatient
status loss at 35-45 years [7].

A proper conduct of a clinical trial requires
understanding of disease progression patterns and
response to various outcome measures over time [8].
The complexity of choosing indicators for clinical studies
of dysferlinopathy is determined by the variability of
the manifestation age, a phenotype, a severity of the
muscular dystrophic process, a variable progression rate,
and modifying factors that have not been fully identified
[9]. It has been previously shown that the assessment
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of a motor function in dysferlinopathy is a reliable
method of objectification, however, the variability in the
rate of progression of the disease makes it difficult to
demonstrate a response in small cohorts [10, 11]. It has
been established that, despite the absence of dysferlin
protein expression in skeletal muscles, there is a variation
in the age of manifestation, clinical manifestations, and a
disease severity. Similarly, dysferlinopathy can progress
at different rates, even in the presence of the same
mutation [12, 13]. A number of factors that modify a
phenotype and a dysferlinopathy progression rate have
been described: a physical activity degree and duration
and a type of mutation (homozygosity for nonsense
mutations), in the absence of stable clinical and genetic
correlations [14, 15].

THE AIM of the work was behavioral and
pathomorphological phenotyping of the mice knockout
for the DYSF gene, which plays an important role in the
development and progression of dysferlinopathy.

MATERIALS AND METHODS

Laboratory animals

The subline of mice B6.A-Dysf"™¢/Genel (Bla/J),
obtained from the testing center “Vivarno-experimental
complex LLC “Mitoengineering Research Institute of
Moscow State University”, was used in the work. The
animal cohorts were obtained by crossing A/J mice
(#:000646), in which a spontaneous insertion in intron
4 was accidentally detected, with C57BL/6J wild-type
mice. Maintenance and reproduction of the colony was
carried out by crossing mutant animals with each other
from the same litter.

Experimental and control (Bla/J, n=20; C57BL/6,
n=10 and n=13) animals were kept in a pathogen-
free vivarium of Belgorod State National Research
University under conditions of artificially regulated
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daylight hours (12 hours of darkness and 12 hours
of daylight) at the temperatures from +22 to +26°C,
and had a free access to food and water. The work
was guided by ethical principles for the treatment of
laboratory animals in accordance with the European
Convention for the Protection of Vertebrate Animals
used for Experimental and Other Scientific Purposes
(ETS No 170). All painful manipulations with the animals
were carried outinaccordance with regulatory standards:
Directive 2010/63/EU of the European Parliament and
of the Council of the European Union dated September
22, 2010 on the protection of the animals used for
scientific purposes. Experimental studies were approved
by the Bioethical Commission of Belgorod State National
Research University (protocol No. 15/10 dated 2021
Oct 29). Vivisection was carried out in accordance with
the ethical principles for the treatment of laboratory
animals as set out in the European Convention for the
Protection of Vertebrate Animals used for Experimental
and Other Scientific Purposes (CETS No. 123).

Behavioral tests were carried out mainly in
the morning hours with fixed “home” lighting (to
minimize the stress factor). Representative groups of
the experimental animals were formed (homozygous
knockouts — Bla/J, n=20). The groups were tested at two
age points — 12 and 24 weeks — and the control animals
without a genome modification (WT, n=10 and 13,
respectively).

Inverted Grid Test

The inverted grid is a 45x45 cm wire grid with a
mesh size of 12x12 mm and a wire diameter of 1 mm,
surrounded by a 4 cm partition preventing a mouse from
attempting to climb over to the other side. The test is
used to assess the coordination of movements and
muscle strength of both pairs of limbs. The mice were
placed in the center of a wire grid, which was inverted
and placed 50 cm above a soft surface. The fall time of
the animal was recorded or the animal was removed
from the grid if the time reached 180 sec. The test was
evaluated in points: the more time the animal managed
to hold on the higher its score was [16—-18].

