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Abstract
Aims: To assess effects of DF402, a bioisostere of Dimebon/Latrepirdine, on the disease progression in the transgenic model of amyotrophic lateral sclerosis (ALS) caused
by expression of pathogenic truncated form of human FUS protein.
Methods: Mice received DF402 from the age of 42 days and the onset of clinical
signs, the disease duration and animal lifespan were monitored for experimental and
control animals, and multiple parameters of their gait were assessed throughout the
pre-symptomatic stage using CatWalk system followed by a bioinformatic analysis.
RNA-seq was used to compare the spinal cord transcriptomes of wild-t ype, untreated,
and DF402-treated FUS transgenic mice.
Results: DF402 delays the onset and slows the progression of pathology. We developed a CatWalk analysis protocol that allows detection of gait changes in FUS transgenic mice and the effect of DF402 on their gait already at early pre-symptomatic
stage. At this stage, a limited number of genes significantly change expression in
transgenic mice and for 60% of these genes, DF402 treatment causes the reversion
of the expression pattern.
Conclusion: DF402 slows down the disease progression in the mouse model of ALS,
which is consistent with previously reported neuroprotective properties of Dimebon
and its other bioisosteres. These results suggest that these structures can be considered as lead compounds for further optimization to obtain novel medicines that might
be used as components of complex ALS therapy.
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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease

|

M ATE R I A L S A N D M E TH O DS

2.1 | Animals

primarily characterized by dysfunction and death of lower and upper
motor neurons. There is no cure for this fatal disease, and the effi-

Transgenic mice expressing C-terminally truncated form of human

cacy of Riluzole and Edaravone, the only drugs approved for treat-

FUS under control of the neurospecific Thy-1 regulatory sequences

ment of ALS patients, is very low. Suggested mechanisms of action

(FUS[1–359]-line 6) have been produced and characterized pre-

for these two drugs are different; Riluzole is believed to be neuro-

viously.33 A line S-FUS[1–359] produced by backcrossing of the

protective because of its ability to block glutamate excitotoxicity,

original FUS[1–359] line 6 mice with CD1 mice34,35 was used in the

whereas Edaravone acts as a scavenger of oxygen radicals (reviewed

current study. Cohorts of experimental animals were formed from

in Refs1,2). A growing number of re-purposed and new drugs as well

hemizygous transgenic and wild-t ype male littermates. Genotyping

as alternative therapeutic approaches entering clinical trials (for

was carried out using a PCR protocol described previously.33 Animals

recent review, see Refs3,4) raise hope that efficient treatment of

were housed in a specific pathogen-free facility with controlled envi-

different forms of familial and sporadic ALS could be achieved by

ronment (temperature 21 ± 2°C, a humidity of 40%–60%, 12-h light/

designing tailored combinations of traditional pharmacological and

dark cycle) and ad libitum access to food and water. Animal work was

modern biomedical approaches. Therefore, a search for potential

carried out in accordance with the ARRIVE guidelines 2.036 and the

components of efficient ALS therapy should include various types

United Kingdom Animals (Scientific Procedures) Act (1986) and was

of potentially neuroprotective drugs, particularly those with pleio-

approved by The Bioethics committee of Institute of Physiologically

tropic effects on physiological and pathological processes in the

Active Compounds, Russian Academy of Sciences (Approval No. 20

nervous system.

from 23.06.2017).

In the last decade, gamma-c arbolines have attracted attention
as potential neuroprotectors in the nervous system affected by
neurodegenerative processes. 5–14 Their neuroprotective activity can be explained by a combination of multiple mechanisms

2.2 | DF402 treatment and monitoring of the
disease phenotype

of action described for these compounds.11,15–28 Irreversible
pathological aggregation of certain proteins contributes to patho-

Dimebon bioisostere DF402 (2,8-Dimethyl-5-[2-(6-trifluoromethyl

genesis of all types of ALS and therefore, it is an obvious target

pyridin-3-yl)ethyl]-2,3,4,5-tetrahydro-1H-pyrido[4,3-b]indole dihy-

for therapeutic intervention. The first gamma-c arboline found

drochloride) was synthesized in IPAC RAS as described elsewhere.37

to affect pathological protein aggregation was Dimebon (also

Similar to DF302, another fluorine-containing and structurally close

known as Latrepirdine), originally approved and for many years

derivate of Dimebon, that was previously assessed for its ability

used as an antihistamine drug. An ability of Dimebon to pre-

to ameliorate neurodegenerative processes in various models,9,12

vent accumulation of cytoplasmic proteinaceous inclusions has

DF402 is water soluble, stable in aqueous solutions, and non-toxic to

been first demonstrated in cultured neurons expressing a highly

cultured cells and experimental animals. Animals received DF402 in

29

the drinking water (70 µg/ml; correspondent to daily dose of 12 mg/

Further studies in various cellular models of proteinopathies con-

kg/day after adjustment to average daily water intake in these mice)

firmed anti-a ggregation properties of Dimebon and demonstrated

from the age of 42 days. The same administration protocol and a

its ability to activate autophagic mechanism of pathological ag-

drug dose were used for assessing the efficacy of Dimebon in our

aggregation-p rone variant of RNA-b inding protein TDP-4 3.

