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Purpose: Intracerebroventricular-(ICV)-streptozotocin-(STZ)-induced neuroinflammation is
a model of Alzheimer’s disease (AD) compatible with the inflammation hypothesis of ageing
(“inflammaging” state). Previously, we observed age-dependent (young vs aged) dimethyl
fumarate (DMF)-induced anti-inflammatory and neuroprotective effects in the brain along
with improvement in cognitive functions in rats with the ICV-STZ-induced model of AD. To
evaluate whether DMF reduces neuroinflammation based on the peripheral inflammatory
response inhibition, we determined peripheral inflammatory mediators in young and aged
rats with the ICV-STZ-induced AD pathology following DMF therapy.

Materials and Methods: Young (4-month-old) and aged (22-month-old) rats were fed with
0.4% DMF rat chow for 21 consecutive days after ICV-STZ (3 mg/ventricle) injections.
After behavioral testing, blood and spleens were collected to determine the numbers of
leukocytes (WBC), lymphocytes and their subpopulations, haematological parameters, the
concanavalin (Con)-A-induced production and plasma concentration of interferon (IFN)-y,
interleukin (IL)-6, IL-10 and corticosterone (COR).

Results: Age-dependent anti-inflammatory effect of the DMF treatment in rats with ICV-STZ
injections manifested as decreased peripheral WBC and lymphocyte numbers, including
TCD3'CD4'CD8”, TCD3'CD4 CD8", B (CD45RA") and NK (16la"), in aged rats.
Furthermore, DMF lowered the blood and spleen lymphocyte production of pro-inflammatory
IFN-y and IL-6 in young and aged rats, whereas it enhanced the plasma level of anti-
inflammatory IL-10 and lymphocyte’s ability to produce it in aged rats only. In parallel to
changes in peripheral WBC numbers in the model of AD, DMF decreased the red blood cell
number, haemoglobin concentration, haematocrit and mean platelet volume in aged, but not
young, rats. In contrast to controls, DMF did not influence the COR response in STZ groups.
Conclusion: Besides preventing neuroinflammation, DMF acts on the pro-/anti-
inflammatory balance in the periphery and causes an anti-inflammatory shift in
T lymphocytes which could contribute to DMF’s therapeutic effects in the ICV-STZ-
induced model of AD, in particular, in aged rats.

Keywords: inflammaging, intracerebroventricular-streptozotocin-induced Alzheimer’s disease
model, peripheral immunohaematological parameters, neurotherapeutics, inflammation

Plain Language Summary
Dimethyl fumarate (DMF) is known as therapeutic agent used in the treatment of multiple sclerosis

and psoriasis. It works by blocking of inflammatory response and has anti-oxidative properties.
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Graphical Abstract
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Both inflammatory and oxidative stress responses are increased with
ageing and that has been recently called “inflammaging state”.
Ageing and chronic inflammation in the brain (neuroinflammation)
are the main risk factor for Alzheimer’s disease (AD) and memory
impairment. Therefore, we used oral DMF therapy in a model of
the AD pathology based on neuroinflammation which we induced by
injections of streptozotocin into the brain. We observed that DMF
treatment reduced neuroinflammation and alleviated memory impair-
ment, in particular, in aged rats. We hypothesized that those thera-
peutic effects of DMF could be attributed to the DMF-induced
inhibition of neuroinflammation and peripheral inflammatory
response. In the present study, we looked at the peripheral mediators
of inflammation following the DMF treatment. To evaluate DMF-
induced age-dependent effects, we used aged (22-month-old) and
young (4-month-old) rats. We found that DMF lowered the numbers
of leukocytes , including lymphocytes and T lymphocyte subpopula-
tions, and decreased the production of pro-inflammatory cytokines in
young and aged rats with the AD pathology. We noticed that the anti-
inflammatory effect of DMF therapy was more effective in aged
rather than young animals and it did not depend on the peripheral
level of such anti-inflammatory hormone as corticosterone. We sug-
gest that DMF therapy alleviated memory disorders in the AD model
by the inhibition of inflammatory mediators in the brain and periph-
ery, more effectively in aged rats.

Introduction

The greatest known risk factor for Alzheimer’s disease (AD) is
ageing. It has been proposed that ageing is a chronic and low-
grade inflammatory state (“inflammaging” state)' and
a combination of chronic neuroinflammation and ageing - the
so-called “neuroinflammaging” state” - play a major role in the
mechanism of neurodegenerative disorders, including AD.>*
Neuropathological studies have supported early involvement
of neuroinflammation in AD by demonstrating the accumula-
tion of activated microglia and inflammatory mediators in the
cerebral neocortex at a low Braak stage for AD pathology.>
Chronic neuroinflammation driven by cells of the innate
immunity’ is mainly due to age-related impairment of anti-
inflammatory and anti-oxidant mechanisms that lead to the
“inflammaging” state.* '® Tt causes subtle clinical symptoms
which may persist for years prior to clinical manifestation
as AD."" Neuroinflammation is considered as the driving
force of AD pathology'? and starts early in the course of the
disease, prior to tau hyperphosphorylation'® and amyloid pla-
que formation.'* ' Neuroinflammation also is considered the

17,18

driving force of AD-like cognitive deficits' " and reduction of

neuronal cell counts.'” According to the inflammation
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hypothesis of AD'® in pathological aging microglia become
hyper-reactive with increased release of pro-inflammatory
cytokines and dysfunctional phagocytosis.'® These pro-
inflammatory factors released by the pathological activation
of microglia are neurotoxic especially if accumulated during
chronic neuroinflammatory process.”’ Secondary to this neu-
ronal degeneration, AP plaques will trigger further release of
pro-inflammatory molecules leading to a vicious circle of
neurotoxic pro-inflammatory response.'® Recent studies have
revealed that the ageing process is associated with the activa-
tion of the immunosuppressive network, especially the func-
tion of monocytic-derived suppressor cells, which is induced
by inflammatory mediators.>' Correspondingly, there are clear
age-related changes in peripheral blood haematological para-
meters, including decreased content of nuclear factor erythroid
2-related factor 2 (NRF2) and anti-oxidant protection in per-
ipheral blood mononuclear cells,'® reduced erythrocyte and
platelet counts,” function, and reactivity. Those changes are
driven by changes in haematopoietic tissue, the composition of
the blood, and vascular health.”*** Increased reactivity of
platelets, which are an important part of inflammation and
immune response, was observed with ageing® and the acti-
vated platelets in AD retain greater amounts of amyloid pre-
cursor protein (APP) while showing increased platelet
adhesion and thrombus formation.”

It has been actually very well established that molecu-
lar changes in AD patients do not occur only in the brain
tissue, but also in blood cells and blood vessels.>*2°
Lymphocytes are mediators which play a role in AD neu-
roinflammatory processes and migrate from the blood
through the blood-brain barrier (BBB) to the brain.
Recent reports have also highlighted the role of peripheral
T lymphocytes in the innate immunity of AD neuroinflam-

27,2
matory process, 7.28

and changes in the distribution and
function of different types of blood lymphocytes from AD
patients.?’

In both our earlier study and this one, we used the intracer-
ebroventricular (ICV)-streptozotocin (STZ)-induced neuroin-
flammation suitable for studying the inflammation hypothesis
of the AD pathology.'? In our previous study, we found that
dimethyl fumarate (DMF), anti-oxidant, immunomodulatory,
and anti-inflammatory drug®® used in therapy of multiple
sclerosis®'~* and psoriasis,”® had beneficial properties for
treatment of rats with the ICV-STZ-induced AD model.****
The behavioral results showed that oral DMF therapy pre-
vented ICV-STZ-induced disruption of spatial memory, neu-
rodegeneration in all hippocampal areas, induction of

expression of interleukin (IL)-6 and interleukin (IL)-10 in

the hippocampus, deficits in cholinergic neurons, and reduced
microglia activation in the dentate gyrus. DMF-induced
effects were more pronounced in aged vs young rats.>> We
suggested that this age-related beneficial effect of DMF treat-
ment after ICV-STZ injections may be the result of reduced
central neuroinflammation leading to alleviation of memory
impairments. Furthermore, we hypothesized that DMF may
target also peripheral blood cell profiles. We therefore ana-
lyzed such peripheral inflammatory markers as changes in the
peripheral blood leukocyte and lymphocyte numbers, lympho-
cyte populations and TCD4/TCD8 lymphocyte subsets, blood
and spleen pro-/anti-inflammatory cytokine profile, haemato-
logical parameters, and anti-inflammatory hormone, corticos-
terone (COR) in response to DMF therapy of STZ-induced
AD pathology. To understand the immune differences between
the effects of ageing and AD and age-dependent therapeutic
effect of DMF, in this study, we used young (4-month-old) vs
aged (22-month-old) rats with the ICV-STZ-induced neuroin-
flammation compatible with the inflammation hypothesis
of AD.