Grip strength test

The setup was a stainless-steel grid connected to
a sensor to measure the grip strength (in grams) of a
mouse’s forelimbs. The animal was allowed to grasp a
horizontal grid with its front paws, and then the mouse
was pulled back by the tail until its grip was weakened,
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while the hind legs of the mouse should not touch the
grid. The force measurement sensor stored the peak
value of the thrust force. The test was used to study the
function of the neuromuscular system. For the analysis,
the mean values from 5 successful measurements of the
forelimbs strength were used [19, 20].

Wire Hanging test

The test was based on the instinct of mice to avoid
falling. The mouse was placed on a horizontally stretched
wire with the capture of all four limbs (the diameter of 3
mm, the height above the surface of 60 cm). The ability
to stay on the wire was measured by evaluating the time
the mouse had been held until the moment of falling,
using a stopwatch timer. The best result of two attempts
was taken as the final value, the pause between which
was 20 min [21, 22].

Weight-loaded swimming test

A physical performance of the animals in this test
was assessed by the swimming duration with a load,
which was 5% of the body weight (the weight of the
load had been found out experimentally), attached to
the root of the animal’s tail with a rubber bandage. The
weight of the animals was determined with an accuracy
of 0.1 g; the load was selected with an accuracy of
0.01 g. The duration of testing (swimming) was recorded
using a stopwatch timer with an accuracy of 1 sec. The
end of the experiment was considered the moment of
the animal’s fatigue, the sign of which was the animal’s
inability to rise to the water surface within 5 seconds or
a refusal to swim (submersion to the bottom for more
than 5 sec). A sign of the animal’s fatigue was a violation
of the motor-coordination function (rotation around its
axis and falling on its side in the water column).

Swimming was carried out in organic glass vessels
with an inner diameter of 30 cm and a height of 60 cm.
The height of the water column was 30 cm, and the
water temperature was 23+1°C [23, 24].

Vertical Pole test

In the studies on laboratory animals for screening
and assessing the safety of physical performance, this
technique was mainly used. The setup consists of a tripod
with a diameter of 7 mm and a height of 60 cm, with a
plastic fence installed on the top. For the experiment,
the animal was placed at the same distance from the top
of the tripod strictly upside down, at least 1 m above the
floor. The time of the animal’s fall from the tripod using a
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stopwatch, was recorded. The preservation of a physical
performance was judged by comparison with the control
group [25].

Genotyping of transgenic animals

For the analysis, genomic DNA was obtained by
ear biopsy (about 30 mg of tissue). The biopsy material
was placed in a lysing solution containing 100 mM
of sodium chloride, 50 mM Tris-HCI (pH 8.0), 2 mM
ethylenediaminetetraacetic acid (EDTA), and 2 mg/ml of
proteinase K. The material was incubated at 55°C for 12—
16 h, after that the reaction mixture was heated at 85°C
for 40 min. The lysate was centrifuged using a Thermo
SL16R laboratory centrifuge (Thermo Scientific, USA) for
1 min at 10,000 g, and 1 pl of the supernatant was used
as a template in the PCR reaction.

Primer sequences from the JAX protocol (Protocol
26095) were used. They simultaneously amplified
the retrotranspason area (if present) and the animal
genomic DNA area. A mixture of 3 primers was used in
the reaction:

1) reverse primer DYSF-R (5’: CTT CAC TGG GAA GTA
TGT CG), homologous to the sense strand sequence of
intron 4 of the DYSF gene, is common;

207 bp product (WT)
[ P—
||||”|”[IIIII|IIII|II 1111
5]
dystR

on
rotranspos
l

T'I'TTT'T'TMT'I'I'I'

N

IlllLLLLI.IIIIIII

dysf-F

>
5

2) forward primer DYSF-F (5: TTC CTC TCT TGT CGG
TCT AG), homologous to the sequence of the antisense
strand of intron 4 of the DYSF gene, is common;

3) specific forward primer ETn-oR (5’: GCC TTG ATC
AGA GTA ACT GTC), homologous to the sequence of long
terminal repeats (3’LTR) in the retrotransposon inserted
into intron 4.

