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Treatment with Cerebrolysin Prolongs Lifespan in a Mouse
Model of Cerebral Autosomal Dominant Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy

Birgit Kastberger, Stefan Winter, Hemma Brandstdtter, Janina Biller, Wolfgang Wagner,

and Nikolaus Plesnila*

Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) is a rare familial neurological disorder
caused by mutations in the NOTCH3 gene and characterized by migraine
attacks, depressive episodes, lacunar strokes, dementia, and premature
death. Since there is no therapy for CADASIL the authors investigate whether
the multi-modal neuropeptide drug Cerebrolysin may improve outcome in a
murine CADASIL model. Twelve-month-old NOTCH3R'%° mutant mice
(n=176) are treated for nine weeks with Cerebrolysin or Vehicle and
histopathological and functional outcomes are evaluated within the
subsequent ten months. Cerebrolysin treatment improves spatial memory and
overall health, reduces epigenetic aging, and prolongs lifespan, however,
CADASIL-specific white matter vacuolization is not affected. On the molecular
level Cerebrolysin treatment increases expression of Calcitonin Gene-Related
Peptide (CGRP) and Silent Information Regulator Two (Sir2)-like protein 6
(SIRT6), decreases expression of Insulin-like Growth Factor 1 (IGF-1), and
normalizes the expression of neurovascular laminin. In summary,
Cerebrolysin fosters longevity and healthy aging without specifically affecting
CADASIL pathology. Hence, Cerebrolysin may serve a therapeutic option for
CADASIL and other disorders characterized by accelerated aging.

hereditary neurological disorder, first
described in the 1950s,l with charac-
teristic symptoms emerging in mid-
to-late adulthood. These symptoms
include migraine, recurrent subcortical
strokes, mood disturbances, psychi-
atric symptoms, cognitive deficits, and
eventually dementia, leading to a reduced
lifespan.l?]

In 1996, Joutel and colleagues discov-
ered mutations in the NOTCH3 gene to
be the underlying cause of CADASIL.!
NOTCH3 mutations trigger misfolding
and subsequent aggregation of the extra-
cellular domain (ECD) of the NOTCH3
protein in the extracellular matrix (ECM)
between endothelium and pericytes, that
are also called vascular smooth mus-
cle cells and pericytes.! The result-
ing NOTCH3ECP aggregates are believed
to sequester additional ECM proteins
among others also laminin, leading to
the accumulation of granular osmio-

1. Introduction

Cerebral Autosomal Dominant Arteriopathy with Subcorti-
cal Infarcts and Leukoencephalopathy (CADASIL, Interna-
tional Classification of Diseases, 11th Revision: 8B22.C0) is a

philic material (GOM) within small-

to medium-sized blood vessels, poten-

tially impairing vessel function, most
prominently in the brain.! Therefore, such accumulations
of ECM proteins within GOMs seem to contribute to vas-
culopathy and vessel function impairment in CADASIL
patients.®!
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Interestingly, NOTCH3 signal transduction is not impaired in
CADASIL and mutations of the NOTCH3 gene are required but
not sufficient for disease onset as only one person in 1000 with
CADASIL relevant NOTCH3 mutations is diagnosed with the
disease.[®!

Currently, no curative treatment exists for CADASIL. Thus,
therapeutic approaches are limited to symptomatic treatments,
such as antidepressants to manage mood disturbances and lo-
razepam or phenytoin for migraine attacks.l”®! Hence, there is
an urgent need to explore new therapeutic options for CADASIL
patients.

Cerebrolysin, a neuropeptide-based drug approved for various
brain diseases, has shown promise in enhancing neuroplastic-
ity and neurorecovery in clinical and preclinical studies. Cere-
brolysin is approved for the treatment of stroke, traumatic brain
injury and various forms of dementia, diseases with symptoms
also seen in CADASIL. Cerebrolysin is also known as benefi-
cial add-on therapy for endovascular treatment of stroke patients,
as Cerebrolysin administration alleviates tPA (Tissue Plasmino-
gen Activator) induced reperfusion injury.’! Furthermore, it was
demonstrated by recent clinical and preclinical trials that Cere-
brolysin treatment led to improved recovery from, and limita-
tion of neurological deficits after primary insults, such as is-
chemic stroke.['%] The efficacy and safety of Cerebrolysin were
demonstrated in numerous preclinical and clinical trials and
summarized in several meta-analytical studies and systematic-
reviews.[1011]

Cerebrolysin operates through a diverse array of pathways.
Current clinical and preclinical evidence indicates that the
low molecular weight peptides present in Cerebrolysin stim-
ulate neuroplasticity via prominent signaling pathways, in-
cluding Phosphoinositide 3-kinase/Protein Kinase B,['?l sonic
hedgehog,!'*] and various neurotrophins implicated in neuronal
recovery, such as Brain-Derived Neurotrophic Factor,'* Vasular
Endothelial Growth Factor,!*! Insulin-like Growth Factor 1 (IGF-
1),[1%] Ciliary Neurotrophic Factor,!'”] and Nerve Growth Factor.['®]
These findings align with the observation that Cerebrolysin has
neurotrophic activities!'#1%! and facilitates functional recovery of
neurological deficits.[1120]