10,11,21,22,27,30

Consistently, chronic treatment

previous studies9,31,38 and in two mouse models of neurodegenera-

with Dimebon, when started at a pre-s ymptomatic stage of the

tion, a slowing down of pathology progression was achieved.9,31 To

disease, delayed the onset of clinical signs, slowed down disease

collect data about the disease onset, disease duration, and animal

progression, and increased animal lifespan in several mouse mod-

lifespan, mice were assessed daily for the development of first signs

els of neurodegeneration, including those that recapitulate key

of neuronal pathology (paresis of a limb, unstable gait, hunched pos-

features of ALS.7,9,28,31,32 However, the efficacy of Dimebon in

ture, clasping reflex, decreased motility). Observations continued

ameliorating pathology in these models was low and in attempt

after the disease onset and animals were humanely killed when their

to produce more efficient compounds, several bioisosteres of

conditions reached the severe level as specified by the Home Office

Dimebon have been synthesized. Neuroprotective properties

Licence.

gregate elimination.

have been demonstrated for some of fluorinated bioisosteres in
mouse models.9,12
Here, we studied effects of one of these bioisosteres, DF402,

2.3 | Animal gait analysis

on the disease triggered in transgenic mice by neuron-specific expression of a highly aggregation-prone truncated form of human

CatWalk XT system Version 10.6 was used according to the manufac-

FUS. 33

turer (Noldus Information Technology, Netherlands) instructions with

|
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the Intensity of the Green Walkway Light 16,5 V; Camera Gain 20 dB;

Illumina TruSeq Stranded Total RNA LT Sample Prep Kit. Following

Green Intensity Threshold 0,1; and Red Ceiling Light 17,7 V. All animals

quality checks and normalization, cDNA libraries were sequenced on

had one habituation session to the CatWalk apparatus one day before

Illumina NextSeq 500 to generate single-end 75 bp reads.

the first test. Each animal was tested every or every second day until

Raw sequence data processing (QC, trimming, alignment, read

the onset of clinical signs. On the testing day, each animal was allowed

quantification) was performed with PPLine tool.45 Differential gene

to explore and walk freely through the apparatus detection “runway”

expression analysis was performed with the edgeR package.46 Gene

without any rewards. During this test period of maximum 10 minutes,

Ontology and KEGG enrichment analyses were performed using

at least 3 videos of an uninterrupted crossing of the recording field

topGO (v.2.36.0) and clusterProfiler packages.47 Multidimensional

of the runway (approximately 35 cm) were automatically recorded.

scaling (MDS) between all experimental samples was performed

Runs for analysis were selected based on a minimum of four step cy-

with limma package.48

cles in the crossing field, such that each step cycle involved capturing
the use of each of the four paws irrespective of the order in which

Sorting of microglial and neuronal genes of the whole spinal cord
samples was performed as described previously.34,49

paws were used. After classification of the footprints in these runs
using the CatWalk software, qualified data

39–41

were exported for

Compensation coefficient of DF-4 02 treatment on FUS-mediated
transcriptomic changes was calculated as a percentage of [mean(log-

further analysis to the RStudio.42 Given that the disease progression

CPM)S-FUS[1–359]

has individual characteristics resulting in a floating date of the mani-

[mean(logCPM)S-FUS[1–359] — mean(logCPM)WT]. Density distri-

festation of clinical signs, we have compared changes in the gait of

bution of compensated genes was estimated using Kernel Density

animals in the reverse direction starting from the day when first clini-

Estimation (KDE).

— mean(logCPM)S-FUS[1–359]+DF402)]

/

cal signs were observed to the day of the beginning of data collection.

Visualization of gene set enrichment analysis (GSEA) was per-

In order to combine the data of gait analysis between the animals

formed using custom scripts written in Python and R. Raw data of

with different ages, time intervals were adjusted to 25 days for each

RNA-seq for untreated and DF402-treated S-FUS[1–359] mice were

animal starting from the day of the manifestation of clinical signs, as

deposited in NCBI GEO database under the number GSE161680.

illustrated in Figure S1. Statistical analysis was done using nonpara-

RNA-seq data of wild-t ype animals were deposited previously by

metric Wilcoxon test for each of CatWalk parameters of untreated

the number GSE130604.

and DF402-treated mice. The difference was considered significant
if it was determined in at least one of the time intervals: 1–10 days,

The real-time RT-qPCR analysis of mRNA expression was carried
out as described previously.34,50

11–18 days, and 19–25 days with p < 0.05 (Benjamini-Hochberg correction). Representative analysis of significantly changed group of
variables was performed by calculating the frequency of compo-

2.5 | General statistical analysis

nents implemented in the intrinsic structure of CatWalk parameters.
For example, parameter “Right_Hind_MaxIntensity” consists of two

Data sets for the disease onset, disease duration, animal lifespan,

components “Right_hind” and “MaxIntensity” representing qualita-

and RT-qPCR analysis of RNA expression were assessed for normal

tive and quantitative indicators. The frequency was determined as a

distribution and for those that passed D'Agostino and Pearson test,

ratio of the significantly changed parameters or components included

statistical significance of observed difference was evaluated by one-

in such parameter (p < 0.05; Benjamini-Hochberg correction) to all

way ANOVA or paired t-test, as appropriate. For not normally dis-

CatWalk parameters. For principal component analysis, the values of

tributed data, Kruskal-Wallis ANOVA and/or Mann-Whitney U-test

all parameters were transformed to z-scores ((x-mean(x)/sd(x)). The

were used.

multivariate analysis of variance

43

was used to find traits with sig-

nificant changes between experimental groups. Classical (Torgerson)
multidimensional scaling (MDS)44 was performed to estimate clusterization between mice groups. Visualization was performed using
custom scripts written in R.