The reaction mixture contained 1x Taq Turbo buffer
(Evrogen, Russia), 0.2 mM of each dNTP (Evrogen, Russia),
0.5 uM of each forward primer and 1 uM of common
reverse primer, 2 units of HS Tag DNA polymerase
(Evrogen, Russia). The amplification program consisted
of the following steps:

1. Activation of HS Tag DNA polymerase at 95°C for
3 min;

2. Denaturation — at 95°C for 20 sec;

3. Annealing — at 60°C for 20 sec;

4. Elongation — at 72°C for 20 sec;

5. Cyclic repetition of steps 2—4 — 30 times;

6. Final elongation —at 72°C for 2 min.

Amplification  products separated by
electrophoresis in 3% agarose gel in 1x TAE buffer (40
mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, 0.5 pg/ml
ethidium bromide) at 90 V for 60 min.

were

e

TTTTT T
1T IIIrlll”””lI””””I|’_L’_LLUL]‘LU:ULU‘UJ;U:LLLUJ””l”l”””””IIIrlll

234 bp product (mutan) |

Figure 1 — Scheme of primers position for amplification of genomic area (wild type) and 3’LTR area of

retrotransposon (mutant)
Note: WT — wild type; DYSF-F — common forward primer; DYSF-R — common reverse primer; ETn-OR — forward primer homologous to 3’'LTR
area of retrotransposon; 5’LTR, 5’ — long terminal repeats; 3’LTR — 3’ — long terminal repeats.
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Figure 2 — Detection of retrotransposon presence in Bla/J mice by PCR
Note: product size WT (wild type) is 204 bps; product size Bla/J 237 — bps; NTC — negative control without template.
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Figure 3 — Physiological parameters of Bla/J mice
Note: the analysis of forelimbs grip strength in the “Grip strength test” (A and B), endurance in the “Weight-loaded swimming test” (C and D),
physical performance in the “Wire Hanging test” (E and F) and the “Vertical Pole test” (G and H), coordination of movements and limbs muscle
strength in the “Inverted Grid test” (K and L). Experimental Bla/J and control mice without a genome modification (WT) were tested at the age
of 12 (A, C, E, G, K) and 24 weeks (B, D, F, H, L). Medians and a standard error of the mean are presented, the number of animals is indicated at
the bottom of the corresponding column. Samples were tested for normality, and statistical significance was assessed using the Mann-Whitney
U-test (**p <0.01; ***p <0.0004, ****p <0.0001).
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Figure 4 — Immunofluorescent reaction with antibodies to dysferlin
Note: A — C57Bl mouse; B —line Bla/J mouse. Red color — detectable dysferlin of sarcoplasmic localization, blue color —
nuclei. Finishing dyeing: DAPI. Magnification x200

Figure 5 — Striated skeletal muscle tissue of studied animals
Note: A — control, C57BIl; B-D —Bla / J. 1 — endomysial and perimysial edema; 2 — fibers with centrally located nuclei;
3 —lympho-macrophage infiltration around necrotic muscle fibers; 4 — necrotic muscle fibers, incl. macrophage invasion;
5 —rounded muscle fibers. Colour: eosin. Magnification: A—C x200, D x400
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Figure 6 — Morphometric parameters of striated skeletal muscle tissue of Bla/J mice at 12 and 24 weeks of age
Note: A — proportion of necrotic muscle fibers; B — Average cross-sectional area of muscle fibers; C — proportion of central nuclear
muscle fibers (CNMFs); D — proportion of connective tissue in skeletal muscle (*p < 0.05)

