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Abstract
Our previous studies showed more severe experimental autoimmune encephalomyelitis (EAE) in male compared with female 
adult rats, and moderating effect of propranolol-induced β-adrenoceptor blockade on EAE in females, the effect associated 
with transcriptional stimulation of Nrf2/HO-1 axis in spinal cord microglia. This study examined putative sexual dimor-
phism in propranolol action on EAE severity. Propranolol treatment beginning from the onset of clinical EAE mitigated 
EAE severity in rats of both sexes, but to a greater extent in males exhibiting higher noradrenaline levels and myeloid cell 
β2-adrenoceptor expression in spinal cord. This correlated with more prominent stimulatory effects of propranolol not only 
on CX3CL1/CX3CR1/Nrf2/HO-1 cascade, but also on Stat3/Socs3 signaling axis in spinal cord microglia/myeloid cells 
(mirrored in the decreased Stat3 and the increased Socs3 expression) from male rats compared with their female counterparts. 
Propranolol diminished the frequency of activated cells among microglia, increased their phagocyting/endocyting capacity, 
and shifted cytokine secretory profile of microglia/blood-borne myeloid cells towards an anti-inflammatory/neuroprotective 
phenotype. Additionally, it downregulated the expression of chemokines (CCL2, CCL19/21) driving T-cell/monocyte traf-
ficking into spinal cord. Consequently, in propranolol-treated rats fewer activated CD4+ T cells and IL-17+ T cells, including 
CD4+IL17+ cells coexpressing IFN-γ/GM-CSF, were recovered from spinal cord of propranolol-treated rats compared with 
sex-matched saline-injected controls. All the effects of propranolol were more prominent in males. The study as a whole 
disclosed that sexual dimorphism in multiple molecular mechanisms implicated in EAE development may be responsible 
for greater severity of EAE in male rats and sexually dimorphic action of substances affecting them.

Graphical Abstract
Propranolol moderated EAE severity more effectively in male rats, exhibiting greater spinal cord noradrenaline (NA) levels 
and myeloid cell β2-adrenoceptor (β2-AR) expression than females. Propranolol affected CX3CR1/Nrf2/HO-1 and Stat3/
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Socs3 signaling axes in myeloid cells, favored their anti-inflammatory/neuroprotective phenotype and, consequently, reduced 
Th cell reactivation and differentiation into highly pathogenic IL-17/IFN-γ/GM-CSF-producing cells.

Keywords EAE · Sex difference · β-adrenoceptors · Microglia · CX3CR1/Nrf2 axis · Stat3/Socs3 axis

Introduction

In pathogenesis of multiple sclerosis (MS), an inflammatory 
demyelinating disease of the central nervous system (CNS), 
and in great majority of its most often used experimental 
models gathered under roof term experimental autoimmune 
encephalomyelitis (EAE), the involvement of autoreactive 
Th17 cells is widely recognized (Fletcher et al. 2010). It is 
also accepted that “classically activated” monocyte-derived 
macrophages and microglia contribute to neuroinflamma-
tion and myelin destruction (by antigen presentation to T 
cells and release of proinflammatory cytokines) (Lassmann 
et al. 2012). Consistently, microglial paralysis delays EAE 
onset and reduces clinical severity (Heppner et al. 2005). 
However, it is noteworthy that microglia play a role not only 
in inflammatory lesion formation in MS, but that they are 
equally important for restricting inflammation and clearing 
myelin debris, the processes enabling remyelination (Guer-
rero and Sicotte 2020; Voss et al. 2012). This is associated 
with microglia shift into the “alternatively activated” state 
characterized by an increased phagocytic activity and the 
production of anti-inflammatory cytokines (Guerrero and 
Sicotte 2020; Voss et al. 2012). To underscore importance 
of microglia in development of MS, it should be added that 
many of the newly discovered MS risk genes are highly 
expressed in microglia (Guerrero and Sicotte 2020). Thus, 
elucidating the delicate role of microglia in MS/EAE and 

the factors modulating their activation and function seems 
to be important to let us closer to more targeted therapies in 
MS, and possibly some other neurodegenerative diseases.