2.4 | RNA sequencing

3
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R E S U LT S

3.1 | Chronic treatment with DF402 delays onset
and prolongs duration of the disease in transgenic
mice expressing C-terminally truncated form of
human FUS

For RNA-seq analysis, total RNA was extracted from the tho-

Male S-FUS[1–359] transgenic mice received DF402, a bioisostere

racic and lumbar spinal cords of experimental and control pre-

of Dimebon, as described in Materials and Methods. The treatment

symptomatic mice (70-day-old, 4 animals per group) using Qiagen

started soon after weaning, from 42 days of age, which allows at

RNeasy Plus mini kit. RNA quantification, quality controls, and fur-

least 7 weeks of drug administration before the earliest onset of

ther steps were performed as described previously.34 Briefly, cDNA

pathology observed for this transgenic line. Animals treated with

libraries for the dual indexed single-end sequence analysis were pre-

DF402 and their control male littermates were checked daily for

pared from equal amounts (270 ng) of each total RNA sample using

the presence of discernible clinical signs of the disease. The age of

4
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the disease onset denoted by the first manifestation of clinical signs

transgenic mice as well as their wild-t ype littermates. For this part of

was recorded, and monitoring of animal health was continued until

the study, additional cohorts of 24 wild-t ype and 49 S-FUS[1–359]

their conditions deteriorated to the level when they were deemed

transgenic male littermate mice were produced. The same as above

to be premorbid and therefore were euthanized by a Schedule 1

protocol of DF402 administration was used to treat 25 of these S-

method. We found that chronic DF402 treatment increases animal

FUS[1–359] mice from the age of 42 days. Four weeks later, that is, at

lifespan by 13% (Figure 1A,D), which was due to both a later onset

the age of 70 days, four animals from each group were humanely eu-

(Figure 1B) and longer duration (Figure 1C) of the disease (by 11%

thanized and tissue samples were collected for transcriptomic analy-

and 24%, respectively).

sis (see below). It is important to note that at this age, all transgenic
animals were undistinguishable from their wild-t ype littermates and

3.2 | CatWalk analysis of the gait of transgenic
mice expressing C-terminally truncated form of human
FUS detects impairments of motor function and
effects of DF402 at pre-symptomatic stage

in this cohort of S-FUS[1–359] mice, a mean age of the disease onset
was 124 days for untreated and 137 days for DF402-treated animals.
However, the CatWalk analysis of 177 gait parameters carried out as
described in Materials and Methods revealed differences between
groups already at the age of 70 days: 128 parameters were found different between untreated S-FUS[1–359] and wild-t ype mice and 16

To assess whether instrumental analysis of multiple parameters

parameters—between untreated and DF402-treated S-FUS[1–359]

of animal gate would allow detecting the decline of animal motor

mice (Figure 2). The latter two groups of mice have continued to be

performance long before obvious manifestation of clinical signs

regularly assessed on the CatWalk until the first day of the disease

and revealing any improvements of this performance as the result

onset denoted by the manifestation of clinical signs. Because the

of DF402 treatment, we used CatWalk XT system to systematically

timing of the disease onset varies substantially between individual

monitor gait of DF402-treated and control, untreated S-FUS[1–359]

S-FUS[1–359] mice, we analyzed changes in their gait in the reverse

F I G U R E 1 Effect of DF402 on the
disease parameters in S-FUS[1–359]
transgenic mice. Experimental group of
hemizygous FUS transgenic mice received
DF402 in drinking water (70 μg/ml) from
the age of 42 days. Kaplan-Meier plot of
animal survival in cohorts of hemizygous
control (red circles, n = 40) and DF402-
treated (green squares, n = 32) littermate
FUS transgenic mice. Log-rank test
revealed significant difference between
survival curves, p = 0.0214 (A). Bar charts
show means ± SEM and unpaired t-test
for the disease onset (B, *p = 0.0371),
disease duration (C, *p = 0.0175), and
animal lifespan (D, *p = 0.0146) in cohorts
of control (n = 40) and DF402-treated
(n = 32) mice

|
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F I G U R E 2 Clusterization of experimental mice at the age of 70 days using CatWalk data analysis and sorting of statistical differences in
changes of gate parameters. (A) Results of classical (Torgerson) MDS analysis are shown. Each dot represents an experimental animal: blue
for WT mice, red for untreated S-FUS[1–359] mice, and green for DF402-treated S-FUS[1–359] mice. Total fraction of variance explained
by principal components 1 (x-axis) and 2 (y-axis) was 47.3%. (B) Volcano plot illustrates the number of parameters that display significant
changes between WT and S-FUS[1–359] mice. Black line on y-axis represents threshold of significant changes of parameters (−log10(0.05)).
Red and black dots represent parameters with and without statistically significant changes, respectively. (C) Volcano plot illustrates the
number of parameters that display significant changes between untreated and DF402-treated S-FUS[1–359] mice. Black line on y-axis
represents threshold of significant changes of parameters (−log10(0.05)). Green and black dots represent parameters with and without
statistically significant changes, respectively
direction from the actual day of the onset as illustrated in Figure S1.

compared spinal cord transcriptomes of 70-day-old untreated and

We considered the time interval of 25 days as the pre-symptomatic

DF402-treated transgenic mice. At this pre-symptomatic stage, no

stage for all of the studied animals. This pre-symptomatic stage was

neurodegenerative changes (eg, neuronal loss or neuroinflammation)

subdivided into three dynamic ranges: 1) 25–15 days (early stage), 2)

that significantly affect expression pattern at the symptomatic stage

14–8 days (middle stage), and 3) 7–1 day (late stage) to the day when

are present in the spinal cord of S-FUS[1–359] mice.33 However,

discernible clinical signs were first detected.

certain functional changes can be already detected at this age by

The comparative analysis of the gait between DF402-treated

comparing CatWalk gait analysis data for transgenic and wild-t ype

and untreated S-FUS[1–359] transgenic mice revealed 31 parame-

littermate mice (Figure 2A,B); moreover, such analysis can reveal dif-

ters that display significant changes at one, two, or all three sub-

ferences between untreated and DF402-treated mice (Figure 2C).