Considering this clinical and preclinical profile, we hypoth-
esized that Cerebrolysin may also have a therapeutic potential
for CADASIL. To test this hypothesis, we conducted a study
involving 176 12-month-old male and female CADASIL mice
(NOTCH3R%C) for 9 weeks over a period of 5 months. The
mice were treated with either Vehicle control or Cerebrolysin,
following a fully randomized and blinded protocol. Cognitive
function, general health, epigenetic age, lifespan, histopathol-
ogy, and molecular markers of aging were carefully evaluated
to investigate the potential therapeutic effects of Cerebrolysin in
CADASIL.

2. Experimental Section

2.1. CADASIL Mouse Model
In the current study TgNOTCH3R16%C [21] was used that were de-
veloped by Joutel et al.[?2l These animals were considered one of

the most relevant animal models for CADASIL.[?*} The model
was developed on an FVB/N background and overexpresses 4—
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5 times rat NOTCH3 carrying the human R169C mutation.[??]
NOTCH3®%C mice boast an early onset of vascular NOTCH3
accumulation and subsequently develop intra-myelinic vacuoles
in the white matter. These vacuoles were thought to result from
mini-ischemic stroke events which resemble the ones found in
CADASIL patients.!?>2*] Eighteen breeding pairs were generated,
and mice born between October 2018 and February 2019 were
genotyped and subsequently used for experiments. Animals were
kept at a 12 h/12 h day/night rhythm in a specific pathogen free
facility and had free access to water and standard chow (Ssniff
V1534, Ssniff, Soest, Germany). No more than five animals were
kept in one cage. For histological controls, non-transgenic, wild
type (wt) littermates were aged 13 months.

2.2. Study Protocol

Nine experimental groups with n = 20-25 mice each were in-
vestigated for up to 34 months (Figure 1) in a fully randomized
and blinded manner, that is animals were randomly assigned
to their respective experimental group and group allocation was
concealed until all data was collected and analyzed. Blood sam-
ples were collected once per month by check pouch puncture
from all mice after the age of four months. All 176 transgenic
mice were aged for at least 12 months.

Mice of cohort 1 were treated with Vehicle (n = 21) or Cere-
brolysin (n = 23) for three weeks by daily intraperitoneal (i.p.)
injections and sacrificed one week after the last treatment at an
age of 13 months. Wt littermates were sacrificed in parallel with
cohort 1.

Mice of cohort 2 were treated with Vehicle (n = 20) or Cere-
brolysin (n = 25) for three weeks by daily i.p. injections. Treat-
ment was repeated after a treatment-free interval of five weeks
and animals were sacrificed one week after the last treatment at
an age of 15 months.

Mice of cohort 3 were treated with Vehicle (n = 25) or Cere-
brolysin (n = 22) for three weeks by daily i.p. injections. Treat-
ment was repeated twice after a treatment-free interval of five
weeks each and animals were sacrificed one week after the last
treatment at an age of 17 months.

Mice of cohort 4 (Vehicle: n = 20; Cerebrolysin: n = 20) were
treated like mice in cohort 3 but were allowed to survive until
dying spontaneously or reaching humane endpoints. Mice in this
cohort were also tested before and bi-monthly after the initiation
of treatment for behavior and memory function by using the Y-
maze paradigm.

2.2.1. Treatment Protocol

Cerebrolysin (2.5 mlkg™) or Vehicle (equivalent amount of 0.9%
NaCl) treatment was initiated twelve months after birth. One
treatment cycle lasted three weeks and consisted of one i.p. in-
jection per day given Monday to Friday. Each treatment cycle was
followed by a treatment-free interval of five weeks.

2.2.2. Blood Sampling

Blood (50-150 pl) was collected monthly starting from 4 months
of age by cheek pouch puncture in EDTA-tubes (Sarstedt,
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Figure 1. The CADASIL mouse model developed by Joutel et al. 2010 was used for the current study.[?2l NOTCH3R'9C mutant (CADASIL) animals were
aged for 12 months and then subjected to three treatment cycles with Cerebrolysin®. For each cycle animals received Cerebrolysin i.p. Mo-Fr for three
weeks. Cycles were separated by five treatment-free weeks. Pre-defined groups were sacrificed after 13, 15, or 17 months or left alive until spontaneous
death or reaching humane endpoints. Functional assessment, blood drawing etc. were conducted as outlined. n = 20-25 mice per group.

#41.1395.005) and incubated at room temperature for 30 min.
The blood was then centrifuged for 10 min at 3000 x g and 4 °C.
Plasma and cell pellet were separated and stored until further
analysis at —80 °C.