Sympathetic dysfunction is suggested to contribute to 
development of MS and EAE alike (Racosta and Kimpinski 
2016; Rajda et al. 2002; Zoukos et al. 1992; White et al. 
1983; Pilipović et al.2019; Vujnović et al. 2019), but under-
lying mechanisms are still far from being completely under-
stood. Our recent study has suggested that noradrenaline, the 
key sympathetic nervous system (SNS) effector mediator, 
promotes development of neuroinflammation and clinical 
EAE in female Dark Agouti (DA) rats partly by affecting 
the activity of CX3CR1/Nrf2 axis in microglia through 
β-adrenoceptor (Pilipović et al. 2020).

Adult microglia are now recognized to be morphologi-
cally and functionally sexually dimorphic (Bordeleau et al. 
2019; Han et al. 2021; Schwarz et al. 2012; Nacka-Aleksić 
et al. 2017). This is suggested to contribute to sex bias in 
development and clinical presentation of some CNS diseases 
like MS/EAE (Voskuhl and Gold 2012; Nacka-Aleksić et al. 
2015; Stojić-Vukanić et al. 2018a). Women have a higher 
prevalence of MS than men (2–3:1 ratio) (Voskuhl and Gold 
2012), whereas female experimental animals are more sus-
ceptible to EAE development (Nacka-Aleksić et al. 2015; 
Harpaz et al. 2013; Reddy et al. 2005). Additionally, there 
are sex differences in the clinical presentation of both MS 
(Gold et al. 2019) and EAE (Nacka-Aleksić et al. 2015). 
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Compared with women, men less frequently develop a more 
benign, relapsing–remitting course of the disease (Hawkins 
and McDonnell 1999). Differently, they tend to experience 
a primary progressive course more often (Bove and Chitnis 
2014; Runmarker and Andersen 1993). Additionally, men 
experience a more severe disease considering mortality rates 
than women (Bove and Chitnis 2014; Whitacre et al. 1999). 
This mismatch in the incidence and severity has been noted 
in mouse models of EAE, as well (Doss et al. 2021). We 
have shown that male DA rats exhibiting lower incidence of 
the disease develop clinically and pathohistologically more 
severe EAE than their female counterparts (Nacka-Aleksić 
et al. 2015).

It has initially been suggested that sex differences in mor-
phological and functional features of adult rodent micro-
glia reflect sex differences in sex steroid action in perinatal 
developmental period (Han et al. 2021; Schwarz et al. 2012; 
Lenz et al. 2013; Nelson et al. 2019). Emerging data has 
challenged the classical viewpoint that microglial sexual 
dimorphism is solely due to sex steroids (Han et al. 2021). 
Accumulating evidence indicates that some chromosomal 
and non-sex steroid hormonal factors should be taken into 
consideration (Han et al. 2021). It has been suggested that 
incomplete X chromosome inactivation may cause some 
genes to be doubly expressed, which could explain some 
sex biases in microglial function (Deng et al. 2014). Given 
that the central control of SNS activity is suggested to be 
sex specific (Hinojosa-Laborde et al. 1999) and that micro-
glia express β-adrenoceptor (Pilipović et al. 2020), it may 
be assumed that sex-based specificities in the sympathetic 
modulatory activity may contribute to sexual dimorphism 
in microglial function. Generally, molecular pathways 
regulating the activity of the SNS appear to be less sensi-
tive to excitatory stimuli and more sensitive to inhibitory 
stimuli in females compared with males (Hinojosa-Laborde 
et al. 1999). Thus, it is tempting to speculate that an attenu-
ated sensitivity to adrenergic nerve stimulation may pro-
tect females against sympathetic hyperactivity (Hinojosa-
Laborde et al. 1999). Furthermore, it has been supposed that 
epigenetic processes integrate intrinsic signals and environ-
mental variables to regulate microglial gene expression and 
microglial functions, so microglia contribute to the sexual 
dimorphisms in autoimmune diseases of the CNS (Gold 
et al. 2019; Ratnu et al. 2017).