stages of the pre-symptomatic stage: 8 parameters at the early

cDNA libraries for RNA-seq were prepared from the spinal cord

stage, 19 at the middle stage, and 16 at the late pre-symptomatic

samples of four animals per genotype/treatment group and as a result

stage (Figure 3A). Most of the parameters affected by the DF402

of deep sequencing, we obtained ~15 million reads for each library.

treatment at the pre-symptomatic stage attribute to the indicators

Differential gene expression analysis revealed relatively modest

of front and hind limb movements, including stride length and width,

changes (37 differentially expressed genes (DEG) with LogCPM >2,

and the intensity of paws pressure rather than indicators of the gen-

FDR <0.05) in the transcriptome of S-FUS[1–359] mice compared to

eral body movements, like speed or running cadence (Figure 3B). We

the transcriptome of age-matched wild-t ype littermates, while tran-

also noted that the values for most gait parameters that displayed

scriptome of DF402-treated S-FUS[1–359] mice showed more such

statistically significant changes appeared to be decreased after the

changes (171 DEG with LogCPM >2, FDR <0.05) and can be clearly

DF402 treatment (log2 fold change from −0.5 to −0.05, p < 0.05,

distinguished on multidimensional scaling (Figure S2A, Table S1). To

Wilcoxon test, BH corrected) (Figure 3C).

discriminate neuron-specific and microglia-specific genes among the
identified DEG, we used previously published data sets of purified

3.3 | Expression of a number of genes in the spinal
cords of transgenic mice expressing C-terminally
truncated form of human FUS is already changed at
pre-symptomatic stage and treatment with DF402
reverts expression of more than a half of these genes

microglia and laser-microdissected ventral horns of the mouse spinal cord.51,52 Between all identified DEG, 64% belonged to genes
with exclusive or predominant expression in neurons and only 6%—
to genes with expression intrinsic to microglial cells of the mouse
spinal cord, while other 30% of DEG were common for both types of
cells and were considered as shared (Figure S2B). Thus, at the pre-
symptomatic stage the observed gene expression changes in the spi-

In an attempt to reveal molecular processes and mechanisms that

nal cord take place predominantly in neurons.

are affected by chronic DF402 treatment and might be involved in

When changes in gene expression between S-FUS[1–359] and

the delay of the disease onset in S-FUS[1–359] transgenic mice, we

wild-t ype groups were compared with changes in gene expression

6
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F I G U R E 3 Comparative analysis of the gait changes at the pre-symptomatic stage between untreated and DF402-treated S-FUS[1–359]
mice. CatWalk XT system was used to measure gait parameters during the pre-symptomatic stage subdivided into three intervals (from
25 to 15, 14 to 8, and 7 to 1 days) as explained in the Material and Methods and Results sections and illustrated in Figure S1. (A) The Venn
diagram shows the number of gait parameters that display statistically significant changes at three substages of the pre-symptomatic
stage as the result of DF402 treatment. (B) The graph illustrates frequency of occurrence of variables exhibiting significant changes for the
studied transgenic animals at any of three intervals of the pre-symptomatic stage. The size of each bubble indicates a number of variables
for a particular qualitative and quantitative indicator, for example, limb or intensity. Enrichment score was calculated following equation
log2(freq_significant / freq_overall), where freq_significant—frequency of the parameter among the list of significantly changed parameters,
and freq_overall—frequency of the parameter among the general list of the parameters. Parameters with enrichment score lower than 0
were discarded. (C) Log2 fold change of gait parameters between untreated and DF402-treated S-FUS[1–359] mice separately for early,
middle, and late intervals of the pre-symptomatic stage. Gray zone represents insignificant changes

F I G U R E 4 Compensation of FUS-mediated transcriptomic changes by DF402 treatment. (A) Comparison of log2 fold change for genes
that show difference in expression levels between S-FUS[1–359] and WT transcriptomes (x-axis), and between S-FUS[1–359] and S-FUS[1–
359]+DF402 transcriptomes (y-axis). Positive values correspond to activation in transgenic mice or under treatment. One point represents
one gene, and only genes exhibiting significant changes (FDR <0.05) are shown. Genes that display difference between S-FUS[1–359]
and WT transcriptomes are shown in red, and those that display difference only between S-FUS[1–359]+DF-4 02 and S-FUS[1–359]
transcriptomes—in black. (B) Dependence of compensation coefficient (y-axis) on log2 fold change in the S-FUS[1–359] vs WT comparison
(x-axis). Compensation coefficient was calculated as a percentage of [mean(logCPM)S-FUS[1–359] —mean(logCPM)S-FUS[1–359]+DF402)]
/ [mean(logCPM)S-FUS[1–359] —mean(logCPM)WT]. (C) Heatmap of differentially expressed genes between groups S-FUS[1–359] vs WT
and S-FUS[1–359] vs S-FUS[1–359]+DF-4 02. The expression values of the genes are Z-transformed. Products of the transgene cassette
expression, Fus and Thy1, that were not used in analysis of compensation shown in panels a and b, are still included in the heatmap with
gene names shown in red

CHAPROV et al.
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between S-FUS[1–359] and DF402-treated S-FUS[1–359] groups,

expression changes might indicate that DF402 administration allevi-

we found negative correlations of log2 fold changes (Spearman cor-

ates the effect of FUS transgene expression in the motor neurons.

relation = −0.55, p < 0.05) with over 80% of DEG exhibit opposite

To quantify the compensation effect mediated by DF-4 02 treat-

directions of expression changes (Figure 4A). Such pattern of gene

ment, we calculated the compensation coefficient as described in

8
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the Materials and Methods section. According to the formula used

even mild effects of drugs or other therapeutic interventions from

for calculations, the coefficient near 100% means almost complete

the early stage of motor neuron disease in this transgenic model.