Pathological examination

The material included tissue fragments of M.
gastrocnemius medialis (Gas M), M. gastrocnemius
lateralis (Gas L), and M. tibialis (tib) skeletal muscles
obtained from Bla/J mice and wild-type mice (WT) with
a functional DYSF gene. The cryopreserved material was
transferred to the chamber of a Thermo Fisher Scientific
HM525 NX cryostat (USA), where it was oriented on a
freezing platform in a mounting gel NEG-50 (Richard-
Allan Scientific, TS, USA). The sections obtained were
3-7 microns thick. The slides with cryosections were
fixed in 10% neutral buffered formalin (Biovitrum,
Russia) for 10 min. Next, they were washed 3 times for
5 min in a Tris-HCL buffer solution pH 7.4 (Nevareaktiv,
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Russia); Background Block solution (Cell Marque, USA)
was applied, the cryosections were transferred to a
humid chamber, where they were incubated for 1 h. The
protein block was removed by swiping, then primary
recombinant rabbit monoclonal antibodies were applied
to dysferlin (clone: JAI-1-49-3; ab124684; Abcam, UK)
diluted 1:200 with Diamond: Antibody Diluent (Cell
Marque, 938B-05, USA), in which cryosections were kept
for 2 h at room temperature in a humid chamber. Over
time, the sections were washed three times in a Tris-
HCL buffer solution, after which a 1-hour incubation was
performed at room temperature in a humid chamber
with secondary goat anti-rabbit 1IgG H&L antibodies
(Alexa Fluor 555, abcam, ab150078, UK) diluted in the
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ratio of 1:500 with Diamond:Antibody Diluent. After an
hour, the sections were washed 4 times in a Tris-HCL
buffer solution and incubated in a DAPI working solution
(Thermo FS, D1306, USA) for 10 min. The conclusion
was carried out in the mounting medium of glycerogel
according to Kaiser.

For the paraffin sections manufacturing, after
fixation, the tissue material was subjected to
standard histological wiring, paraffin embedding, and
microtoming. After deparaffinization, the sections were
stained with hematoxylin and eosin according to the
standard method. Photodocumentation was carried out
using a computer video system (IBM PC + Leica DM 1000
microscope, Germany) and the ImageScope-M software
package (Russia).

Based on the previous studies [26, 27], the estimated
parameters for morphometry were chosen: the cross-
sectional area of the muscle fiber, as well as the number
of fibers with an internalized nucleus and the number of
necrosis in relation to the total number of fibers in the
field of view.

Statistical processing

Statistical processing was performed using GraphPad
Prism Software 8.0 (GraphPad Software Inc, USA).
Depending on the feature distribution type and equality
of variances, the significance of the results obtained was
assessed using a parametric (ANOVA) or nonparametric
(Kruskal-Wallis test) one-way analysis of variance, and
unpaired Student’s t-test was used as a post-hoc analysis
to identify differences in intergroup comparisons, the
Mann-Whitney test, respectively, with a Benjamini-
Hochberg correction for multiple hypothesis testing. The
results were considered significant at p <0.05.

RESULTS

To form representative groups of experimental and
control animals synchronized by age, first the number
of related sires corresponding to the objectives of the
experiment were received. Crossing of homozygous
mice with a mutation was performed with mice of the
same genotype against the same genetic background
obtained in the previous crosses. The offspring were
genotyped by conventional PCR using three primers, one
of which is specific for the mutation.

A schematic representation of the primers position
for the amplification of the inserted retrotranspase is
shown in Fig. 1.

In mutant mice, a retrotransposon larger than 6k
bps was inserted into the fourth intron of the DYSF
gene, which made it possible to use a system of three
primers to identify a localized mutation in the allele.
DYSF-F is homologous to the genomic sequence area
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of the intron located before the insertion sequence of
the retrotransposon. Due to this, in case of the primer
annealing on the mutant allele, the synthesized chain
will not have time to amplify to the area homologous
to the reverse primer —an amplicon with a size of more
than 6 thousand bps will not form and accumulate in
large numbers during PCR. ETn-oR is homologous to
the retrotransposon area in the long terminal repeats
(on the 3’ LTR side). In combination with the reverse
primer DYSF-F, which is homologous to the area of the
intron genomic sequence that makes it possible for
193 nucleotide pairs to be flanked. This arrangement of
primers led to the successful separation of mutant and
wild type animals because of conventional PCR (Fig. 2)
[28, 29].

Ho M. etal showed the insertion of a retrotransposon
into a certain area of intron 4 (495 base pairs from
exon 4 and about 4400 base pairs (bps) to exon 5)
with a substitution of 6 bps [30]. The results of the
genotyping confirmed the presence of the mutation in
the homozygous form of the studied animals.