Considering all aforementioned, the question of whether 
noradrenaline, the key sympathetic nerve effector media-
tor, is equally efficient in modulating microglial activity 
and development of neuroinflammation in male and female 
EAE animals inevitably arises. To answer the question, 
adult female and male DA rats immunized for EAE using 
immunization protocol optimal for analysis of inflammatory 
aspect of MS (Nacka-Aleksić et al. 2015; Stojić-Vukanić 
et al. 2018a) were subjected to treatment with propranolol, 

a β-adrenoceptor antagonist (blocker) daily, beginning from 
the 10th day post immunization (d.p.i.). This starting point 
was chosen to extend our previous study showing that pro-
pranolol administration beginning in the preclinical stage 
of EAE (on the 8th d.p.i.) reduces neuroinflammation and 
the disease severity (Pilipović et al. 2020), by attesting the 
effects of this treatment beginning in a later, very early, clini-
cal stage of this disease. Additionally, considering that (i) 
deletion of Stat3 in myeloid cells abolished symptoms of 
EAE in mice by impairing/suppressing antigen processing/
presentation and inflammatory cytokine production and 
thereby the generation of pathogenic Th17 cells (Lu et al. 
2020) and (ii) noradrenaline augments Stat3 expression/
activity through β-adrenoceptor (Landen Jr et al. 2007), the 
influence of propranolol on not only CX3CR1/Nrf2 signal-
ing axis, which is suggested to be affected by propranolol in 
female DA rats immunized for EAE (Pilipović et al. 2020), 
but also on Stat3/Socs3 signaling axis was investigated. It 
seemed to be particularly justifiable as our previous study 
revealed that noradrenaline promotes neuroinflammation in 
female DA rat EAE model acting not only on CX3CR1/
Nrf2 axis, but also in a CX3CR1/Nrf2 axis-independent way 
(Pilipović et al. 2020).

Materials and Methods

Experimental Animals

All experiments were performed using 3-month-old female 
and male DA rats. These rats were bred in the animal facility 
of the Immunology Research Centre “Branislav Janković” 
and housed under standard conditions (three rats per cage, 
under 12/12-h light/dark cycle and constant temperature and 
humidity conditions), with rat chow and tap water available 
ad libitum. Throughout experiments, animal care staff and a 
veterinarian monitored animal health on a daily basis.

All experiments were carried out following the EU leg-
islation on animal experimentation (Directive 2010/63/EU 
of the European Parliament and of the Council on the pro-
tection of animals used for scientific purposes). The study 
protocols were approved by the institutional Ethical Com-
mittee and Veterinary Directorate of the Ministry of Agri-
culture, Forestry, and Water Economy of the Republic of 
Serbia (permit no. 323–07-01577/2016–05/14). The study 
adhered to ARRIVE guidelines for reporting in vivo animal 
experiments.

EAE Model

Active EAE was induced in rats of both sexes by intradermal 
injection of 100 μl of emulsion comprised of equal volumes 
of rat spinal cord homogenate in phosphate-buffered saline 
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(PBS; Institute “Torlak”, Belgrade, Serbia) and complete 
Freund's adjuvant (CFA) with 1 mg/ml of heat-killed and 
dried Mycobacterium tuberculosis H37Ra (Cat# F5881, 
Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in 
the right hind footpad followed by a subcutaneous admin-
istration of saline suspension containing 5 ×  108 Bordetella 
pertussis (Institute “Torlak”, Belgrade, Serbia) (Nacka-
Aleksić et al. 2015). In order to reduce animal pain, suffering 
and distress, the animals were anesthetized prior to immu-
nization using 50 mg/kg body weight (BW) of ketamine 
(Ketamidor, Richter Pharma AG, Wels, Austria; 100 mg/ml) 
and 5 mg/kg BW of xylazine (Xylased, Bioveta, Ivanovice 
na Hané, Czech Republic; 20 mg/ml) solution administered 
intraperitoneally.

Animals were daily weighed and monitored for neuro-
logical symptoms of disease, starting from the 1st d.p.i., by 
two blinded investigators according to the following scoring 
system: 0, no clinical signs; 0.5, distal tail atony; 1, complete 
tail atony; 2, paraparesis; 3, paraplegia. For all the animals 
exhibiting neurological signs of EAE, facilitated access 
to mashed food and water was available. Prior to sacrifice 
through transcardial perfusion, rats were deeply anesthetized 
by intraperitoneal injection of ketamine (80 mg/kg BW)/
xylazine (8 mg/kg BW) cocktail.