2.2.3. Health Score

Animals were inspected daily by trained staff and their health sta-
tus was scored using a standardized score sheet including body
weight, level of consciousness, general condition (grooming be-
havior, muscle tone), spontaneous behavior (sleep, social interac-
tion, curiosity), locomotor activity, clinical condition (body tem-
perature, breathing). Depending on their performance in each of
these categories mice received 0 (normal) to 4 (burdened) points.
A sum of 20 or more points was defined as “humane endpoint”
and animals were sacrificed.

2.2.4. Ethics Statement

Mice were bred in the animal facility of the Institute of Stroke
and Dementia Research. Experiments were approved by the Eth-
ical Review Board of the Government of Upper Bavaria (Tierver-
suchsvorhaben Vet_02-19-47).

2.3. Randomization and Blinding

All experiments were performed and analyzed in a strictly ran-
domized and blinded manner. Blinding was terminated only after
all animals were sacrificed and all data was analyzed.

2.4. Protein Analysis

2.4.1. CGRP

Enzyme-linked immunosorbent assay (ELISA) kits were used

to determine the serum levels of Calcitonin Gene-Related Pep-
tide (CGRP, abx054093, Abbexa Ltd, Cambridge, UK). Briefly,
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standards and samples (1:6,67 dilution) were prepared, 100 ul
added into the pre-coated 96-well plate and incubated for 2 h
at 37 °C. The liquid was discarded, 100 ul detection reagent
A (biotin-conjugated anti-CGRP antibody, 1:100 dilution) added
and incubated for 1 h at 37 °C. After washing (3 times with
wash buffer, 1:25 dilution), 100 ul detection reagent B (HRP-
conjugated avidin, 1:100 dilution) was added and incubated for
1 h at 37 °C. After washing (5 times with wash buffer, 1:25 dilu-
tion), 90 pl tetramethylbenzidine substrate were added and incu-
bated for 3 to 5 min at 37 °C, the color development was stopped
using 50 pl stop solution and the plates were read at 450 nm us-
ing a microplate reader (TECAN Spark). Samples and standards
were measured in triplicates.

2.4.2. IGF-1

ELISA kits were used to determine the mouse serum levels of
IGF-1 (ab100695, Abcam) following the manufacturers’ instruc-
tions. Results were assessed by colorimetric detection at 450 nm
absorbance using LT-4000 microplate reader (Euroclone).

2.4.3. SIRT6

ELISA kits were used to determine the mouse serum levels of
SIRT6 (MBS2885961, MyBioSource, Inc. San Diego, USA) fol-
lowing the manufacturers’ instructions. Results were assessed by
colorimetric detection at 450 nm absorbance using LT-4000 mi-
croplate reader (Euroclone).

2.5. Immunohistochemistry

Mice were deeply anesthetized with medetomidine (0.5 mgkg™),
fentanyl (0.05 mg kg™'), and midazolam (5 mg kg™') and sacri-
ficed by transcardial perfusion with 0.9% sodium chloride (NaCl)
and 4% paraformaldehyde (PFA). Brains were removed and post-
fixed overnight in 4% PFA. Free-floating coronal brain sections
(50 um thick) were prepared using a VS1200 vibratome (Leica
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Microsystems, Wetzlar, Germany). Sections were either collected
in phosphate-buffered saline (PBS) for immediate use or in a
cryoprotectant solution for later use. For immunostaining three
sections per mouse were blocked with 3% bovine serum albu-
min (wt/vol) for 60 min and then incubated with the primary an-
tibody diluted in blocking solution overnight at 4 °C. Sections
were then washed in PBS twice and incubated with fluorophore-
conjugated secondary antibodies for 2 h at room temperature.
Sections were then washed and mounted using Fluoromount
mounting medium (Sigma, St Louis, MO). The following pri-
mary antibodies were used: anti-albumin (1:100, Abcam, ab19194
Mouse) for evaluation of blood brain barrier (BBB) permeability
and anti-laminin for visualizing cerebral vessels (1:200; Sigma,
L9393). To visualize albumin, sections were incubated with a
Cy3-conjugated donkey anti-mouse antibody (1:100, Jackson Im-
munoResearch, 715 165 150). For the visualization of laminin an
Alexa Fluor 680 goat anti-rabbit IgG (1:100; Invitrogen, Carlsbad,
CA; A21109) was used.

2.6. Image Analysis

All tissue sections were imaged using a Zeiss Axiovert 200 M in-
verted fluorescence microscope and a Leica TCS SP5 IT confocal
microscope as previously described.l?!] Quantitative image anal-
ysis was performed by an investigator who was blinded with re-
spect to the genotype and treatment group using Image]J software
(NIH, Bethesda, MD).

To quantify capillary density, maximum projection z stacks
were reconstructed. The laminin-positive signal in the blood ves-
sels was subjected to automated threshold processing after back-
ground correction, and the signal was quantified using the Area
Measurement analysis tool in Image]. In each mouse, four Re-
gion Of Interests (ROIs) in the cortex were analyzed by randomly
selecting four fields. These fields were analyzed in three non-
adjacent sections. Six animals per group were analyzed.