Materials and Methods

Animals

All animal experiments were carried out in accordance
with the European Communities Council Directive of
24 November 1986 (86/609/EEC), and under the authority
of the Local Ethical Committee for the Care and Use of
Laboratory Animals at the Medical University of Gdansk,
Poland (No. 6/2014). We used 4-month-old (young group,
n = 38) and 22-month-old (aged group, n = 40) Male
Wistar rats. Four-month-old rats weighted 330+80 g and
22-month-old rats weighted 600+100 g (Tri-City Central
Animal Laboratory, Research and Service Centre of the
Medical University of Gdansk, Poland). For the duration
of the experiment, rats were housed separately in polycar-
bonate cages (20 cm width, 37 cm length, 18 cm height)
on a 12-hr light/dark cycle (lights on at 06:00), in an air
conditioned constant temperature (22 + 2°C) room, could
visually observe other subjects, and were indirectly
exposed to other subjects’ cage odors. Water and food
were available ad libitum. Animals were allowed to
adapt to the laboratory conditions for one week before
the beginning of the experimental procedure. Then, rats
were subjected to daily handling for about 5 minutes
each day for two weeks in order to minimize stress caused

by the procedure.
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Experimental Procedure

Changing the feed to DMF containing (0.4% by weight) chow
or standard fodder was established the first day of the experi-
mental procedure. On the second day, surgical ICV injection of
STZ or vehicle was carried out. ICV injections were repeated
after 2 days in order to divide the total dose of STZ (3 mg/kg)
into two injections thereby minimizing mortality.*>=° Within
each age group, young and aged rats were separated into four
experimental groups: 1) STZCTR: provision of standard chow
from day 0 and STZ ICV injections on days 2 and 4 (young,
n =9; aged n = 10); 2) STZDMF: provision of 0.4% DMF
chow from day 0 and STZ ICV injections on days 2 and 4
(young, n = 9; aged, n = 10); 3) VEHCTR: provision of
standard chow from day 0 and vehicle ICV injections on
days 2 and 4 (n = 10 in both age groups); 4) VEHDMF:
provision of 0.4% DMF chow on day 0 and vehicle ICV
injections on days 2 and 4 (n = 10 in both age groups).

Oral Dimethyl Fumarate (DMF) Therapy
Rats were fed either standard rat chow or rat chow
containing 0.4% dimethyl fumarate (DMF) by weight
(prepared by Sniff, Germany) starting two days prior to
the first ICV injection through the end of the experiment
(three weeks later). Both feeds were in pellet form. Food
intake and body weights were measured daily. Dose
selection was based on earlier study on rats>*>’ We
used 0.4% DMF rat chow because a 0.2-0.5% concentra-
tion of DMF in feed is well tolerated and does not cause
a substantial loss of body weight in rats (7% after two
weeks).*® 0.4% of DMF in the diet has a therapeutic
value as has been supported by 1) attenuation of the
STZ-induced neuroinflammation, spatial memory impair-
ment, hippocampal neurodegeneration, and the depletion
of basal forebrain cholinergic cells in Wistar rats,*** 2)
elevation of anti-oxidative enzymes activity in variety
organs of Sprague-Dawley rats,>® 3) normalization of
infiltration of macrophages and lymphocytes in kidneys
after nephrotoxin administration in Wistar rats.’’
Moreover, no significant difference was observed on
locomotor activity
4-week oral DMF treatment with a dose of 15, 30 and

60 mg/kg in Sprague-Dawley rats.>® In line with these

in an actophotometer after the

findings, we did not observe locomotor sensitization after
the 3-week oral DMF treatment (data not shown), as
indicated by the distance swum and velocity in the
Morris Water Maze without platform (probe test).

Intracerebroventricular (ICV) Injections

of Streptozotocin (STZ)

ICV injections of streptozotocin (STZ) or vehicle (VEH:
0.02M citrate buffer pH 4.5) were performed according to
our previous studies with some modifications.**> Briefly,
rats under 2.5% isoflurane (airflow: 0.5 L per min)
anesthesia using an isoflurane pump (Bitmos OXY 6000,
Bitmos GmbH Diisseldorf, Germany) were prepared for
surgery and the head of the animal was fixed using
(Hugo Sachs Elektronik,
Germany). A stainless steel guide cannula (22GA, 9 mm

a stereotaxic apparatus
long, Plastic One, USA) was implanted into each lateral
ventricle (coordinates: AP:-1.3 mm, L:+2 mm, D:+3.6 mm
according to bregma). The cannulaec were permanently
anchored to three stainless steel skull screws with dental
acrylic (Duracryl, spofa Dental a.s., Czech Republic). STZ
was administered through the implanted cannulae in
a cumulative dose of 3 mg/kg over two injections on
days 2 and 4 (2 x 1.5 mg/kg, dissolved in 0.02 M citrate
buffer pH 4.5) with separate injections into each lateral
ventricle (0.75 mg/kg in 2 uL of vehicle) at a rate of 1 pL/
min. The total dose of STZ was divided in order to reduce
procedure-associated mortality.'” During the infusion pro-
cedure, the animal under 2.5% isoflurane anaesthesia was
held gently by hand. The injections were performed using
a microinfusion pump (Legato-100 - Series Syringe Pump,
KD SCIENTIFIC, Holliston, Massachutetts, USA) and
a Hamilton syringe (10 pL) connected via a polyethylene
tube to an injection cannula (28GA, 11 mm long, Plastic
One, USA) which was placed into a guide cannula, and
2 mm below its tip. In order to avoid a backflow of the
solution, the injection cannula was left inside the guide for
an additional 60 s. The control groups received vehicle
injections at the same volumes and by the same procedure.
As the stability of STZ solution is maximum at pH close to
4, we used citrate buffer pH 4.5 as a vehicle. After the
surgery, the animals were transferred to a warm room,
where they stayed until regaining consciousness. Then,
rats were taken to their home cages where they were
allowed to rest after surgery. Previous findings® indicated
that locomotor activity in the open field test between ICV-
STZ treated (3 mg/kg) and sham operated Lewis rats were
similar. Like other authors, we did not observe locomotor
sensitization after ICV-STZ injections (data not shown), as
indicated by the distance swum and velocity in the Morris
Water Maze without platform (probe test).
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Test of Spatial Memory in Morris Water
Maze (MWM)

Morris Water Maze (MWM) testing began two weeks after
DMF or control treatment (12 days after the first STZ or
VEH injections). Spatial reference memory was tested first
(from day 14 to 17) followed by spatial working memory
(from day 18 to 21) according to the procedure that we
described previously.>*** Briefly, MWM training with
a visible platform was performed initially. If the rat did
not locate the platform within 60 sec, it was gently steered
towards the platform by hand. After 5 min, a screening
trial with a visible platform was performed in order to
exclude rats with motivational or sensory-motor deficits.
The spatial memory testing phase occurred over 8 days
and was performed in two stages: reference memory test-
ing with platform position remaining constant for all train-
ing sessions (3 days, four 120-s trials a day and a probe
test without a platform on the 4th day) and working
memory testing with the platform position changed
every day (4 days, 4 trials a day). Inter-trial interval (ITI)
was10 min. Three MWM parameters were measured with
the use of a video-tracking digitizing device (EthoVision
XT, Noldus, Netherlands): latency to reach the platform
(in most trials) or the critical annulus (CA - virtual contour
of the removed platform) in the probe test, distance swum
(path length), and the percentage of time spent in the
critical quadrant (CQ) of the pool (where the platform
was located).

Blood and Spleen Collection

One hour after the last session of Morris test, blood sam-
ples in a volume of 5 mL were collected by a cardiac
puncture under 2.5% isoflurane (airflow: 0.5 L per min)
anesthesia using an isoflurane pump (Bitmos OXY 6000,
Bitmos GmbH Diisseldorf, Germany). Then, rats were
euthanized with Morbital (2 mL/kg) and spleens were
harvested from all groups of rats.

Peripheral Blood Haematological Parameters in
Young and Aged Rats

Peripheral blood haematological parameters: red blood
cells (RBC), platelets (PLT), haemoglobin concentration
(HGB), mean haemoglobin concentration in the red blood
cell (MCHC), mean mass of the haemoglobin in the red
blood cell (MCH), mean corpuscular volume (MCV),
hematocrit (HCT), mean platelet volume (MPV), red cell
distribution width (RDW) were determined in the

heparinized whole blood with the haematology analyzer
(Cell- Dyn 3700 Abbott, USA).

Total Blood Leukocyte and Leukocyte Subset
Number

The total white blood cell (WBC) number and percentage
of leukocyte subsets were determined in the heparinized
whole blood according to the procedure that we previously
described.*® The total WBC number and percentage of
lymphocytes, neutrophils, eosinophils, basophils and
monocytes were determined with the hematology analyzer
(Cell-Dyn 3700 Abbott, USA). The total number of each
leukocyte subset was calculated as the total leukocyte
number x percentage of the

respective leukocyte

subpopulation.