Experimental Design

The study encompassed two sets of experiments. Sample 
sizes in these experiments were estimated using “resource 
equation” method. It is based on a notion that when analy-
sis of variance (ANOVA) is used to analyze quantitative 
characters, degrees of freedom (DF = total number of ani-
mals − total number of groups) for the error term used to 
test the effect of the variable should lie between 10 and 20 
(Festing and Altman, 2002). Sample sizes with DF values 
within this range are considered adequate. For the first and 
the second set of experiments, calculated DF values were 
30 and 20, respectively. Considering the paucity of relevant 
data needed to establish clinically significant effect size and 
determine standard deviation for the investigated parameters, 
and complex statistical procedures involved (e.g., paramet-
ric and nonparametric multifactorial ANOVA), this tech-
nique, quite reliable for whole animal studies, was chosen 
over power analysis (Festing and Altman, 2002; Charan and 
Kantharia, 2013).

The First Set of Experiments

The first set of experiments was performed to examine 
influence of immunization for EAE on noradrenaline con-
centration (six rats/group) and β1- and β2-adrenoceptor 
mRNA expression in spinal cord myeloid cells separated 
using magnetic-activated cell sorting (MACS) method (six 

rats/group). For these purposes, male and female rats were 
randomly assigned to immunization for EAE (EAE rats) or 
left intact (non-immunized rats). Spinal cords were sampled 
from randomly chosen non-immunized and EAE rats in the 
preclinical phase (the 8th d.p.i., for noradrenaline concen-
tration measurements), at the very early onset of clinical 
disease judging by neurological signs and loss of BW (the 
10th d.p.i., for β-adrenoceptor mRNA quantification) and at 
the peak of the disease (14th d.p.i., for noradrenaline con-
centration and β-adrenoceptor expression measurements).

The Second Set of Experiments

The second set of experiments was carried out to examine 
the influence of β-adrenoceptor blockade with propranolol 
on the key immune cells involved in the development of 
EAE at the spinal cord level. These experiments were pre-
ceded by a preparatory pilot study showing the protective 
effects of propranolol treatment (10 mg/kg of propranolol 
hydrochloride, Cat# P0884, Sigma-Aldrich Chemie GmbH; 
subcutaneously, twice a day) initiated on the 10th d.p.i., at 
the time point roughly corresponding to the appearance of 
the very first clinical signs of EAE in DA rat model, on EAE 
progression in male and female rats. The dose of proprano-
lol was decided considering that this drug at this dose: (i) 
blocks all β-AR receptors without producing toxic effects 
in rats (Robinson et al. 2011), and (ii) mildens EAE sever-
ity in female DA rats when administered over the effector 
phase of the disease (Pilipović et al. 2020). Control rats were 
administered with saline in the same way, twice a day. Male 
and female rats were randomly divided into groups (6 rats/
group) that were given propranolol or a saline carrier. All 
rats were graded for clinical signs of EAE.

In a follow-up experiment, myeloid cells (microglia, infil-
trating blood-borne monocytes/macrophages) and T cells 
recovered from spinal cords of propranolol-treated (Prop) 
and saline-injected (Sal) rats at the peak of the disease were 
assessed for phenotypic/functional properties. Specifically, 
the spinal cord tissue was collected from rats exhibiting 
neurological signs of EAE for: (i) flow cytometry analy-
sis (FCA) (six rats/sex/treatment); (ii) reverse-transcription 
quantitative polymerase chain reaction (RT-qPCR) quan-
tification of proinflammatory and anti-inflammatory fac-
tor expression by myeloid cells separated from spinal cord 
mononuclear cells using MACS (six rats/sex/treatment) and 
(iii) in vitro analysis of microglial phagocytic capacity and 
analysis of chemokine expression by spinal cord tissue using 
RT-qPCR (six rats/sex/treatment). For each of these three 
sets of analyses rats were chosen randomly, but taking care 
to secure that the mean maximum score was comparable 
across all groups of the same sex and treatment subjected to 
different analyses. All analyses were performed and evalu-
ated by investigators blind to the animal sex/treatment.
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Spinal Cord Noradrenaline Concentration 
Measurement