To quantify extravascular albumin accumulation, maximum
projection z stacks were reconstructed. The albumin- and
laminin-positive signal outside blood vessels was subjected to
threshold processing after background correction, and the sig-
nal was quantified using the Integrated Density analysis tool in
Image]. In each mouse, four ROIs in the cortex were analyzed by
randomly selecting 4 fields. These fields were analyzed in three
non-adjacent sections. Six animals per group were analyzed.

2.7. Y-maze Test

Mice of cohort 4 were evaluated by the Y-maze test one week be-
fore the initiation of treatment and every second month there-
after. For each measurement two different Y-maze test protocols
were used: 1) Spontaneous Agility Test and 2) new object stimu-
lus experiment with protocols as previously described.?]

For the Spontaneous Agility Test (Figure 3A) each mouse was
placed in one of the arms of the Y-maze and allowed to move
freely for 5 min in the Y-maze. Agility parameters and correct
spontaneous alternation frequencies were recorded by an auto-
mated video tracking system. In case the mouse remembered
previous visits, it was expected to visit all arms consecutively
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(“correct alternation”). Test results were expressed as the num-
ber of correct alternations. The measurement of agility was used
as indicator for frailty. Agility was compared between the Vehicle
and Cerebrolysin treated group for mice with 23 months to 29
months of age. The starting-point of 23 months of mouse age was
chosen by based on Baumann et al, 20202°] who demonstrated
that physical decline not only correlates with frailty and life-span
in mice and humans but furthermore that physical decline be-
comes statistically evident in mice from the age of 23 months
onwards. The last Y-maze measurement was taken at 29 months
although some mice survived longer, due to the fact that after 29
months too few animals in the Vehicle group were still alive that
could be tested. The period between 23 to 29 months represents
a very advanced age for mice.[?’]

Spatial memory, mood, and curiosity were assessed using a Y-
Maze novelty preference paradigm (Figure 3B). Animals explored
a Y-maze for 7-10 min with one blocked arm (exposure train-
ing). The next day, animals were returned to the maze with all
arms open and monitored for another 5 min. In case the mouse
remembered previous visits, it was expected to visit all arms
consecutively (“correct alternation”). Test results were expressed
as the number of correct alternations.

2.8. Epigenetic Age Analysis

Epigenetic age was estimated based on DNA methylation analy-
sis at three age-associated CG dinucleotides (CpGs) as previously
described.[?!] Genomic DNA was isolated from 50 pl blood using
the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). DNA
concentration was quantified by Nanodrop 2000 Spectropho-
tometers (Thermo Scientific, Wilmington, USA). 200 ng of ge-
nomic DNA was subsequently bisulfite-converted with the EZ
DNA Methylation Kit (Zymo Research, Irvine, USA) and sub-
jected to PCR amplification within the genes Primal, Hsf4, and
Kens1.128] Amplicons were sequenced on PyroMark Q96 ID Sys-
tem (Qiagen, Hilden, Germany) and analyzed with PyroMark Q
CpG software (Qiagen). The epigenetic age (in week) was then es-
timated based on DNA methylation at CpGs in Primal, Hsf4, and
Kens1, as described before.[?®] Epigenetic age acceleration was de-
termined by subtracting the chronological age from the epige-
netic age predictions.

2.9. Statistical Methods

Data was tested for normal distribution and based on the results
analyzed with Analysis of Varince (ANOVA), t-, Chi square-, or
F-test using GraphPad Prism 7.04. Longitudinal data sets were
tested against each other as a whole. If significant differences
were detected, individual time points were tested pairwise. For
the analysis of mortality mice were stratified within four quartile
subgroups classified by age of death as previously described.[?”]

3. Results

3.1. Cerebrolysin Treatment did not Impact Vacuole Formation
but Reduced Load of Laminin Deposits in Cadasil Mice

All animals were healthy at the beginning of the treatment pe-
riod (Weight: Figure S1, Supporting Information, average health
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Figure 2. A) Vacuole numbers: No change in vascular density in treated versus untreated CADASIL mice. As in previous studies, wt mice’ vacuole
numbers at 13 m were significantly lower than the vacuole numbers of both CADASIL treated (p < 0001) and untreated (p = 0.001) mice. 1-way ANOVA
multiple comparisons. Vacuole numbers at 13 M. Average from mice of 13, 15, and 17 months of age. Treatment was administered between the age of 12
months to 17 months. box and whisker blot with max and min borders, “+” symbol indicates the mean value. B) Cerebrolysin reduces the overexpression
of laminin in brain vessels in aged CADASIL mice. The analysis was performed at 13 months and 17 months mouse age. Results were normalized to
the mean measurement of wildtype (wt) mice, n = 18-45 mice per time point. Box and Whisker plot with” +” symbol representing the mean of the
distribution. Test of variances F-test #&p = 0.0005, unpaired two tailed t-test **p < 0.0001 of distribution statistics.

score at 12 months of age for Cerebrolysin and Vehicle group be-
low 1: data not shown).