As a result of the amplification of wild-type animals
images, a fragment of 204 bps was formed. In Bla/)
animals homozygous for the mutant allele, a fragment
237 bps long was formed after the amplification of the
DYSF gene sequence (marker 100+bp DNA Ladder).

To study a motor function, representative groups of
experimental animals (homozygous knockouts — Bla/J)
(n=20) were formed, the groups were tested at two
age points — of 12 and 24 weeks and control animals
without a genome modification (WT) (n=10 and n=13,
respectively).

In the Grip Strength test, forelimb strength was
significantly reduced in control mice compared to Bla/J
mice at both age points (Fig. 3 A and B). In the Weight-
loaded swimming test (Fig. 3 C and D), a difference was
found out between the control and experimental mice
at the age of 24 weeks and 12 weeks, respectively. This
indicated a decrease in the endurance of mice at the age
of 24 weeks with developing pathology.

The following physical performance tests were
carried out: “Wire Hanging test” (Fig. 3 E and F) and
“Vertical Pole test” (Fig. 3 G and H). As a result of the
tests, it was found out that at the age of 24 weeks, there
was a decrease in the physical performance of the Bla/J
line mice compared to the C57BL/6)J line.

In the “Inverted grid test” in the animals of both
groups (Fig. 3 K and L), the coordination of movements
and muscle strength of the limbs did not differ
statistically significantly. Thus, in these age marks, the
studied indicators did not change.

When setting up immunofluorescent reactions with
antibodies to the dysferlin protein in the samples of
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mutant animals, this protein was not detected; in the
control tissues, sarcolemmal localization of dysferlin
was detected, which corresponds to the canonical
descriptions for skeletal muscle tissue (Fig. 4).

Histopathologically studied muscle tissue in the
research of transverse sections was characterized by
an age-related increase in the myopathic pattern and
a violation of the tissue architecture. In contrast to the
transverse sections of the WT mice muscle tissue, the
fibers of the evaluated animals were characterized by
polymorphism in cross sections and different sizes. In
addition, compared to the WT mice, the cross section
of Bla/J had a larger diameter: the so-called round
muscle fibers were present in a significant amount. The
muscle tissue of the studied animals was characterized
by necrosis of single muscle fibers, the number of which
increased by the age of 24 weeks. Around focal necrosis,
accumulation of leukocytes can be notified, as well as
invasion of macrophages under the basement membrane
of the fiber and phagocytosis of the anesthetized part of
the sarcoplasm. An important diagnostic criterion was
a pronounced number of fibers with centrally located
nuclei (central muscle fibers), which is interpreted in
the scientific literature as a cytoskeleton destruction of
the muscle fibers and/or an active regeneration process
with the appearance of muscle tubules.

Attention is drawn to the edema of the endomysium
and perimysium, as well as mild lymphomacrophage
infiltration (Fig. 5). With an increase in the life expectancy
of mutant animals, hyperplasia of the endomysium and
perimysium was notified, which was expressed in an
increase in the proportion of connective tissue in the
composition of the muscular organ (Fig. 6).

A morphometric evaluation and statistical processing
of the main tissue parameters revealed significant
differences in the number of necrotic muscle fibers in
WT mice, both when comparing the index at 12 and 24
weeks of age, and between the animal lines. Significant
intra- and intergroup differences were established in
terms of indicators: the proportion of central nuclear
muscle fibers, the average cross-sectional area of the
muscle fibers and the proportion of connective tissue
(Fig. 6). As shown by the previous studies, an increase
in the cross section of the muscle fibers should be
considered as compensatory working hypertrophy
due to the death of some of the structural units of the
muscle. With a longer period of the animals observation,
a breakdown of this process and a gradual atrophy of the
muscle were established, which was later accompanied
by a decrease in this indicator.

DISCUSSION
The identification of a representative in vivo model
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of dysferlinopathy is important for the search for new
therapeutic targets and the study of the pharmacological
activity of new drugs aimed at treating this pathology.
Major mouse strains of dysferlinopathy with a complete
lack of a dysferlin expression include the A/J#s*/- (A/)),
SIL/)dst/-(SIL/)), and BLA/J®/- (BLAJ; B6.A) animal
strains. (Dysf"™¢/Genel), which have similar, with minor
changes, phenotypic manifestations of the disease [31]
and pronounced histopathology [32].