compensation by treatment, higher values correspond to over-

Therefore, the algorithm of the CatWalk analysis developed in this

compensation and negative values correspond to cases where the

study is a powerful tool for accurate assessment of the development

treatment enhances the S-FUS[1–359] phenotype. Applying this ap-

of motor dysfunction in mice.

proach, we show that a large fraction of DEG observed in the comparison of S-FUS[1–359] and wild-t ype samples have undergone the
compensation in their expression levels (compensation coefficient
between 40 and 100 for 60% of DEG), indicating that DF-4 02 treat-

4.2 | DF402, a bioisostere of Dimebon, ameliorates
pathology in FUS transgenic mice

ment substantially ameliorates the gene expression changes induced
by FUS transgene expression in the spinal cord neurons (Figure 4B,

We have found that chronic treatment with DF402, a bioisostere of

Figure S3). Interestingly, the compensation applies to many genes

Dimebon, an over-the-counter drug that demonstrated a mild abil-

upregulated in the presence of pathogenic FUS protein, resulting in

ity to suppress pathological changes in several models of neurode-

the reversion of expression toward lower levels typical for expres-

generative diseases, slowed down the development and progression

sion of these genes in the spinal cord of wild-t ype animals (lower

of the disease in S-FUS[1–359] mice with a statistically significant

cluster in Figure 4C, Figure S4A-D). In contrast, genes that were

prolongation effect observed on all three main parameters, namely

downregulated in the spinal cord of transgenic mice showed less

time to the disease onset (+11%), disease duration (+24%), and animal

compensation (upper cluster in Figure 4C, Figure S4E). Genes from

lifespan (+13%). Although it is difficult to directly compare results of

the middle cluster in Figure 4C showed no compensation or even a

studies that used different experimental setups and endpoints, the

trend toward overcompensation (Figure S4F,G).

efficacy of chronic administration of a low dose of DF402 via drinking water is comparable and possibly higher than the efficacy of a

4
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4.1 | Multifactorial analysis of CatWalk testing
results detects gait changes in FUS transgenic mice at
early pre-symptomatic stage

similar protocol of chronic Riluzole administration to S-FUS[1–359]
mice.59–61 It should be also noted that chronic administration of
Dimebon showed a delayed onset of clinical signs and an increase
in lifespan of SOD1(G93A) mouse model of ALS, 28 whereas the efficacy of Riluzole in this model was negligible.62 Two other bioisosteres of Dimebon, DF302 and DF312, have also been found capable
to ameliorate disease parameters but not to prevent the develop-

CatWalk is an effective combination of hardware and software in an

ment and progression of neuropathology in mouse models.9,12 Taken

experimental system designed for simultaneous analysis of multiple

together, these results suggest that these structures can be consid-

parameters of rodent gait.53,54 It has been successfully used to as-

ered as promising lead compounds for further optimization to ob-

sess changes in animal motor function in several transgenic models

tain novel medicines that might be used in combination with other

of neurodegenerative diseases.55–58 Here, this system was used for

drugs or therapeutic approaches to achieve efficient treatment of

the first time to detect motor deficiency in transgenic mice modeling

ALS patients.

ALS-FUS by neuronal expression of pathogenic truncated form of
human FUS protein.33
Our analysis of parameters obtained by CatWalk testing of cohorts of transgenic and wild-t ype littermate mice allowed detecting
gait changes in S-FUS[1–359] mice already at early pre-symptomatic

4.3 | Gene expression changes take place in the
spinal cord of S-FUS[1–359] mice already at early pre-
symptomatic stage

stage, that is, long before manifestation of obvious clinical signs
of the disease. This paves way for developing a protocol for ac-

Two key mechanisms are involved in molecular pathogenesis of

curate prediction of the time of the disease onset in an individual

ALS-FUS, namely impairments in RNA metabolism and pathologi-

S-FUS[1–359] mouse at least a week in advance, which can be con-

cal aggregation of FUS. Because C-terminally truncated FUS 1–359

sidered as an equivalent of the detection of very early ALS symptoms

protein lacks major RNA-binding domains,63–66 its expression in the

in human patients. Such protocol, which currently goes through final

nervous system of transgenic mice cannot have direct effect on

stages of testing in our laboratories, will permit normalizing start of

RNA metabolism. Therefore, S-FUS[1–359] mice represent a model

a drug and placebo administration at pre-symptomatic stage within

of pathology triggered solely by FUS aggregation and changes in the

a cohort of experimental and control S-FUS[1–359] mice used for

nervous system transcriptome of these mice reflect the develop-

preclinical trials.

ment of FUSopathy-induced pathology.

By comparing data obtained in longitudinal studies of the

We found that changes in expression pattern for a limited num-

CatWalk performance of control and DF402-treated S-FUS[1–359]

ber of genes in the spinal cord of S-FUS[1–359] mice compared to

mice, we demonstrated that a multifactorial analysis of gait param-

wild-t ype littermates happen long before transgenic mice develop

eters used in this study is sufficiently robust to detect and monitor

first clinical signs of pathology. Because the expression of pathogenic

|
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FUS in S-FUS[1–359] mice is neuron-specific, we expected that at

used to maintain and test transgenic mice in the framework of the

the pre-symptomatic stage, that is, before any neuroinflammatory

State Assignment of IPAC RAS (No. 0090-2019-0 005).

responses are developed, most of gene expression changes will
be restricted to neurons. Our bioinformatic analysis demonstrated

C O N FL I C T O F I N T E R E S T

that at this stage, most DEG indeed belong to genes expressed in

The authors have declared no competing interest.

neurons.
AU T H O R S ’ C O N T R I B U T I O N

4.4 | Treatment with DF402 reverses
changes of expression of many genes affected at the
pre-symptomatic stage of the pathology development
in S-FUS[1–359] mice