Spinal cord tissue samples, snap-frozen in liquid nitrogen, 
were immediately stored at − 70 °C for high performance 
liquid chromatography (HPLC) analysis. DEPROT solution 
containing 2% ethylene glycol tetraacetic acid (Cat# E3889), 
0.1 N  HClO4 (Cat# 1.09065) and 0.2%  MgCl2 (Cat# M8266) 
was used for both sample homogenization (1 mg:20 μl) and 
preparation of noradrenaline (DL-noradrenaline hydro-
chloride; Cat# A7256) standard solutions ranging between 
0.5–25 μg/ml. Tissue homogenates were sonicated and 
centrifuged for 30 min at 18,000 rpm. Supernatants were 
injected using the autosampler of a Dionex UltiMate 3000 
HPLC system (Thermo Scientific, Sunnyvale, CA, USA) 
equipped with a Hibar 125–4 LiCrospher100 RP-18 (5 μm) 
HPLC column (Cat# 54775, Merck Millipore, Darmstadt, 
Germany). Instrument control, data acquisition and analysis 
were performed using Chromeleon7 Chromatography Data 
System (Thermo Scientific). The mobile phase contained 
98% ammonium formate buffer (Cat# 014517.18, Fisher 
Scientific, Cambridge, UK, pH 3.6) and 2% methanol (Cat# 
10037550, J.T.Baker, Griesheim, Germany), with a flow rate 
of 500 μl/min. The potential for electrochemical measure-
ments was held at + 850 mV and the separation tempera-
ture was 25 °C. All the chemicals were provided by Sigma-
Aldrich Chemie GmbH, if not indicated otherwise.

Isolation of Spinal Cord Mononuclear Cells

Following perfusion, spinal cords were flushed out of the 
spinal canal in ice-cold RPMI 1640 medium (Cat# R4130, 
Sigma-Aldrich Chemie GmbH) supplemented with 5% 
fetal calf serum (FCS; Cat# FCS-62A, Capricorn Scientific 
GmbH, Ebsdorfergrund, Germany). Single-cell suspen-
sions were made from spinal cord by crushing and filtering 
through a 70-μm nylon cell strainer (Cat# 352350, BD Bio-
sciences, Erembodegem, Belgium) in ice-cold RPMI 1640 
medium with 5% fetal calf serum. Discontinuous 40/70% 
Percoll gradient (Cat# P4937, Sigma-Aldrich Chemie 
GmbH) was used to further fraction spinal cord single-cell 
suspensions, by centrifugation at 1000 g for 50 min. The 
cells collected from the interface were diluted in 0.2% trypan 
blue (Cat# T6146, Sigma-Aldrich Chemie GmbH) solution 
to exclude non-viable cells and the cell count was deter-
mined by the use of Neubauer counting chamber.

MACS of CD11b + Cells from Spinal Cord

To examine β1- and β2-adrenoceptor mRNA amount, and 
cytokine/cytokine feedback regulator, enzyme and transcrip-
tion factor mRNA expression in myeloid cells (microglia/
macrophages), mononuclear cells retrieved from spinal cord 

of non-immunized and EAE rats were subjected to cell sepa-
ration using MACS procedure. Equipment and reagents were 
supplied by Miltenyi Biotec (Gladbach, Germany).

To purify CD11b+ cells, spinal cord cells were labeled 
using biotin-conjugated anti-rat CD11b monoclonal anti-
body (mAb) (clone WT.5; Cat#554981, BD Biosciences 
Pharmingen, Mountain View, CA, USA). After incubation 
and washing, anti-biotin microbeads (Cat# 130-090-485) 
were added as a second-step reagent. Cells were loaded on 
a LS column (Cat# 130-042-401) and positively selected 
using Quadro MACS separator (Cat# 130-090-976). Posi-
tive fraction contained 90–95% of targeted CD11b+ cells, 
as determined by FCA.