Cytometric Analysis of Lymphocyte Populations and
Subpopulations

Peripheral (PBMC) were
obtained from heparinized whole blood by the Ficoll 400
(Pharmacia, Uppsala Sweden) and Uropolinum (Polfa,

blood mononuclear cells

Starogard, Poland) density centrifugation method. The
spleen tissue was placed into Hank’s balanced salt solution
(HBSS Sigma-Aldrich Manufacturer Life Technologies
Paisley, Scotland) containing sodium bicarbonate and
HEPES, then dissociated using a blender and passed
through nylon mesh to remove large aggregates. After
the centrifugation (1113xg, 30 min at 4°C), the isolated
cells were collected with a Pasteur pipette, washed with
phosphate-buffered saline. PBMC and spleen mononuclear
cells (SMC) suspension in RPMI-1640 with a 10% calf
bovine serum were seeded at a concentration of 4x10°
cells/mL and used in the flow cytometry analysis.

A three-color combination of fluorescent monoclonal
antibodies was used in the blood and spleen lymphocyte
study to identify T (CD3"), B (CD45RA"), NK (CD161a")
lymphocytes and T lymphocyte subsets of the T helper
(CD3"CD4'CD8") and T cytotoxic (CD3"CD4 CD8") lym-
phocyte percentage according to the method that we pre-

. o 414
viously described*'**

with some modifications. Twenty
five uL. of the whole blood or splenocytes were added to
25 uL of I0Test CD3-FITC/CD45RA-PC7/CD161a-APC or
CD3-FITC/CD4-PC7/CD8-APC (Beckman Coulter, USA)
according to the manufacturer’s instructions. Erythrocytes
were lysed (Versalyse, Beckman Coulter) and then blood
and spleen samples were mixed and incubated at room tem-
perature for 20 min in darkness. After incubation, 25 pL of
Fixative Solution (Beckman Coulter, USA) and 700 pL of

PBS was added to the separate sample. Samples were
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protected from light and stored at 4°C until flow cytometry
had been performed with a Cytomics FC 500 flow cytometer
(Beckman Coulter, USA) and MXP Software. The percen-
tages of lymphocyte population and T lymphocyte subsets
were assessed during the assay, gaiting on forward and side
scatter characteristics (Figure 1). Then, total numbers of the
lymphocyte population and their subsets were calculated on
respective counts of the total WBC number and a percentage
of the T (CD3"), B (CD45RA"), NK (CDI6la"),
CD3°CD4'CD8™ T and CD3"CD4 CD8"T lymphocytes.

Determination of Plasma and Peripheral Blood
Mononuclear Cells (PBMC)- or Spleen Mononuclear
Cells (SMC)-Derived Production of the Pro-
Inflammatory Interferon (IFN)-y, Interleukin (IL)-6
and Anti-Inflammatory Interleukin (IL)-10

Peripheral blood mononuclear cells (PBMC) and spleen
mononuclear cells (SMC) were examined for their ability to

produce pro-inflammatory IFN-y, IL-6 and anti-
inflammatory IL-10 in response to concanavalin A (Con-A)
stimulation according to the procedure described

previously.** Briefly, PBMC and SMC were seeded at
a concentration of 4x10° cells/mL in 24-well Corning tissue
culture plates, and then stimulated with a Con-A solution
(2.5 pg/mL) or remained non-stimulated (control). The
PBMC and SMC were incubated in 37°C. Cell-free super-
natants were collected 48 h (for IL-6) and 72 h (for IFN- y
and IL-10) later and stored at —80°C until assayed.

The IFN-y, IL-6 and IL-10 concentrations in the super-
natants and plasma were determined by enzyme-linked
immunoassay (ELISA) using a commercially available
kit (Rat-IFN-y and Rat-IL-4 ELISA kits R&D, USA)
according to the manufacture’s instructions and our pre-
vious study.** Briefly, 50 pL of standards or samples were
dispensed into 96 wells coated with rat IFN-y, IL-6 and
IL-10 antibody, respectively, and incubated for 2 h (IFN-y)
or 1 h (IL-4) at room temperature. After extensive wash-
ing, 100 pL of the biotinylated anti-IFN-y or anti-IL-4
were added to each well, and the plates were incubated
for 30 min (IFN-y) or 1h (IL-4) at room temperature. The
wells were again washed 3 times, 100 pL of Streptavidin-
HRP was added and incubation was carried out for 30
min. 3.3°,5,5 -tetramethylbenzidine (TMB) (100 uL/well)
was used as the chromogen for the colorimetric assay. The
reaction was stopped after 10 min by adding a 100 pL/well
of stop solution and the absorbance was determined using
the DTX 880 Multimode Detector (Beckman Coulter,
USA) system set to 450 nm. Cytokine concentrations

were calculated based on the standard curve generated by
Beckman Coulter’s Biomek software program, based on
the absorbance of standard samples. The sensitivity of
detection was 2 pg/mL for IFN-y, 16 pg/mL for IL-6 and
3 pg/mL for IL-10.

Determination of Plasma Corticosterone (COR)
Concentration

Concomitantly with the immune parameters, in the same
animals, the plasma corticosterone (COR) concentrations
were measured. Blood samples were collected by heart
puncture under 2.5% isoflurane (airflow: 0.5 L per min)
anesthesia using an isoflurane pump (Bitmos OXY 6000,
Bitmos GmbH Diisseldorf, Germany) between 09.00 and
10.00 a.m. when COR levels are at their lowest.** The
plasma COR concentration was measured by radioimmu-
noassay using a commercially available kit
(rCorticosterone ['*°I RIA KIT, isotop Institute of
Isotopes Co, LTD, Budapest, Hungary] and Wizard 1470
gamma counter (Pharmacia — LKB, Turku, Finland). The
measures were made in a duplicate. The sensitivity of the
assay was 0.01 ng/tube.

Data Analysis

The data is presented as mean + SD. The normality of the
distribution of the checked with
Kotmogorow-Smirnov test and the homogeneity of the

variables was

variances with a Levene test. As the outcome of
Kolmogorow-Smirnov test indicated that all data was not
distributed normally, we used for further statistical evalua-
tion of blood, spleen and plasma parameters, non-
parametric tests for further analysis. Data was evaluated

using the Kruskal-Wallis one way ANOVA with
factors  AD-like induction (STZ VEH), therapy
(DMF _standard chow), age (young aged), and the

Mann—Whitney U-test for group comparison. A P value
lower than 0.05 was considered statistically significant.

Results
Morris Water Maze (MWM) Test of
Spatial Memory in Young and Aged Rats

Results of behavioral testing were similar to those
described previously.**** Briefly, all rats were able to
locate and climb the platform within 60 s during
a screening trial using a visible platform. At the acquisi-
tion phase of the reference memory test, STZ groups in
both young and aged rats showed the highest latency to
reach the platform and the longest distance swum. The
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Figure | Representative flow cytometry graphs showing the cell surface marker analysis of peripheral blood and spleen lymphocyte populations (T, B, NK) and subsets of
T lymphocytes (TCD3"CD4"CD8 ™ TCD3*CD4 CD8").

Notes: A and G graphs: FS vs SS plot of the whole blood (on the top) or spleen (on the bottom) with lymphocytes gated for analysis of T (CD3"), B (CD45RA™) and NK
(CD161a") lymphocytes (A graph), as well as TCD3*CD4"CD8 and TCD3"CD4 CD8" (G graph) lymphocyte subsets, circle highlights the lymphocyte population; B-D
and H-J graphs show identification of different lymphocyte populations and T lymphocyte subsets based on the surface marker expression on lymphocytes. Histograms
present the cell count (Y-axis) and fluorescent intensity (X-axis), unstained as well as TCD3"CD4"CD8  and TCD3"CD4 CD8" (G graph) lymphocyte subsets, circle
highlights the lymphocyte population; B-D and H-J graphs show control cells (left) and cells stained (right) with antibody against the surface protein on lymphocytes: CD3-
FITC (B and H graphs), CD161a-APC (C graph), CD45RA-PC7 (D graph), CD8-APC (I graph) and CD4-PC7 (] graph); E-F and K-L graphs show identification of different
lymphocyte populations and T lymphocyte subsets based on the surface marker expression on lymphocytes. Cytograms present quadrant regions with analyzed lymphocyte
populations and T lymphocyte subsets: NK cells (CD3™ CD161a") (E graph), B lymphocytes (CD3~ CD45RA™) and T lymphocytes (CD3" CD45RA") (F graph) as well as
T CD4" lymphocytes (CD3" CD4"CD8") (K graph) and T CD8" lymphocytes (CD3"CD4 CD8") (L graph).