NN, SOB, and VLB conceived and supervised the study and analyzed
the data. KC, APR, SF, TAI, EAL, and AYA carried out the experiments. KC, APR, SF, AVD, and MSK analyzed the data. VLB wrote the
manuscript with contribution from all authors.
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ment. As DF402 only slows down but cannot prevent the development of pathology, it is feasible to suggest that DEG belonging to

REFERENCES

the first group, DF402-revertants, represent a group of genes and

1. Dash RP, Babu RJ, Srinivas NR. Two decades-long journey from
riluzole to edaravone: revisiting the clinical pharmacokinetics
of the only two amyotrophic lateral sclerosis therapeutics. Clin
Pharmacokinet. 2018;57(11):1385-1398.
2. Jaiswal MK. Riluzole and edaravone: a tale of two amyotrophic lateral sclerosis drugs. Med Res Rev. 2019;39(2):733-748.
3. Wobst HJ, Mack KL, Brown DG, Brandon NJ, Shorter J. The clinical
trial landscape in amyotrophic lateral sclerosis-past, present, and
future. Med Res Rev. 2020;40(4):1352-1384.
4. Kukharsky MS, Skvortsova VI, Bachurin SO, Buchman VL. In a
search for efficient treatment for amyotrophic lateral sclerosis:
old drugs for new approaches. Med Res Rev. 2020. [Epub ahead of
print]. https://doi.org/10.1002/med.21725
5. Pieper AA, Xie S, Capota E, et al. Discovery of a proneurogenic,
neuroprotective chemical. Cell. 2010;142(1):39-51.
6. De Jesus-Cortes H, Xu P, Drawbridge J, et al. Neuroprotective efficacy of aminopropyl carbazoles in a mouse model of Parkinson
disease. Proc Natl Acad Sci U S A. 2012;109(42):17010-17015.
7. Tesla R, Wolf HP, Xu P, et al. Neuroprotective efficacy of aminopropyl carbazoles in a mouse model of amyotrophic lateral sclerosis.
Proc Natl Acad Sci U S A. 2012;109(42):17016-17021.
8. Perez SE, Nadeem M, Sadleir KR, et al. Dimebon alters hippocampal amyloid pathology in 3xTg-AD mice. Int J Physiol Pathophysiol
Pharmacol. 2012;4(3):115-127.
9. Peters OM, Connor-Robson N, Sokolov VB, et al. Chronic administration of dimebon ameliorates pathology in TauP301S transgenic
mice. J Alzheimers Dis. 2013;33(4):1041-1049.
10. Steele JW, Lachenmayer ML, Ju S, et al. Latrepirdine improves cognition and arrests progression of neuropathology in an Alzheimer's
mouse model. Mol Psychiatry. 2013;18(8):889-897.
11. Bharadwaj PR, Bates KA, Porter T, et al. Latrepirdine: molecular
mechanisms underlying potential therapeutic roles in Alzheimer's
and other neurodegenerative diseases. Transl Psychiatry.
2013;3:e332.
12. Strekalova T, Bahzenova N, Trofimov A, et al. Pro-neurogenic,
memory-enhancing and anti-stress effects of DF302, a novel fluorine gamma-c arboline derivative with multi-t arget mechanism of
action. Mol Neurobiol. 2018;55(1):335-3 49.

encoded proteins that have only marginal effect on the neurodegeneration in this model system. In contrast, genes belonging to the
second group and their encoded proteins might play more substantial role in the progression of pathological changes from the pre-
symptomatic to symptomatic stage and therefore constitute more
credible molecular targets for therapeutic intervention, at least in
ALS-FUS cases. Testing these suggestions will require further analysis of the observed mRNA changes, confirmation that they correlate
with changes in the encoded protein levels, and detailed studies of
the effects of modulation of each identified gene expression on the
development of proteinopathy-induced neurodegeneration in various experimental systems, all of which are beyond the scope of the
current report.
AC K N OW L E D G E M E N T S
We are thankful to Angela Marchbank and Georgina Smethurst from
the Cardiff School of Biosciences Genomics Research Hub for help
with RNA sequencing and George Krasnov from the Engelhardt
Institute of Molecular Biology RAS for suggestions on RNA-seq data
visualization and assistance with Python scripts. Analysis of RNA
sequencing data was supported by Russian President Foundation
grant MК-3316.2019.4. The bioinformatics was performed using the
computational facilities of Engelhardt Institute of Molecular Biology
RAS Genome center (http://www.eimb.ru/rus/ckp/ccu_genome_c.
php). This study was supported by the Russian Foundation for Basic
Research grant No 20-34-90028, the Ministry of Science and Higher
Education of the Russian Federation grant 075-15-2019-1661, and
the Motor Neurone Disease Association research grant (Buchman/
Apr13/6096). Bioresource Collection of IPAC RAS provided and
Centre for Collective Use IPAC RAS facility and equipment were