The studies examining a muscle function in the
mice lacking a dysferlin (Dysf'/") expression, have shown
conflicting results. The lack of a sufficient repeatability
and reproducibility of preclinical studies characterizing
diferlinopathic mouse strains, may be partly due to
the differences in a disease severity and phenotypic
manifestations in specific strains of Dysf/- mice of
different origins and/or the lack of suitable control
colonies of wild-type mice for their comparison [33].

In the course of this study, representative groups
of experimental (homozygous Dysf/- — Bla/J knockouts)
and control animals (C57BI/6), age-synchronized, which
were further genotyped by conventional PCR, were
formed. The authors used primer sequences from the
JAX protocol (Protocol 26095), which simultaneously
amplify the retrotranspason area (if present) and the
animals’ genomic DNA area. The absence of a DYSF gene
expression in Bla/) mice led to muscular dystrophy, as
a result of which the disease began to develop from
the 12% week of life of the animal, and the peak of
phenotepic manifestations could be observed at the 24
week.

When conducting behavioral testing, the authors
showed that a physical activity and endurance of the
studied animals decreases with age in comparison with
the control group. This is confirmed by the “Grip Strength
test”, in which the indicators decreased in comparison
with the control by 22.2% at 12 weeks, by 25.1% at 24
weeks and by 9.5% between the experimental groups
at two age points (54.47+2.659 and 49.27+1.157,
respectively). When conducting the “Weight-loaded
swimming test”, a difference was revealed in comparison
with the control by 32.3% at 12 weeks, by 50.5% at 24
weeks and by 53.3% between the experimental groups
at two age points (393.6+59.26 and 183.8+24.94). The
preservation of physical performance was checked using
the following tests: The “Wire Hanging test” (68.00+
8.809; 31.81+3.637) and the “Vertical Pole test” (13.67
+1.875), which showed a decrease in results of the
studied animals at 24 weeks compared with the control
by 64.4% and 82.9%, respectively. The data on the
criteria for the coordination of movements and muscle
strength of the limbs, studied in the “Inverted Grid test”,
did not change at these ages.
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The results obtained in the course of behavioral
testing, i.e., a decrease in the grip strength of the
forelimbs and a decrease in physical endurance with age,
reflect the progression of the underlying muscle disease
in the studied animals. Based on this, it can be concluded
that the studied experimental model describes the
clinical picture of dysferlinopathy in patients with this
disease.

The histological study also showed that with an
increase in the life expectancy of mutant animals,
hyperplasia of endomysium and perimysium was
notified. That was expressed in an increase in the
proportion of connective tissue in the composition of
the muscular organ. Significant intra- and intergroup
differences were established in terms of indicators: the
proportion of central nuclear muscle fibers; the average
cross-sectional area of muscle fibers; the proportion of
connective tissue. As shown by the previous studies, an
increase in the cross section of muscle fibers should be
considered as compensatory working hypertrophy due
to the death of some of the structural units of the muscle.
With a longer period of observation, a breakdown of this

process and gradual muscle atrophy were established,
which was subsequently accompanied by a decrease in
this indicator.

CONCLUSION
Using such tests, like: “Inverted Grid”, “Grip
strength”, “Wire Hanging test”, “Weight-loaded

swimming”, “Vertical Pole test”, it was found out that
the lack of Dysf/- gene expression in the mice subline
Bla/J B6.A-Dysf"™d/Genel (Bla/J), can lead to muscular
dystrophy. This pathology had been manifesting itself
from the beginning of the disease development of
phenotypic manifestations since the 12* week of life.
The peak of phenotypic manifestations occurred at
the 24" week of the animals’ life. Histopathological
phenotypic manifestations of the disease are generally
non-specific and consistent with the data of intravital
pathological examination in patients with diferlinopathy.

B6.A-Dysf"™m{/Genel) (Bla/)) subline mice are a
representative model of dysferlinopathy and can be
used to evaluate new therapeutic agents for this disease
treatment.
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