Abbreviations: FITC, fluorescein isothiocyanate; PC7, phycoerythrin cyanin 7; APC, allophycocyanin.
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impairment of reference memory acquisition was greater
in aged STZ rats compared to young STZ rats as indicated
by greater the latency to reach the platform and distance to
reach platform. Latency to reach the platform for aged
STZ rats was higher than in both VEHCTR and
VEHDMF groups. Aged STZ rats not receiving DMF
treatment swam longer distances than aged STZDMF rats
and aged VEHCTR rats. STZ rats spent less time in the
critical quadrant (CQ) than VEHDMF rats on day 1, and
spent less time compared to each other group on day 3.
Aged VEHDMF rats were the only group that improved its
performance during the test, showing a reduced latency
and distance on day 3 compared to day 1. There was also
a significant effect of age on the percentage of time spent
in the CQ: aged VEHDMF rats spent more time in the CQ
than young VEHDMF rats during the whole acquisition
phase of the reference memory MWM test.

In the probe test for spatial reference memory, work-
ing memory impairment was greater in aged STZ rats
compared to young STZ rats: values for latency to reach
the platform in trials 2—4, as well as distance swum and
the percent of time in the CQ in trial 4, were greater for
aged STZ rats. Latency to reach the platform and the
distance swum by aged STZ rats were longer compared
to aged VEHCTR and VEHDMF groups. Moreover, there
were significant differences between STZ and STZDMF
groups in aged rats. Aged STZ rats took longer to reach
the platform in trials 1-2, and swam a longer distance in
trial 2, than aged STZDMF
the percent of time in the CQ were found only in aged

rats. Differences in
rats. Aged STZ rats spent a lower percent of time in the
CQ than aged VEHDMF rats in trials 2—4 as well as
less percent time than aged VEHCTR animals in trials
3—4. VEHCTR group was the only group that improved
its performance in consecutive trials within the young
group of rats.

Total Blood Leukocytes, Leukocyte
Subset Percentage and Number, Relative
Thymus and Spleen Weight in Young and
Aged Rats

Total White Blood Cell (WBC) Number

There was a significantly (P < 0.05) higher the total
number of white blood cells (WBC) in the STZDMF
group in comparison with the VEHDMF and STZCTR
young rats (Table 1). In the aged rats (Table 2), the total
WBC number within the STZDMF group was significantly

lower rather than in the VEHDMEF aged rats. The WBC
number was significantly (P < 0.001) higher in the
VEHDMF and STZCTR in the aged rather than young
rats (Table 2).

Percentage and Total Lymphocyte Number

The percentage of blood lymphocytes was significantly
(P < 0.05) higher in the VEHDMF rather than VEHCTR
young rats (Table 1). In the aged animals, both the percen-
tage and total lymphocyte numbers were significantly (P <
0.05) lower in the STZDMF rather than STZCTR group
(Table 2). In comparison with the young animals, numbers
of lymphocytes were significantly lower within the
VEHDMF (P < 0.001 and P < 0.01 for percentage and
total number, respectively), STZDMF (P < 0.001, percen-
tage and total number) and STZCTR (P < 0.05, percentage
number) aged rats (Table 2).

Percentage and Total Neutrophil Number

A significantly (P < 0.05) lower the percentage and total
number of blood neutrophils in the STZDMF in comparison
with the VEHCTR was observed in young rats (Table 1). In
the aged rats, the number of blood neutrophils was signifi-
cantly lower within the STZCTR (P < 0.01 for percentage
and total number) and VEHDMF (P < 0.05 for percentage
number) in comparison with the VEHCTR group. Moreover,
within the STZDMF aged rats a significantly (P <0.05)
lower percentage of neutrophils in comparison with the
VEHDMF aged animals, was noticed (Table 2). Within all
the aged rats, the percentage and total number of neutrophils
was significantly (P < 0.001, Table 2) lower in comparison
with the respective groups of young animals.

Percentage and Total Eosinophil Number

There were no significant differences in the percentage and
total number of eosinophils between all groups of young or
aged animals (Tables 1 and 2). In the VEHDMF (P < 0.001)
and STZDMF (P < 0.05) aged rats, a significantly higher
total number of eosinophils in comparison with the respec-
tive groups of young animals, were observed (Table 2).

Percentage and Total Basophil Number

In comparison with the young VEHCTR group,
a significantly lower total number (STZCTR, P < 0.01)
and percentage (STZDMF, P < 0.05) of basophils, was
observed (Table 1). Moreover, in the STZDMF animals,
the basophil percentage was significantly lower rather than
VEHDMF group in young and aged (P < 0.05) animals
and STZCTR group in aged rats (P < 0.01). The
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Table | The Total Number of White Blood Cells (WBC), Percentage and Total Numbers of Lymphocytes, Neutrophils, Eosinophils,
Basophils and Monocytes, Relative Thymus and Spleen Weight in Young Rats Subjected to Dimethyl Fumarate (DMF) or Control
Therapy (CTR) Initiated on Day 0 (0.4% DMF or Standard Rat Chow) and Intracerebroventricular Injection of Streptozotocin (STZ)

or Vehicle (VEH) on Days 2 and 4

Group VEH CTR VEH DMF STZ CTR STZ DMF
Parameter Mean = SD Mean = SD Mean = SD Mean = SD
WBC 4098.42 + 1080.03 3780.56 + 1203.24 3622.35 + 1432.47 447154 £ 95352 & #
Lymphocytes
% 76.59 + 6.60 81.24 + 409 * 7541 £ 7.19 7741 £ 933
No./uL 313898 + 996.71 3071.33 + 981 .41 2731.61 + 1295.41 3461.42 + 1560.67
Neutrophils
% 16.13 £ 5.36 14.35 £ 4.72 17.25 £+ 4.88 14.86 + 5.08 #
No./uL 661.08 + 213.64 542.51 +219.30 624.86 + 291.78 664.47 + 209.44 &
Eosinophils
% 1.50 £ 0.63 1.50 £ 0.65 1.58 + 0.61 1.27 £ 0.47
No./uL 61.48 +21.38 56.71 +22.74 57.23 £ 21.51 56.79 + 20.01
Basophils
% 304 121 360+ 1.17 411 £ 1.69 2.55 £ [.13 %%
No./uL 128.69 + 68.43 136.10 £ 48.52 148.88 + 34.42 %% 114.02 £+ 39.11
Monocytes
% 333+ 1.40 231 £1.01 % 307+ 1.14 208 + 1.047
No./uL 136.48 £ 53.20 87.33+2077 % 111.21 £ 53.96 93.01 +35.16 % #
Relative thymus weight (mg/100g b.w.) 93.61 + 19.04 93.37 + 15.37 95.16 + 23.79 102.19 £ 27.26
Relative spleen weight (mg/100g b.w.) 200.02 + 29.58 206.06 + 34.64 205.53 + 31.80 196.02 £ 36.96

Notes: Data is presented as a mean % SD and was analyzed using Kruskal-Wallis or Mann—-Whitney-U test; *P < 0.05 and **P < 0.01 indicate significance of differences vs
VEHCTR; #P < 0.05 represents significance of differences vs VEHDMF; #P < 0.05 indicates significance of differences vs STZCTR.

percentage and total numbers of eosinophils were signifi-
cantly higher in all groups of aged rats (Table 2) in
comparison with young animals.

Percentage and Total Monocyte Number

There was a significantly lower percentage and total monocyte
number in the VEHDMEF rather than VEHCTR group (P <
0.05) and in the STZDMF animals in comparison with the
STZCTR (P < 0.05) and VEHDMF (P < 0.05) group of the
young rats (Table 1). The monocyte percentage was signifi-
cantly higher in the STZDMF aged animals in comparison
with the VEHDMF (P < 0.05) and STZCTR (P < 0.01) group
(Table 2). In comparison with young rats, significant differ-
ences in the percentage of monocytes were observed between
all the aged groups of rats (Table 2), with the higher level of
monocytes within the VEHDMF and STZDMF and lower
monocyte percentage within the VEHCTR and STZCTR in
aged animals.