10

|

13. Skvortsova VI, Bachurin SO, Ustyugov AA, et al. Gamma-c arbolines
derivatives as promising agents for the development of pathogenic
therapy for proteinopathy. Acta Naturae. 2018;10(4):59-62.
14. Bachurin SO, Gavrilova SI, Samsonova A, Barreto GE, Aliev G.
Mild cognitive impairment due to Alzheimer disease: contemporary approaches to diagnostics and pharmacological intervention.
Pharmacol Res. 2018;129:216-226.
15. Wu J, Li Q, Bezprozvanny I. Evaluation of dimebon in cellular model
of Huntington's disease. Mol Neurodegener. 2008;3:15.
16. Zhang S, Hedskog L, Petersen CA, Winblad B, Ankarcrona
M. Dimebon (latrepirdine) enhances mitochondrial function and protects neuronal cells from death. J Alzheimers Dis.
2010;21(2):389-4 02.
17. Malatynska E, Steinbusch HW, Redkozubova O, et al. Anhedonic-
like traits and lack of affective deficits in 18-month-old C57BL/6
mice: implications for modeling elderly depression. Exp Gerontol.
2012;47(8):552-564.
18. Vignisse J, Steinbusch HW, Bolkunov A, et al. Dimebon enhances
hippocampus-dependent learning in both appetitive and inhibitory
memory tasks in mice. Prog Neuropsychopharmacol Biol Psychiatry.
2011;35(2):510-522.
19. Eckert SH, Eckmann J, Renner K, Eckert GP, Leuner K, Muller WE.
Dimebon ameliorates amyloid-beta induced impairments of mitochondrial form and function. J Alzheimers Dis. 2012;31(1):21-32.
20. Weisova P, Alvarez SP, Kilbride SM, et al. Latrepirdine is a potent
activator of AMP-activated protein kinase and reduces neuronal
excitability. Transl Psychiatry. 2013;3:e317.
21. Steele JW, Gandy S. Latrepirdine (Dimebon(R)), a potential
Alzheimer therapeutic, regulates autophagy and neuropathology in
an Alzheimer mouse model. Autophagy. 2013;9(4):617-618.
22. Steele JW, Ju S, Lachenmayer ML, et al. Latrepirdine stimulates autophagy and reduces accumulation of alpha-synuclein in cells and
in mouse brain. Mol Psychiatry. 2013;18(8):882-888.
23. Egea J, Romero A, Parada E, Leon R, Dal-Cim T, Lopez MG.
Neuroprotective effect of dimebon against ischemic neuronal damage. Neuroscience. 2014;267:11-21.
24. Shevtsova EF, Vinogradova DV, Kireeva EG, Reddy VP, Aliev G,
Bachurin SO. Dimebon attenuates the Abeta-induced mitochondrial permeabilization. Curr Alzheimer Res. 2014;11(5):422-429.
25. Wang CC, Kuo JR, Wang SJ. Dimebon, an antihistamine drug, inhibits glutamate release in rat cerebrocortical nerve terminals. Eur J
Pharmacol. 2014;734:67-76.
26. Ustyugov A, Shevtsova E, Bachurin S. Novel sites of neuroprotective action of Dimebon (Latrepirdine). Mol Neurobiol.
2015;52(2):970-978.
27. Porter T, Bharadwaj P, Groth D, et al. The effects of latrepirdine on amyloid-beta aggregation and toxicity. J Alzheimers Dis.
2015;50(3):895-905.
28. Coughlan KS, Mitchem MR, Hogg MC, Prehn JH. "Preconditioning"
with latrepirdine, an adenosine 5'-monophosphate-activated protein kinase activator, delays amyotrophic lateral sclerosis progression in SOD1(G93A) mice. Neurobiol Aging. 2015;36(2):1140-1150.
29. Yamashita M, Nonaka T, Arai T, et al. Methylene blue and dimebon inhibit aggregation of TDP-43 in cellular models. FEBS Lett.
2009;583(14):2419-2424.
30. Khritankova IV, Kukharskiy MS, Lytkina OA, Bachurin SO,
Shorning BY. Dimebon activates autophagosome components
in human neuroblastoma SH-SY5Y cells. Dokl Biochem Biophys.
2012;446:251-253.
31. Bachurin SO, Shelkovnikova TA, Ustyugov AA, et al. Dimebon
slows progression of proteinopathy in gamma-synuclein transgenic
mice. Neurotox Res. 2012;22(1):33-42.
32. Bronovitsky EV, Deikin AV, Ermolkevich TG, et al. Gamma-c arboline
inhibits neurodegenerative processes in a transgenic model of amyotrophic lateral sclerosis. Dokl Biochem Biophys. 2015;462:189-192.

CHAPROV et al.