To assure that the transgenic animals used in the current
study developed the expected pathology,?*3% we investigated
white matter lesions in the corpus callosum by counting vac-
uoles and blood brain barrier leakage by immunohistochem-
istry of albumin extravasation at 13, 15, and 17 months of
age. Both parameters showed the expected CADASIL-specific
changes (vacuoles: Figure 2A, albumin: data not shown), demon-
strating that all mice used for the current study developed the ex-
pected disease phenotype of 1,7 times vacuole number increase
and a leaking BBB validated by albumin presence in the mouse
brain.

Agglomerated laminin in the CADASIL specific GOMs is con-
sidered a biomarker for disease burden. Therefore, we assessed
laminin quantity in cerebral vessels by brain tissue staining.
By histological quantification, we observed a statistically signif-
icant accumulation of laminin in untreated CADASIL mice over
time, from age 13 months to the age of 17 months (Figure 2B).

A B
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=)
-
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alternation frequency
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This accumulation was not observed in Cerebrolysin treated
animals and laminin levels were significantly lower compared
to the Vehicle treated controls at 13 and 17 months of age
(Figure 2B)

In conclusion, while treatment with Cerebrolysin had no ef-
fect on white matter injury or blood-brain barrier permeabil-
ity at any of the investigated time points; (Figure 2A) Cere-
brolysin treated mice showed a significantly reduced amount of
laminin deposits after 9 weeks of treatment (17 months of age),
relative to Vehicle treated animals, that were comparable to wt
animals.

3.2. Improved Agility and Cognition in CADASIL Mice

Using the Y-maze Spontaneous Agility Test we could not detect
a change of alternate arm visits, however, the agility of CADASIL
mice receiving Cerebrolysin was significantly higher than in the
Vehicle treated group (23-29 months of age) (Figure 3A). In an
environment without fear and minimal stress — as mice could

ls p=0,039

60: - Vehicle
-~ o Treaimen! o Cerebrolysin

n"e

40

P
1000°0>d

30
20

o

11 13 15 17 19 21 23 25 27 29
CADASIL mouse age [months]

Figure 3. Cerebrolysin increases mobility, curiosity, and spatial memory in CADASIL mice in a Y maze experiment with CADASIL mice with and with-
out Cerebrolysin treatment. A) Spontaneous Agility Test: Mobility measurements of CADASIL mice taken in their last quarter of measured life (23
and 29 months) plotted as Kaplan-Maier-curve.[>*3] Plotted are all mouse run values measured between M23-M29. Chi square comparison: p = 0.02
by Log-rank (Mantel-Cox) test, n = 19 Vehicle, n = 27 Cerebrolysin mice runs. B) New object stimulus experiment: The spatial memory is mea-
sured by the alternation frequency in a new object stimulus experiment. Cerebrolysin increases the spatial memory in aged CADASIL mice, polyno-
mial fit of regression curve, curve comparison F-test, p < 0.0001- different curves for each data set. n = 138 Vehicle and n = 156 Cerebrolysin mice
measured.
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Figure 4. Prolonged survival by Cerebrolysin. A) Cerebrolysin treatment increases CADASIL mouse life span by 3 months or 13%. P = 0.0396, one-tailed
unpaired t-test, Cerebrolysin n = 20, Vehicle n = 24, Box-and-Whisker Plot, dots representing each one mouse’s death age, “+” indicates mean of the
distribution. B) Cerebrolysin reduces the risk of death and therefore increases the life-expectancy in CADASIL mice, Kaplan-Meier survival curves for
CADASIL mouse death events across quartiles: CADASIL mice live significantly longer when treated with Cerebrolysin for 3 months in quartiles Q2, Q3,
and Q4. * p < 0.05, *** p < 0.001, Cerebrolysin n = 20, Vehicle n = 24 mice.

freely explore the arms of the Y-maze for several minutes — the  trol mean 21.7 + SEM 1.0 months, n = 24, Cerebrolysin mean
locomotor activity showed improved agility, or less frail move-  24.4 + SEM 1.2 months, n =20, *p = 0.04, Figure 4A).To monitor
ment capacities of the Cerebrolysin treated CADASIL mice. This ~ survival over time, animals were stratified into 4 quartiles based
Y-maze mobility test, performed in an open Y-maze experiment,  on age at death; treatment with Cerebrolysin was associated with
revealed that 6 months post Cerebrolysin treatment, CADASIL  a significantly longer life span of 2 to 4 months in all, except the
mice showed increased agility and curiosity compared to Vehicle  first (youngest) quartile (here only a positive trend was observed)
treated mice. (Figure 4B). The oldest Vehicle treated animal died at an age of
When using the Novelty Preference test paradigm,®! we 30 months, whereas the oldest Cerebrolysin treated animal died
found that treatment with Cerebrolysin significantly increased  at an age of 34 months (Figure 4B).
the spatial and working memory of the CADASIL mice over time In addition to overall lifespan, the health score of the an-
(Figure 3B). The increase in spatial memory was not confined to  imals was monitored from an age of 11 months until death.
the treatment period but became even more pronounced within =~ Both groups showed a rapid deterioration of the health sta-
the 12 months following the end of treatment (Cerebrolysin M25  tus within the terminal month of the animals’ life (Figure 5A).
vs M17 ***p = 0.004/Vehicle M25 vs M17 p = 0.9) suggesting that ~ Cerebrolysin treated CADASIL mice showed a significantly im-
Cerebrolysin treatment may have long-lasting effects on mood  proved health status during the terminal two weeks of their
and memory function. life (health score Cerebrolysin mean 2.9 + SEM 0.7; n = 34
vs Vehicle control mean 5.6 + SEM 1.1; *p = 0.0401, n = 32,
3.3. Improved Life-Span and General Health Status in CADASIL Figure 5A). This was also reflected by analyzing the cause of
Mice upon Treatment with Cerebrolysin death; 60% of the animals in the Cerebrolysin group died sponta-
neously and 40% required euthanasia while in the Vehicle group