Cytometric Analysis of Peripheral Blood
Lymphocytes and Lymphocyte Subpopulations in
Aged Rats

The percentage and total T (CD3"), B (CD45RA"), NK
(CD161a"), TCD4" (CD3"CD4°CDSY") and
TCD8'(CD3'CD4 CD8") lymphocyte numbers in the

peripheral blood mononuclear cells (PBMC) in the aged rats
are presented in Figures 2 and 3. As shown in Figure 2, in the
STZDMF group, a significantly higher the total and percentage
of T (CD3") lymphocytes rather than in the STZCTR (P <
0.01) and VEHDMF (P < 0.05) was noticed. There was
a significantly (P < 0.01) lower the total T (CD3") lymphocyte
number in the STZCTR and VEHDMEF in comparison with the
VEHCTR group. The total number of B (CD45RA ™) lympho-
cytes was lower within the STZDMF animals in comparison
with the STZCTR (P <0.01) and VEHDMEF (P < 0.05) groups
(Figure 2). The total B (CD45RA™) lymphocyte number was
significantly lower within the VEHDMF group rather than
VEHCTR animals (P < 0.01). There was a significantly
lower the total number of NK (CD161a") cells (Figure 2)
within the STZDMF rather than STZCTR (P < 0.01) and
VEHDMF (P < 0.05) groups, whereas the total number of
NK (CDI161a") cells was lower (P < 0.01) within the
VEHDMF in comparison with the VEHCTR animals. As
3, within the STZDMF group,
a significantly higher (P < 0.05) percentage of
T CD3'CD4 CD8" lymphocytes, whereas lower total num-
bers of T CD3'CD4'CD8 ™ and T CD3'CD4 CDS8" lympho-
cytes (P < 0.01) in comparison with the STZCTR group were
observed. In comparison with the VEHCTR group, the total

shown in Figure
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Table 2 The Total Number of White Blood Cells (WBC), Percentage and Total Numbers of Lymphocytes, Neutrophils, Eosinophils,
Basophils and Monocytes, Relative Thymus and Spleen Weight in Aged Rats Subjected to Dimethyl Fumarate (DMF) or Control
Therapy (CTR) Initiated on Day 0 (0.4% DMF or Standard Rat Chow) and Intracerebroventricular Injection of Streptozotocin (STZ)

or Vehicle (VEH) on Days 2 and 4

Eosinophils

%

No./puL

Basophils

%

No./puL

Monocytes

%

No./puL

Relative thymus weight (mg/100g b.w.)
Relative spleen weight (mg/100g b.w.)

1.19 £ 0.37
859+ 17.20

22,15 £ 2.2 **
1598.83 + 158.8

1.43 + 047 **
103.22 + 40.38
38.30 + 12.05 ***
203.66 + 43.65

1.60 + 0.65
127.27 £ 30.99 ***

21.5 £ 3.5 **
1710.21 £ 86.55 **

3.56 + 0.89 *
283.18 + 64.97 *¥*
25.66 + 8972 *wk $
194.69 + 43.70 ¥

0.88 + 0.20 **
5742 + 848

20.30 £ 0.20 *
1324.5 £+ 255.03 *

1.62 + 0.46 ***
105.7 + 21.98
31.14 + 6.90 ***
205.60 + 33.13

Group VEH CTR VEH DMF STZ CTR STZ DMF
Parameter Mean * SD Mean * SD Mean * SD Mean * SD
WBC 7218.18 + 1479.28 7954.44 £ 1322.98 *** | 6524.6] + 1514.33 *** 5465 + 2169.26 &
Lymphocytes
% 63.92 + 6.24 53.43 + 12.28 *¥* 6428 + 12.74 * 43.34 + 9.67 ok
No./uL 4613.86 + 1068.32 4250.1 £ 579.26 ** 4194.02 £ 731.59 2368.53 + 839.68 ik
Neutrophils
% 30.67 £ 6.18 *¥* 40.39 £ 7.07 % 41.88 £ 6.14 Fewk 51,15 £ 12,12 &
No./uL 2213.82 £ 420.89 *** | 3212.8 + 910.49 **+* 273251 + 896.4] 3% sk | 279535 + 8]4.98 ik

1.34 + 0.46
73.23 £20.75 *

1241 + 4.34 w6 % &
67821 * 39.15 **

7.28 + 2,99 e A& #
397.85 + 25.06"
3631 + 9.79 #wk &
217.26 + 48.63 &

Notes: Data is presented as a mean % SD and was analyzed using Kruskal-Wallis or Mann-Whitney-U test; *P < 0.05 and **P < 0.01 indicates significance of differences vs
VEHCTR; &P < 0.05 and %P < 0.01 indicate significance of differences vs VEHDMF; #P < 0.05 represents significance of differences vs STZCTR; *P < 0.05, **P < 0.01, and
***P < 0.001 indicate significance of differences between the corresponding group of young and aged rats.

number of T CD3'CD4"CD8 was significantly higher in the
STZCTR animals (P < 0.05), whereas total numbers of
T CD3'CD4'CD8 and T CD3'CD4 CDS8" lymphocytes
were lower within the VEHDMF group (P < 0.01).

Relative Thymus and Spleen Weight in Young and
Aged Rats

There were no significant differences in the relative thymus
and spleen weights between all young rats (Table 1). In aged
rats (Table 2), a significantly lower relative thymus and spleen
weights in the VEHDMF group in comparison with the
VEHCTR animals (P < 0.05) and in the STZDMF group in
comparison with the VEHDMEF rats (P < 0.05) were observed.
Moreover, the relative thymus weight in the aged rats was
significantly (P < 0.001) lower rather than the respective
groups of young animals.

Peripheral Blood Haematological

Parameters in Young and Aged Rats

Total Number of Red Blood Cells (RBC) in Young
and Aged Rats

There was a significant decrease in the total number of
red blood cells (RBC) in the STZDMF group in

comparison with the VEHDMF (P < 0.05) and
STZCTR (P < 0.01) groups in the aged animals
(Table 3). The total RBC number did not differ between
all the groups of the young animals or between young

and aged rats.

Total Number of Platelet (PLT) in Young and Aged Rats
In the young animals, a significantly (P < 0.05) lower
platelet (PLT) total number was observed in the
STZDMF group, in comparison with the VEHDMF
animals. In comparison with the young rats, the PLT
number was significantly higher in the VEHDMF (P <
0.05), STZCTR and STZDMF (P < 0.01) aged rats
(Table 3).

Haemoglobin Concentration (HGB) in Young and
Aged Rats

There was a significantly (P < 0.05) lower haemoglobin
concentration (HGB) in the STZDMF aged rats in
comparison with the STZCTR animals and higher
HGB level in the aged VEHDMF and STZCTR (P <
0.01) rather than the
(Table 3).

respective young animals
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Figure 2 The percentage and total number of T (CD3"), B (CD3 CD45RA™), NK
(CD3°CDI6la") lymphocytes in the peripheral blood mononuclear cells (PBMC)
analyzed by flow cytometric method in aged rats subjected to dimethyl fumarate
(DMF) or control therapy (CTR) initiated on day 0 (0.4% DMF or standard rat
chow) and intracerebroventricular injection of streptozotocin (STZ) or vehicle
(VEH) on days 2 and 4.

Notes: Data is presented as mean * SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; P < 0.05 and *P < 0.01 indicate significance of differences
vs VEHDMF; %P < 0.01 represents significance of differences vs STZCTR; 4P <
0.0l indicates significance of differences vs VEHCTR.

Hematocrit (HCT) and Mean Platelet Volume (MPV)
in Young and Aged Rats

In the aged STZDMF rats, a significantly lower hematocrit
(HCT), in comparison with the STZCTR and VEHDMF (P <
0.05) group as well as the mean platelet volume (MPV), in
comparison with the STZCTR aged (P < 0.05) and young
STZDMF (P < 0.01) animals, were observed (Table 3).

VEHCTR VEHDMF STZCTR STZDMF

Figure 3 The percentage and total number of TCD4" (CD3*CD4"CD8") and TCD8"
(CD3"CD4 CD8") lymphocytes in the peripheral blood mononuclear cells (PBMC)
analyzed by flow cytometric method in aged rats subjected to dimethyl fumarate (DMF)
or control therapy (CTR) initiated on day 0 (0.4% DMF or standard rat chow) and
intracerebroventricular injection of streptozotocin (STZ) or vehicle (VEH) on days 2
and 4.

Notes: Data is presented as mean + SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; P < 0.05 and *P < 0.01 indicate significance of differences
vs VEHDMF; *P < 0.05 and **P < 0.0l represent significance of differences vs
STZCTR; P < 0.05 and #*P < 0.01 indicate significance of differences vs VEHCTR.