33. Shelkovnikova TA, Peters OM, Deykin AV, et al. Fused in Sarcoma
(FUS) Protein Lacking Nuclear Localization Signal (NLS) and major
RNA binding motifs triggers proteinopathy and severe motor phenotype in transgenic mice. J Biol Chem. 2013;288(35):25266-25274.
34. Lysikova EA, Funikov S, Rezvykh AP, et al. Low level of expression
of C-terminally truncated human FUS causes extensive changes in
the spinal cord transcriptome of asymptomatic transgenic mice.
Neurochem Res. 2020;45(5):1168-1179.
35. Lysikova EA, Kukharsky MS, Chaprov KD, et al. Behavioural impairments in mice of a novel FUS transgenic line recapitulate features of frontotemporal lobar degeneration. Genes Brain Behav.
2019;18(8):e12607.
36. Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines
2.0: Updated guidelines for reporting animal research. J Cereb Blood
Flow Metab. 2020;40(9):1769-1777.
37. Bachurin SO, Ustyugov AA, Ninkina NN, et al. Russian Patent 2 490
268 C2; 2011.
38. Peters OM, Shelkovnikova T, Tarasova T, et al. Chronic administration of Dimebon does not ameliorate amyloid-beta pathology in
5xFAD transgenic mice. J Alzheimers Dis. 2013;36(3):589-596.
39. Hamers FP, Lankhorst AJ, van Laar TJ, Veldhuis WB, Gispen WH.
Automated quantitative gait analysis during overground locomotion in the rat: its application to spinal cord contusion and transection injuries. J Neurotrauma. 2001;18(2):187-201.
40. Hamers FP, Koopmans GC, Joosten EA. CatWalk-assisted gait
analysis in the assessment of spinal cord injury. J Neurotrauma.
2006;23(3–4):537-548.
41. Batka RJ, Brown TJ, McMillan KP, Meadows RM, Jones KJ,
Haulcomb MM. The need for speed in rodent locomotion analyses.
Anat Rec. 2014;297(10):1839-1864.
42. Buchman VL, Hunter HJ, Pinon LG, et al. Persyn, a member of the
synuclein family, has a distinct pattern of expression in the developing nervous system. J Neurosci. 1998;18(22):9335-9341.
43. O'Brien RG, Kaiser MK. MANOVA method for analyzing repeated measures designs: an extensive primer. Psychol Bull.
1985;97(2):316-333.
44. Wang J. Geometric structure of high-dimensional data and dimensionality reduction. Beijing, China: Higher Education Press; Heidelberg;
New York: Springer; 2012.
45. Krasnov GS, Dmitriev AA, Kudryavtseva AV, et al. PPLine: an automated pipeline for SNP, SAP, and splice variant detection in the
context of proteogenomics. J Proteome Res. 2015;14(9):3729-3737.
46. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data. Bioinformatics. 2010;26(1):139-140.
47. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package
for comparing biological themes among gene clusters. OMICS.
2012;16(5):284-287.
48. Ritchie ME, Phipson B, Wu D, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies.
Nucleic Acids Res. 2015;43(7):e47.
49. Funikov SY, Rezvykh AP, Mazin PV, et al. FUS(1–359) transgenic
mice as a model of ALS: pathophysiological and molecular aspects
of the proteinopathy. Neurogenetics. 2018;19(3):189-204.
50. Millership S, Ninkina N, Guschina IA, et al. Increased lipolysis and altered lipid homeostasis protect gamma-synuclein-null
mutant mice from diet-induced obesity. Proc Natl Acad Sci U S A.
2012;109(51):20943-20948.
51. Chiu IM, Morimoto ET, Goodarzi H, et al. A neurodegeneration-
specific gene-expression signature of acutely isolated microglia from an amyotrophic lateral sclerosis mouse model. Cell Rep.
2013;4(2):385-4 01.
52. Bandyopadhyay U, Cotney J, Nagy M, et al. RNA-Seq profiling
of spinal cord motor neurons from a presymptomatic SOD1 ALS
mouse. PLoS One. 2013;8(1):e53575.

|

CHAPROV et al.

53. Zimprich A, Ostereicher MA, Becker L, et al. Analysis of locomotor behavior in the German Mouse Clinic. J Neurosci Methods.
2018;300:77-91.
54. Timotius IK, Moceri S, Plank AC, et al. Silhouette-length-scaled gait
parameters for motor functional analysis in mice and rats. eNeuro.
2019;6(6):ENEURO.0100-19.2019.
55. Timotius IK, Canneva F, Minakaki G, et al. Systematic data analysis
and data mining in CatWalk gait analysis by heat mapping exemplified in rodent models for neurodegenerative diseases. J Neurosci
Methods. 2019;326:108367.
56. Minakaki G, Canneva F, Chevessier F, et al. Treadmill exercise intervention improves gait and postural control in alpha-synuclein
mouse models without inducing cerebral autophagy. Behav Brain
Res. 2019;363:199-215.
57. Koivisto H, Ytebrouck E, Carmans S, et al. Progressive age-
dependent motor impairment in human tau P301S overexpressing
mice. Behav Brain Res. 2019;376:112158.
58. Watkins J, Ghosh A, Keerie AFA, Alix JJP, Mead RJ, Sreedharan J.
Female sex mitigates motor and behavioural phenotypes in TDP-
43(Q331K) knock-in mice. Sci Rep. 2020;10(1):19220.
59. Munter J, Babaevskaya D, Wolters EC, et al. Molecular and behavioural abnormalities in the FUS-tg mice mimic frontotemporal
lobar degeneration: Effects of old and new anti-inflammatory therapies. J Cell Mol Med. 2020;24(17):10251-10257.
60. de Munter J, Shafarevich I, Liundup A, et al. Neuro-cells therapy
improves motor outcomes and suppresses inflammation during experimental syndrome of amyotrophic lateral sclerosis in mice. CNS
Neurosci Ther. 2020;26(5):504-517.
61. Sambon M, Gorlova A, Demelenne A, et al. Dibenzoylthiamine
has powerful antioxidant and anti-inflammatory properties in cultured cells and in mouse models of stress and neurodegeneration.
Biomedicines. 2020;8(9):361.

11

62. Hogg MC, Halang L, Woods I, Coughlan KS, Prehn JHM. Riluzole does
not improve lifespan or motor function in three ALS mouse models.
Amyotroph Lateral Scler Frontotemporal Degener. 2018;19(5-6):438–445.
63. Lerga A, Hallier M, Delva L, et al. Identification of an RNA binding specificity for the potential splicing factor TLS. J Biol Chem.
2001;276(9):6807-6816.
64. Bentmann E, Neumann M, Tahirovic S, Rodde R, Dormann D, Haass
C. Requirements for stress granule recruitment of fused in sarcoma
(FUS) and TAR DNA-binding protein of 43 kDa (TDP-43). J Biol
Chem. 2012;287(27):23079-23094.
65. Shelkovnikova TA, Robinson HK, Connor-Robson N, Buchman
VL. Recruitment into stress granules prevents irreversible aggregation of FUS protein mislocalized to the cytoplasm. Cell Cycle.
2013;12(19):3194-3202.
66. Liu X, Niu C, Ren J, et al. The RRM domain of human fused in sarcoma protein reveals a non-c anonical nucleic acid binding site.
Biochim Biophys Acta. 2013;1832(2):375-385.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Chaprov K, Rezvykh A, Funikov S, et al.
A bioisostere of Dimebon/Latrepirdine delays the onset and
slows the progression of pathology in FUS transgenic mice. CNS
Neurosci Ther. 2021;00:1–11. https://doi.org/10.1111/cns.13637