There was a significant difference in the mean life expectancy be- “2.0% spontaneous deaths and 80% euthanasia were observed
tween the Cerebrolysin and Vehicle treated groups (Vehicle con-  (Figure 5B).

A B
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[6 8 < —
* n © 60
.5 o by
45 = o
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‘ Al 2 EN :
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‘ 1 : 0 2 < 2
AR
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-4 -3 -2 -1 0 Vehicle Cerebrolysin

Weeks pre-death

Figure 5. Cerebrolysin prolongs the total health span in CADASIL mice. A) Health span: treated mice present with lower disease scores (average score
sum +/- SEM, SEM = Standard Error of Mean) in the last 4 weeks of their life, meaning CADASIL mice live a healthier life till their death, they are less
frail during life. Curve comparison with F-test,”p = 0.0011, n = 20 Cerebrolysin and n = 20 Vehicle mice were weekly scored until their death. B) Death
cause chart: Cerebrolysin increases the healthiness of CADASIL mice thereby increasing the number of spontaneous age-related deaths and reducing
the number of mice which had to be euthanized due to reaching humane end points based on disease burden. “p = 0.0252, two-sided Chi square test,
mouse number: n = 20 for Cerebrolysin and n = 20 for Vehicle.
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Figure 6. Cerebrolysin treatment reduces epigenetic age acceleration in CADASIL mice. A) The epigenetic age of Cerebrolysin treated CADASIL mice
is by 1.55 months younger than in placebo group which is a deceleration by more than 34%. Number of blood samples included: n = 84 Vehicle,
n = 100 Cerebrolysin, t-test two tailed, unpaired, p = 0.0182, blood samples drawn at M17, 18, 19, 21, 22, 23, 24, 25, 26 of age in the CADASIL
mice. B) Nonlinear curve fitting with second order polynomial function (quadratic) in Prism Graph. The two regression curves of Cerebrolysin and
Vehicle are significantly different: F-test “p = 0.0392 in 3-month moving average distribution of chronological age. The trendlines of the moving
average curves are overlayed with all measured epigenetic measurements, one point represents one mouse sample. Vehicle n = 95, Cerebrolysin

n=111.

3.4. Epigenetic Age Acceleration is Reduced by Cerebrolysin
Treatment

To further corroborate the increased life expectancy and health
condition observed for Cerebrolysin treated animals, we included
the analysis of the epigenetic age.[3?34 Overall, epigenetic age
was accelerated in the CADASIL mice (Figure 6A). There was a
significant difference in the epigenetic age acceleration between
the Vehicle and Cerebrolysin treated groups (mean of epigenetic
age acceleration [months]: Vehicle = 4.50 vs Cerebrolysin = 2.95,
p = 0.0182, Figure 6A) Chronological and epigenetic age predic-
tions revealed a clear correlation in both Cerebrolysin (Pearson
r = 0.899, R? = 0.8046, p = 0.0004) and Vehicle group (Pearson
r = 0.897, R* = 0.8077, p = 0.0004, Figure 6B) confirming the
adequacy and precision of the epigenetic age measurement ap-
proach.
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3.5. Cerebrolysin Treatment is Correlated with the Modulation of
Biomarkers of Disease Burden, Cognition and Longevity

To investigate if the observed effects of Cerebrolysin treatment on
life span and frailty are also reflected by the modulation of corre-
sponding biomarkers (besides the epigenetic age) we studied the
levels of CGRP, IGF-1, and SIRT6 in mouse plasma.