Mean Haemoglobin Concentration in the Red Blood
Cell (MCHC), Mean Mass of the Haemoglobin in the
Red Blood Cell (MCH), Mean Corpuscular Volume
(MCV), and Red Cell Distribution Width (RDW) in
Young and Aged Rats

There were no significant differences in the mean haemoglo-
bin concentration in the red blood cell (MCHC), mean mass of
the haemoglobin in the red blood cell (MCH), mean corpus-
cular volume (MCV) and red cell distribution width (RDW) in
the young and aged rats (Table 3). In comparison with the
young animals, the higher MCHC in the STZDMF (P < 0.05),
higher MCH and MCYV in the STZCTR (P < 0.05), and higher
RDW in the VEHDMF (P < 0.05), STZCTR (P < 0.01) and
STZDMF (P < 0.001) aged rats were noticed.
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Table 3 The Complete Blood Count: Red Blood Cells (RBC), Platelets (PLT), Haemoglobin Concentration (HGB), Mean Haemoglobin
Concentration in the Red Blood Cell (MCHC), Mean Mass of the Haemoglobin in the Red Blood Cell (MCH), Mean Corpuscular
Volume (MCV), Hematocrit (HCT), Mean Platelet Volume (MPV), Red Cell Distribution Width (RDW) in Young (y) and Aged (a) Rats
Subjected to Dimethyl Fumarate (DMF) or Control Therapy (CTR) Initiated on Day 0 (0.4% DMF or Standard Rat Chow) and
Intracerebroventricular Injection of Streptozotocin (STZ) or Vehicle (VEH) on Days 2 and 4

Group VEH DMFy VEH DMFa STZ CTRy STZ CTRa STZ DMFy STZ DMFa
Parameter Mean £ SD Mean £ SD Mean £ SD Mean £ SD Mean £ SD Mean £ SD
RBC (No.)xIO3 8268.89 + 337.43 8567.42 + 546.11 8217.00 £ 471.22 8480.00 + 20.00 8145.56 + 470.51 8054.17 + 595.73 ## &
PLT (No.)xI0? 518.63 + 65.90 598.25 + 108.62 * 421.60 + 91.67 661.50 £ 11.50 ** 365.00 + 131.54 % 630.45 + 95.62 **
HGB (g/dL) 14.28 + 0.38 14.90 + 0.23 ** 14.06 + 0.75 15.35 + 0.15 ** 14.16 + 0.62 13.90 + 1.42 7%
MCHC (g/dL) 31.91 £ 0.60 31.87 £ 0.56 31.86 + 0.36 31.90 + 0.40 31.83 £ 0.68 32.40 £ 0.63 *
MCH (pg) 17.20 + 0.49 16.90 + 0.62 17.14 £ 0.58 17.95 + 0.05 * 17.38 + 0.34 17.29 + 0.81
MCYV (fL) 5443 + 1.4] 5345+ 1.71 53.75 + 1.85 55.15 £ 0.55 * 54.61 £ 1.26 54.13 £ 3.02
HCT (%) 4491 = 1.42 46.75 £ 1.31 * 44.15 £ 2.66 4835 + .15 * 4449 + 2.78 4307 £ 326 % &
MPV (fL) 4.89 £ 0.66 4.58 £ 0.39 4.65 +0.55 4.55 + 0.05 5.11 £0.70 418 £ 03] * #
RDW (%) 14.08 + 0.81 1622 + 1.30 * 14.98 + 0.82 16.28 + 0.25 ** 14.08 + 0.81 * 15.65 + 0.80 ***

Notes: Data is presented as a mean % SD and was analyzed using Kruskal-Wallis or Mann-Whitney-U test; *P < 0.05 indicates significance of differences vs VEHCTR of the

same age; #P < 0.05 represents significance of differences vs VEHDMF of the same age;

#P < 0.05 and P < 0.01 indicate significance of differences vs STZCTR of the same

age; *P < 0.05,%*P < 0.01, and ***P < 0.001 represent significance of difference between the corresponding group of young and aged rats.

Pro-/Anti-Inflammatory Cytokines

Plasma Interleukin (IL)-6/Interleukin (IL)-10
Concentration in Young and Aged Rats

There were significant differences in the plasma IL-6
concentration between young groups of animals with the
ICV-STZ-induced model of AD (STZDMF vs STZCTR)
and between the control VEHCTR and VEHDMF
groups (P < 0.05), with a significantly lower the cyto-
kine level in the animals treated with the DMF
(Figure 4A). Moreover, a significantly higher plasma
IL-6 concentration within the STZDMF and STZCTR
groups rather than control VEHDMF or VEHCTR,
respectively, in young rats was observed. There were
no significant differences in the plasma IL-6 concentra-
tion between all groups of aged animals. However, as
compared to the young animals, all groups of the aged
rats had a significantly higher level of IL-6 in the
plasma (STZCTR, P < 0.05; VEHCTR, P < 0.01;
STZDMF, P < 0.01, VEHDMF, P < 0.001).

As shown in Figure 4B, there were no significant
differences in the plasma IL-10 concentration between
all groups of the young rats. In the aged rats,
a significantly higher cytokine levels in the STZCTR
group in comparison with the VEHCTR and VEHDMF
groups (P < 0.05) and in the STZDMF animals rather
than VEHDMF group (P < 0.05) were observed.
Moreover, as compared to the young rats, plasma IL-
10 concentration was significantly higher (P < 0.01)
within all aged groups.

Spleen Mononuclear Cell (SMC) Interferon (IFN)-y/
Interleukin (IL)-10 Production in Young Rats

Figure 5A presents production of IFN-y by SMC stimu-
lated by concanavalin (Con)-A and without Con-A stimu-
lation (control) in young rats. Con-A-induced splenocyte
production of IFN-y was significantly increased (P < 0.05)
in the VEHCTR and VEHDMF groups in comparison with
the respective control values without mitogenic stimula-
tion. There were no significant differences in the IFN-y
production by Con-A stimulated splenocytes from both
STZCTR and STZDMF groups in comparison with the
control non-stimulated splenocytes. In comparison with
both VEHCTR and VEHDMF animals, a significantly
lower (P < 0.05) splenocyte ability to production of IFN-
y following Con-A stimulation in the STZCTR and
STZDMF group, with the lowest (P < 0.05) cytokine
production in the STZDMF animals, was noticed.

As shown in Figure 5B, production of IL-10 by Con-A
stimulated SMC was significantly (P < 0.05) higher in the
VEHCTR and VEHDMF groups in comparison with their
respective control non-stimulated splenocytes. Moreover,
a significantly lower (P < 0.05) IL-10 production after
Con-A stimulation in the STZDMF animals, in compar-
ison with splenocytes without Con-A stimulation (con-
trols), was observed. Con-A stimulation of splenocytes
induced the highest (P < 0.05) IL-10 production within
the VEHCTR group whereas it was the lowest (P < 0.05)
IL-10 production within the STZDMF animals. In compar-
ison with the DMF-treated groups, there was
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Figure 4 Plasma concentration of interleukin 6 (IL-6) (A) and interleukin 10 (IL-10)
(B) in young and aged rats subjected to dimethyl fumarate (DMF) or control
therapy (CTR) initiated on day 0 (0.4% DMF or standard rat chow) and intracer-
ebroventricular injection of streptozotocin (STZ) or vehicle (VEH) on days 2 and 4.
Notes: Data is presented as mean + SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; *P < 0.05, **P < 0.01, and **P < 0.001 indicate significance
of difference between the corresponding group of young and aged rats; “P < 0.05
represents significance of difference vs the VEHDMF group of the same age; P <
0.05 indicates significance of differences vs the STZCTR group of the same age.

a significantly (P < 0.05) higher Con-A-stimulated ability
of splenocytes to IL-10 production within the STZCTR
and VEHCTR groups.

Spleen Mononuclear Cell (SMC) Interleukin (IL)-6/
Interleukin (IL)-10 Production in Aged Rats

Figure 6A shows production of IL-6 by SMC stimulated
by Con-A and without Con-A stimulation (control) in aged
rats. Con-A-induced splenocyte production of IL-6 was
significantly (P < 0.05) lower in comparison with the non-
stimulated splenocytes in the STZDMF group. There was
a significantly lower (P < 0.05) production of IL-6 after
Con-A stimulation of splenocytes in the VEHDMEF,
STZCTR and STZDMF groups rather than VEHCTR ani-
mals, with the lowest cytokine production within the
STZDMF group.

H * e >

VEHCTR VEHDMF STZCTR STZDMF

Figure 5 Concanavalin (Con) A-stimulated splenocyte mononuclear cell (SMC)
production of interferon (IFN)-y (A) and interleukin (IL)-10 (B) in young rats
subjected to dimethyl fumarate (DMF) or control therapy (CTR) initiated on day
0 (0.4% DMF or standard rat chow) and intracerebroventricular injection of strep-
tozotocin (STZ) or vehicle (VEH) on days 2 and 4.

Notes: Data is presented as mean * SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; "P < 0.05 indicates significance of differences vs non-
stimulated (control) SMC; AP < 0.05 represents significance of differences vs
STZCTR after Con-A stimulation; *P < 0.05 indicates significance of differences
vs VEHDMF after Con-A stimulation; *P < 0.05 represents significance of differ-
ences vs VEHCTR after Con-A stimulation.

As shown in Figure 6B, there were no significant
differences in the IL-10 production between the Con-A
stimulated and non-stimulated SMC within all the investi-
gated groups of aged animals. Furthermore, there were no
significant differences in IL-10 production between
STZCTR and STZDMF groups.