The three studied plasma molecules, CGRP, IGF-1, and
SIRTG6, have been described as health and age sensitive biomark-
ers for neuroplasticity, cognition, and longevity.’>! Cerebrolysin
treatment was associated with a significantly increased expres-
sion of CGRP starting upon active treatment until 6 months after
treatment was terminated (Figure 7A). IGF-1 levels decreased in
both groups over time, however IGF-1 levels were significantly
lower during Cerebrolysin treatment (Figure 7B). SIRT6 levels
were also declining over time (Figure 7C). In contrast to IGF-1,
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Figure 7. A) Cerebrolysin increases CGRP expression in CADASIL mice by 585 [pg mI~"]. Vehicle and Cerebrolysin expression curves between 11 months
and 23 months of age, curve comparison by F-test “p = 0.0082, n = 8-48 mice per month B) Cerebrolysin decreases IGF-1 expression in CADASIL mice
by 747 [pg mI™"], Curve: n = 6-40, M13 Cerebrolysin versus Vehicle ““p = 0.0089, M 16 Cerebrolysin versus Vehicle “p = 0.0375, C) SIRT6 expression is
increased about two-fold with Cerebrolysin treatment in CADASIL mice immediately after treatment start at 13 months of mouse age. M13 Cerebrolysin
versus Vehicle “p = 0.0488, n = 6-40 mice per month.
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there was a significant peak increase in SIRTG6 levels during the
first month of active treatment with Cerebrolysin. Already during
further Cerebrolysin treatment, 4 months after treatment start,
one month before treatment period ended SIRT6 levels already
readjusted to serum levels of untreated animals.

4, Discussion

4.1. Brief Summary of Findings

Our initial hypothesis that Cerebrolysin may have positive effects
on CADASIL specific pathology such as vacuole formation could
not be confirmed with our dataset. However, we surprisingly ob-
served a clear therapeutic effect of Cerebrolysin on spatial mem-
ory, life span, epigenetic age, and frailty in the CADASIL mutant
animals. These effects of Cerebrolysin treatment were associated
with changes of biomarkers for longevity and cognitive perfor-
mance exemplified by CGRP, IGF-1, and SIRT6!*! and markers
of vascular pathology such as laminin.[**) Hence, our data sug-
gest that Cerebrolysin improved the outcome in CADASIL mice
by ameliorating age-related impairments without directly inter-
fering with CADASIL pathology such as white matter lesions.

The R169C mutation is located in the ECD of NOTCH3
and is one of the most frequent CADASIL mutations in
humans.l®?2233 Among all CADASIL mouse models, the
R169C NOTCH3 mutation is the only one showing a CADASIL
specific early onset of vascular NOTCH3 accumulation with
micro-infarcts?*l and subsequent white matter lesions!?}! which
are associated with disease burden.?’]

Although, CADASIL mice treated with Cerebrolysin displayed
the same number of vacuoles as untreated animals, we noted an
overall positive effect on the spatial memory performance that
persisted even after treatment was discontinued. This suggests
that treatment with Cerebrolysin has a positive effect on mem-
ory function independent of CADASIL pathology. Further exper-
iments with aged wt mice will need to address this interesting
finding in more detail.

A further surprising observation was the significant extension
of lifespan in Cerebrolysin treated animals compared to the Ve-
hicle control. Similar observations have been made previously
in studies conducted in fruit flies*®! but have not been demon-
strated in higher organisms such as rodents before. This long-
lasting effect of Cerebrolysin may have been overlooked so far,
because long-term follow-up studies like the current one have not
been performed.

These observations of overall lifespan extension are corrobo-
rated by investigations on epigenetic age. CADASIL mice display
accelerated epigenetic ageing when compared to an established
reference cohort of wild type micel?®! (Figure 6). This phenotype
may be CADASIL specific or may be caused by the different
genetic backgrounds of the CADASIL mice and the reference
cohort,®! but in any case Cerebrolysin treatment significantly
reduced accelerated aging in CADASIL mice and expanded
the overall chronological lifespan of these animals. This is of
specific relevance, since epigenetic age was reported to be closely
correlated with cognitive function and frailty**] and to reflect
overall biological age and health better than chronological age.[*!

We also recorded the cause of death (spontaneous or eutha-
nized) of the animals and monitored overall health status un-
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til death, showing that treatment with Cerebrolysin was sig-
nificantly associated with higher rates of spontaneous (natural)
deaths and lower disease scores in aged mice. Interestingly, the
animals which died spontaneously of natural causes were epi-
genetically two months younger than animals which had to be
euthanized because of reaching humane endpoints due to vari-
ous diseases (Figure S2, Supporting Information). In conclusion,
the data on overall life expectancy (chronological age), epigenetic
age, and health status indicate that treatment with Cerebrolysin
was associated with increased survival rates, reduced epigenetic
aging and overall improved health status in the CADASIL mice.
Given the established link between epigenetics of aging and
multiple neurodegenerative diseases!*! such as Alzheimer’s dis-
ease or stroke, and the demonstrated clinical efficacy of Cere-
brolysin in these indications, it is tempting to speculate that Cere-
brolysin may have a more general and novel effect on aging which
needs to be investigated in future preclinical and possibly clinical
studies.