Peripheral Blood Mononuclear Cell (PBMC)
Interferon (IFN)-y/Interleukin (IL)-10 Production in
Young and Aged Rats

Figure 7 presents the production of IFN-y by Con-A stimu-
lated and non-stimulated peripheral blood mononuclear
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Figure 6 Concanavalin (Con) A-stimulated splenocyte mononuclear cell (SMC)
production of interleukin (IL)-6 (A) and interleukin (IL)-10 (B) in aged rats sub-
jected to dimethyl fumarate (DMF) or control therapy (CTR) initiated on day 0
(0.4% DMF or standard rat chow) and intracerebroventricular injection of strepto-
zotocin (STZ) or vehicle (VEH) on days 2 and 4.

Notes: Data is presented as mean * SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; "P < 0.05 indicates significance of differences vs non-
stimulated (control) SMC; *P < 0.05 and **P < 0.0 represent significance of
differences vs VEHCTR after Con-A stimulation; @p < 0,05 indicates significance
of differences vs VEHCTR control.

(PBMC) in young rats (Figure 7A) and PBMC-induced
production of IL-10 after Con-A stimulation or without
Con-A stimulation in aged rats (Figure 7B). As shown in
Figure 7A, there was a significantly (P < 0.05) lower IFN-y
production by PBMC after mitogenic stimulation in the
STZCTR rather than VEHCTR young rats. Moreover,
a significantly (P < 0.05) higher IFN-y production by Con-
A stimulated blood lymphocytes in the control VEHCTR
and VEHDMF groups, in comparison with the non-
stimulated lymphocytes in young rats were observed. The
lowest ability of blood lymphocytes to produce IFN-y after

Con-A stimulation in the STZCTR animals was noticed.

i VEHCTR VEHDMF STZCTR STZDMF

Figure 7 Concanavalin (Con) A-stimulated peripheral blood mononuclear cell
(PBMC) production of interferon (IFN)-y in young rats (A) and interleukin (IL)-10
in aged rats (B) subjected to dimethyl fumarate (DMF) or control therapy (CTR)
initiated on day 0 (0.4% DMF or standard rat chow) and intracerebroventricular
injection of streptozotocin (STZ) or vehicle (VEH) on days 2 and 4.

Notes: Data is presented as mean + SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; "P < 0.05 indicates significance of differences vs non-
stimulated (control) PBMC; *P < 0.05 represents significance of differences vs
VEHCTR after Con-A stimulation; @P < 0.05 indicates significance of differences
vs VEHCTR control.

PBMC IL-10 production in control conditions (without
Con-A stimulation) in aged rats (Figure 7B) was signifi-
cantly (P < 0.05) higher in both STZCTR and STZDMF
groups in comparison with the VEHCTR animals. In com-
parison with the control value of IL-10 production by non-
stimulated lymphocytes, a significant (P < 0.05) increase
in IL-10 production after Con-A stimulation in the
STZDMF group was observed. Moreover, the higher abil-
ity (P < 0.05) to produce of IL-10 by stimulated PBMC in
the STZCTR and STZDMF groups, with the highest level
in the STZDMF animals,
VEHCTR groups, was noticed.

in comparison with the
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Plasma Corticosterone Concentration in Young and
Aged Rats

As shown in Figure 8, there were no significant differences
in the plasma COR concentration between STZDMF and
STZCTR groups, neither in the young nor in the aged rats.
However, as compared with the control VEHDMF ani-
mals, a significantly higher COR concentrations in the
STZDMF (P < 0.01) and VEHCTR (P < 0.05) groups in
the young rats were noticed. In the aged rats, plasma
concentrations of COR in the both STZCTR and
STZDMF groups were significantly (P < 0.05) higher in
comparison with their respective control VEHCTR and
VEHDMF groups. Moreover, the significant difference
(P < 0.01) in the COR level between both control group
of aged rats was noticed, with the lower hormone concen-
tration in the VEHDMEF rather than VEHCTR animals.
There was a significant difference (P < 0.01) in the plasma
COR concentration between young and aged rats within
the control VEHCTR groups.

Discussion

As far as we know, this is the first report on the peripheral
DMF effect in rats with the ICV-STZ-induced neuroin-
flammation which is compatible with the model of AD.
The main findings of the present study are that DMF used
as a therapeutic factor in rats with the AD model prevented
the peripheral pro-inflammatory response and memory
impairments in young and aged animals. These effects
were more pronounced in aged rather than young rats.

corticosterone

*%
300+
@B young rats

& o aged rats

plasma concentration [ng/ml]

VEHCTR VEHDMF STZCTR STZDMF

Figure 8 Plasma concentration of corticosterone in young and aged rats subjected
to dimethyl fumarate (DMF) or control therapy (CTR) initiated on day 0 (0.4% DMF
or standard rat chow) and intracerebroventricular injection of streptozotocin (STZ)
or vehicle (VEH) on days 2 and 4.

Notes: Data is presented as mean * SD and was analyzed using Kruskal-Wallis or
Mann-Whitney-U test; **P < 0.01 indicates significance of difference between the
corresponding group of young and aged rats; “P < 0.05 and *#P < 0.01 represent
significance of difference vs the VEHDMF group of the same age; P < 0.05 and 35P <
0.01 represent significance of differences vs the VEHCTR group of the same age.

Moreover, DMF decreased peripheral blood haematologi-
cal parameters and led to the blood and spleen anti-
inflammatory response in aged but not in young rats. It
suggests that beneficial, age-dependent effect of DMF can
be mediated by inhibition of the peripheral inflammatory
mediators, including changes in the distribution and func-
tion of peripheral lymphocytes.

The proposed mechanisms of the DMF-induced reduc-
tion of inflammatory mediators in the ICV-STZ model
of AD are the following: (A) a change in the peripheral
immune cell composition, (B) a change in the peripheral
immune cell phenotype, (C) a change in the balance of
pro-/anti-inflammatory cytokines or (D) suppression of
migration of leukocytes through the blood-brain-barrier
(BBB).

The change in blood immune cell composition is one
of the most important mechanisms by which DMF skews
the immune response towards an anti-inflammatory state
in the ICV-STZ model of AD. After 21 days of DMF
therapy, the decreased total numbers of B (CD45RA™)
lymphocytes, NK (CD161a") cells, TCD3'CD4'CD8"
and T TCD3"CD4 CD8" lymphocytes were noted which
may account for the observed peripheral lymphopenia and
leukopenia in aged rats after ICV-STZ injections. Notably,
the DMF-induced age-dependent (young vs aged) effect
concerned, in particular, lowered numbers of peripheral
leukocytes, lymphocytes, B, NK, TCD3'CD4'CD8" and
TCD3"°CD4 CD8" total
T CD3" and monocyte numbers in aged as compared to

lymphocytes and increased
young rats. Our results are consistent with previous reports
showing reduced numbers of lymphocytes, including
blood T cells, CD8" T cells, CD4" T cells, and CD19"
B cells in DMF-treated RRMS patients.*>*® In contrast to
these findings, we found an increased total number and
percentage of peripheral T (CD3") lymphocytes in aged
rats with the ICV-STZ-induced AD model after DMF
treatment. Regarding the increased T CD3" lymphocyte
number, these results were not confirmed when exploring
total cell numbers of TCD3'CD4'CD8  and
TCD3'CD4 CD8" subpopulations. It could show that
this relative increase may be a consequence of a decrease
in other lymphoid populations such as B (CD45RA") lym-
phocytes and NK (CD161a") cells. The decreased NK cell
(CD161a") number observed in the present study is also in
contrast to results reported in studies on DMF effects in
MS patients.*”*® Concerning the fact that NK cells exhibit
regulatory function and use different strategies to limit
T cell function®® another explanation of the increased
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number of TCD3" lymphocytes could be opposite effect of
DMF treatment on T (CD3") and NK (CD161a") cell
numbers observed in the ICV-STZ-induced pathology.
Interestingly, in response to the DMF treatment,
increased peripheral monocyte number in aged but not
young rats after STZ injections was found. DMF is sug-
gested to act by activating the nuclear factor (erythroid-
derived 2)-like 2 (Nrf2),’® which is essential in redox
homeostasis and responses to reactive oxygen species
(ROS). However, it has been demonstrated that older
animals have decreased nuclear content of Nrf-2°! and
therefore functionally reduced antioxidant and anti-
inflammatory Nrf-2 activity which is likely reflecting the
phenomenon of “inflammaging” state.'® Moreover, mono-
cytes are potent producers of ROS primarily via NADPH
oxidases***? suggesting Nrf-2-independent mechanisms in
the anti-inflammatory activity of DMF in aged rats. Other
reports demonstrate that the beneficial effect of DMF
treatment on macrophages/monocytes was accompanied
by the induction of anti-inflammatory M2 monocytes and
reduced frequencies of IFN-¥ and IL-17-producing CD4"
cells, indicating that DMF can promote M2 monocytes in
Nrf-2-independent manner. DMF can also affect the phe-
notype of monocytes/macrophages by affecting the level
of microRNA. Recently, it has been shown that DMF can
reduce the expression of the pro-inflammatory miR-155 in
monocytes from RRMS patients that is known to induce
the production of TNF-a and IL-6 in human macrophages.
Our results are in line with those studies showing that
DMF increased peripheral blood monocyte counts and
monocytic ROS generation and that epigenetic methyla-
tion changes in monocytes precede those occurring in
TCD4" in RRMS patients starting DMF therapy.** Thus,
our data suggest that this early and beneficial effect of
DMF on monocytes could be of importance for subsequent
modulation of adaptive immune response in aged rats.
The suggested modes of DMF action on lymphocyte
numbers include differential susceptibility of distinct lym-
phocyte subpopulations to DMF-induced apoptosis which
may contribute to efficacy and safety profile of this
drug.?>* Among T cells, DMF treatment selectively
depletes highly glycolytic effector T cells while sparing
3336 therefore affect-
and CNS
immunosurveillance.”’ Similarly, in MS, the DMF treat-