To investigate if the observed effects of Cerebrolysin treat-
ment on cognitive performance, aging and health status are
also underpinned by established biomarkers for these processes,
we investigated plasma levels of respective molecules. CGRP
has been implicated in the onset of migraine in the general
population(*?] and migraine is a frequent symptom in early-stage
CADASIL. However, it does not seem that CGRP has migraine
inducing effects for CADASIL patients compared to the general
population.l*}] Even more, reduced vasodilation as consequence
of reduced CGRP levels, was associated with worse outcome
in CADASIL.*" Interestingly, CGRP was reported to stimulate
neurogenesis, angiogenesis, to reduce vascular inflammation
and cell death,[*] and to decline (in plasma) during aging./3>°]
These biological effects of CGRP are potentially relevant for the
progression of CADASIL and were found to be modified by
treatment with Cerebrolysin in previous studies.'] It is there-
fore interesting that in the current study Cerebrolysin treatment
was associated with a significant increase of plasma CGRP lev-
els and that this effect coincided with a reduced aging pheno-
type in treated mice. Hence, CGRP may be one of the media-
tors responsible for the observed positive therapeutic effects of
Cerebrolysin.

In addition to CGRP, Cerebrolysin treatment also reduced
plasma levels of IGF-1. Reduced IGF-1 levels were demonstrated
to correlate with increased longevity,*’! reduced aging, and de-
creased risk of age-related pathology.*’] Therefore, the observed
changes in IGF-1 levels may be another molecular mechanism
involved in the aging process which was positively affected by
Cerebrolysin treatment.

Low levels of SIRT6 are known to be associated with aging
while elevated SIRT6 levels have been related to longevity,*’]
enhanced neuroplasticity, and improved cognitive function.*®]
Notably, we observed a significant increase of SIRT6 during
treatment with Cerebrolysin, which is in line with the observed
improvement of cognitive function, the favorable effect on
epigenetic ageing and life expectancy.

Changes for the biomarkers IGF-1 and SIRT6 were present
during the treatment with Cerebrolysin (between month 13—
17) while plasma levels of CGRP remained elevated also sev-
eral weeks post-treatment. Although IGF-1 and SIRT6 are already
clearly linked to life span modulation, it is currently not known if
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also time limited and not permanent change of their abundance
would nevertheless affect life span. However, studies on short
term hormetic stress, that also involves temporal modulation of
IGF-1 and SIRTG levels indicate that even short-term modulation
of SIRT6 and IGF-1 levels could impact lifespan duration.l*’] We
therefore hypothesize, that the temporal changes in SIRT6, IGF-
1 and CGRP protein levels, that were observed upon treatment
with Cerebrolysin, may also be linked to the observed lifespan
prolongation. However, further experiments will be required to
decipher if there is a direct link between the temporal modula-
tion of these proteins upon Cerebrolysin treatment or if other
pathways are involved.

We also observed that Cerebrolysin treatment reduced accu-
mulation of laminin in cerebral vessels of CADASIL animals.
Laminins are collagen-like glycoproteins located in the ECM, !¢
one of the main vascular structures affected in CADASIL.% As
pointed out above, CADASIL is characterized by accumulation
of NOTCH3 ECD in the vascular ECM,P! a process which
causes co-aggregation of other ECM proteins, e.g. laminin.>%>?]
Since we did not compare aged 17 months-old-wt mice with
aged 17 months-old-CADASIL mice, it remains unclear whether
laminin is a specific feature of CADASIL or only associated
with the aging process. In any case, 9 weeks Cerebrolysin treat-
ment significantly reduced vascular laminin in 13 as well as aged
(17-month-old) CADASIL mice suggesting that the observed pos-
itive effects of Cerebrolysin may be caused by reduced vascular
pathology. Further research needs to clarify which by Cere-
brolysin induced molecular mechanisms are exactly responsible
for the observed alleviation of disease burden in the CADASIL
mice.

In summary, treating one year old CADASIL mice for nine
weeks within a period of five months with Cerebrolysin did not
alter CADASIL specific pathology such as vacuole formation de-
spite the fact, that vascular laminin burden was reduced. How-
ever, Cerebrolysin treatment was associated with a significant
life-span extension, reduced epigenetic (biological) aging and at
the same time improved general health and reduced frailty as
compared to untreated controls. Thus, the current study pro-
vides the first in vivo evidence that Cerebrolysin may have ben-
eficial effects for CADASIL patients. This is highly relevant as
there is a tremendous unmet need for effective treatments for
CADASIL.

Itis currently not clear, if the anti-aging effect is specific for the
CADASIL mutant background or may represent a more general
effect of Cerebrolysin. Therefore, our findings may pave the way
for further research on Cerebrolysin’s potential impact on aging
as the observed anti-aging effect of Cerebrolysin may also be rel-
evant in other neurodegenerative disorders such as Alzheimer’s
or Parkinson’s disease where accelerated aging represents a sig-
nificant feature of disease pathology. We suggest including corre-
sponding biomarkers in future studies with Cerebrolysin in these
indications.

Furthermore, the current study suggests that Cerebrolysin,
which has previously been shown to exert pleiotropic ef-
fects, can modulate the expression levels of CGRP, IGF-
1 and SIRT6 and may impact live-span, biological aging,
and frailty in CADASIL mice through these pathways. Fur-
ther studies are needed to confirm the exact mechanisms
involved.
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