oxidative naive T cells and Treg cells,

ing cell-mediated antiviral immunity
ment was associated with a shift in the immunophenotypes
of circulating T cells, reducing circulating central and

effector memory CD4" and CD8" T cells.’”® DMF-

induced apoptosis is greater for CDS8" T than CD4"
T cells, memory than naive, and conventional than regula-
tory T cell subsets.”* Another mode of immunomodulative
action of DMF which could evoke these changes in per-
ipheral lymphocyte composition could be differential
effects of this drug on lymphocyte proliferation. Stronger
anti-proliferative effect on TCD8' rather than TCD4"
lymphocytes upon DMF stimulation was observed. DMF
inhibited proliferation of T cells in vitro by reducing the
activation status of antigen presenting cells via nuclear
factor kappa-light chain enhancer of activated B cells
(NFkB) inactivation. Activation of NFkB is crucial for
T cell survival whereas NFxB inactivation in-vivo led to
oxidative stress in T cells in multiple sclerosis patients.*'
Our findings are consistent with these studies. We
observed a decrease in the peripheral number of
TCD3'CD4°CD8” and TCD3'CD4 CDS8" lymphocytes
in DMF treated rats with the ICV-STZ-induced AD
model, which was more
TCD3'CD4 CDS8" lymphocytes.
DMF-induced peripheral immunomodulatory effects in
rats with the ICV-STZ model of AD in the present study
might have resulted from a Thl to Th2 shift and the
modulation of TCD3'CD4"CDS8™ function. Our findings
are in accordance with studies that reported an anti-
inflammatory shift in T cells after the DMF
treatment.”>°* DMF has been shown to inhibit the synth-
esis of many pro-inflammatory mediators including NOS,
TNF-a, IFN-x, IL-1B, IL-6, IL-2, IL-12, and IL-17.°
Apart from a decline in the absolute cell number of
Tregs (CD4"), DMF can reduce the capacity of T cells to
produce pro-inflammatory cytokines in MS patients.*®

pronounced for

Similarly, treatment with DMF significantly decreased
IL-17 mRNA levels in PBMCs of psoriasis patients.*
Activation of the cAMP-dependent signaling pathway
may contribute to the generation of Th2 lymphocytes,
since it has been shown that this pathway provides
a strong inhibitory signal for Thl cytokines, whereas Th2
cytokines are not affected or are upregulated.®* As DMF
stimulates cAMP signaling in human PBMC,** and cAMP
regulates T and NK cell functions, we further analyzed
ability of TCD3"CD4" CD8 lymphocytes to produce
pro-/anti-inflammatory cytokines. We found that periph-
eral immunomodulatory effects of DMF not only alter
lymphocyte composition, but also have profound age-
dependent effects on cytokine production. DMF reduced
the number of blood TCD3'CD4'CD8 " lymphocytes and
simultaneously decreased the production of such pro-
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inflammatory cytokines as IFN-y or IL-6 in young and
aged animals, whereas it enhanced the ability of PBMC
and SMC to produce an anti-inflammatory IL-10, as well
as it increased plasma IL-10 concentration in the aged, but
not young, rats with the STZ-induced AD pathology.
These effects are compatible with our previous findings
that the DMF treatment after ICV- STZ injections induces
a decrease in IL-6 and increase in IL-10 expression in the
rat brain.** Other authors reported that increased levels of
cAMP inhibited the expression of pro-inflammatory cyto-
kines such as IL-2, IFN-¥ and TNF-0, and stimulated the
production of anti-inflammatory cytokines such as IL-10.%*
Together, these effects indicate that DMF leads to the anti-
inflammatory phenotype and favors a shift from Thl to
Th2 response. This shift in TCD3"CD4'CDS" lympho-
cytes likewise contributes to the DMF therapeutic effects.
Furthermore, our results indicate that this age-dependent
anti-inflammatory effect does not depend on the differ-
ences in the hypothalamic-pituitary-adrenal axis response
between young and aged rats measured as plasma concen-
tration of COR. In fact, we observed similar increases in
COR concentrations in young and aged rats with STZ
injections.

We also found the DMF treatment to be associated
with a decrease in several peripheral haematological para-
meters, including the red blood cell number (RBC), hae-
moglobin concentration (HGB), haematocrit (HCT) and
mean platelet volume (MPV) after ICV-STZ injections,
in particular in aged rats. As compared to young animals,
all those parameters were significantly lower, except for
platelet number (PLT), in aged rats with AD pathology.
Simultaneously with the decreased RBC number, DMF-
treated aged animals presented a lowering of red cell
distribution width (RDW) which could indicate normal-
ization of RBC size distribution. Regarding the influence
of age on RBC function, the available data suggest that
plasma B-amyloid peptides bind to ageing erythrocytes,
implying a pathogenic role of erythrocyte amyloid com-
plex in AD. This complex induces changes in the red
blood cell morphology, adhesion to endothelium and influ-
ences vessel activity.®> Our findings are in contrast with
previous reports that indicated that chronic treatment with
DMF has improved haematological parameters by activa-
tion of Nrf2 in stem-cell-derived erythroid progenitors in
tissue culture and in murine and primate models.*®
Moreover, it has been shown that Nrf-2 is also a positive
regulator of gamma-globin expression during erythropoi-
esis and regulates expression of cytoprotective proteins,

including heme-oxygenase-1.°” Thus, in the present study,
decreased haematological parameters after DMF treatment
observed in aged animals can be explained by the lack of
such a therapeutic target for DMF as peripheral blood Nrf-
2 expression which is suppressed with ageing.51

Furthermore, coagulation system, and platelets in par-
ticular, are involved in AD pathology** and correspond-
ingly abnormal clotting was found in AD patients which
was correlated with decline in cognitive ability.?>%®
Platelets, which are an important part of the inflammation
and immune response, are hyper-activated in AD and these
hyper-activated cells more aggressively damage healthy
vessels.”> In the present study, PLT number was signifi-
cantly higher whereas MPV was lower in aged rather than
young rats after STZ injections and DMF treatment. Our
findings are in line with results demonstrating that platelet
count and likely their function are augmented with ageing.
Our results also suggest that there is a failure of Nrf-
2-activating intervention of DMF, and there are Nrf-
2-independent mechanisms in the anti-inflammatory activ-
ity of DMF in aged rats with the AD pathology.

Besides the effect on the immune cell composition and
phenotypes, DMF may protect the brain by decreasing the
expression of adhesion molecules and suppressing the
activation state of the immune systems,®” and by inhibiting
the brain infiltration of immune cells through their reten-
tion within secondary lymphoid tissues or within the per-
ipheral blood compartment itself. Furthermore, DMF may
protect the BBB integrity’® that could possibly interrupt
the recruitment and migration of immune cells to the site
of inflammation.”"

Conclusions

In summary, our study showed that the DMF-induced
attenuation of the response of inflammatory mediators,
including changes in the distribution and function of per-
ipheral lymphocytes, and memory impairment was more
pronounced in aged rats with the ICV-STZ injections as
compared to younger animals. The decreased number of
TCD3°CD4'CD8~
decreased production of pro-inflammatory cytokines

lymphocytes in parallel to the
(IFN-x, IL-6), and concomitantly with unaffected or even
enhanced production of anti-inflammatory cytokine (IL-
10) in aged rats suggests that DMF acts on pro-/anti-
inflammatory balance in the periphery and leads to an anti-
inflammatory shift in T lymphocytes. Those effects could
contribute to therapeutic effects of DMF in the ICV-STZ-
induced model of AD (graphical abstract). The obtained
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results extend our previous findings on beneficial brain
anti-inflammatory effects of DMF along with memory
improvement and suggest that DMF could be included in
the therapeutic strategy for treating Alzheimer’s disease, in
particular, through the modulation of the central and per-
ipheral immune system, favoring the anti-inflammatory
response. However, the DMF action may also lead to
more prevalent viral infections.
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