Restimulation of Spinal Cord Mononuclear Cells 
for Intracellular Cytokine Staining

Freshly isolated spinal cord cells were restimulated for 4 h 
with 200 ng/ml of phorbol 12-myristate 13-acetate (Cat# 
P8139, Sigma-Aldrich Chemie GmbH) and 400 ng/ml iono-
mycin (Cat# I0634, Sigma-Aldrich Chemie GmbH) in the 
presence of 3 μg/ml of brefeldin A (Cat# 50-112-9757, eBio-
science; San Diego, CA, USA), for intracellular cytokine 
staining.

RT‑qPCR

Snap-frozen spinal cord tissue samples and MACS-sorted 
CD11b+ spinal cord cells were homogenized/lysed using 
TRIzol reagent (Cat# 15596026, Invitrogen Life Technolo-
gies, Carlsbad, CA, USA) and immediately stored at − 70 °C 
until RNA extraction. Total RNA was isolated using TRI-
zol reagent according to the manufacturer's protocol, and 
it was spectrophotometrically assessed for quantity and 
purity (OrionTM AquaMate 8000 from Thermo Scientific, 
Waltham, MA, USA). High Capacity cDNA Reverse Tran-
scription Kit (Cat # 4368814, Applied Biosystems, Foster 
City, CA, USA) was used for cDNA synthesis, as instructed 
by the manufacturer. Triplicate 25 μl RT-qPCR reactions 
were set up using 5 μl of cDNA template, 1 × TaqMan Gene 
Expression Master Mix (Cat # 4369542, Applied Biosys-
tems) and 1 × mix of commercially available primer/hydrol-
ysis probe sets (TaqMan Gene Expression Assays, Cat# 
4331182, Applied Biosystems). Real-time PCR amplifica-
tion was performed using Applied Biosystems 7500 Real-
Time PCR System under the default thermal cycling con-
ditions. Table 1 contains detailed information on TaqMan 
Gene Expression Assays used to analyze the expression of 
genes encoding β1- and β2-adrenoceptors, IL-6, heme oxy-
genase-1 (HO-1), nuclear factor erythroid 2-related factor 
2 (Nrf2), signal transducer and activator of transcription 3 
(Stat3), suppressor of cytokine signaling 3 (Socs3), induc-
ible nitric oxide synthase (iNOS), nicotinamide adenine 
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dinucleotide phosphate (NADPH) oxidase 2 (Nox2), argi-
nase-1 (Arg1), fractalkine/C-X3-C motif chemokine ligand 
1 (CX3CL1), C–C motif chemokine ligand 2 (CCL2), C–C 
motif chemokine ligand 19 (CCL19), C–C motif chemokine 
ligand 21 (CCL21) and β-actin, used as a reference gene. 
Relative mRNA expression levels, normalized to β-actin, 
were assessed using the SDS v1.4.0. software (Applied 
Biosystems) and comparative threshold cycle method. For 
each sample, threshold cycle value for the reference gene 
was subtracted from that for target gene (dCT = Ct target 
– Ct reference) and  2–dCt value indicating the target gene 
expression relative to the reference gene was calculated. The 
ratio of iNOS to Arg1 expression was determined accord-
ing to Brown and collaborators (Brown et al. 2009):  2–dCt 
iNOS/2–dCt Arg1.

Cell Staining and FCA

Antibodies and Immunoconjugates

For immunolabeling, antibodies (Abs) and second-step 
reagents were used as follows, with detailed information 
shown in Table 2. Fluorescein isothiocyanate-conjugated 
anti-CD11b, anti-IFN-γ and anti-Foxp3 Abs. Phycoerythrin-
conjugated anti-ED2, anti-CD4, anti-IL-10 and anti-IL17A 
Abs, as well as F(ab’)2 donkey anti-rabbit IgG. Peridinin-
chlorophyll-protein-conjugated anti-TCRαβ Ab. Alexa Fluor 
647-conjugated anti-TCRαβ, anti-GM-CSF and anti-TGF-β1 
Abs. Peridinin-chlorophyll-protein-eFluor 710-conjugated 
anti-CD25 Ab. Biotin-conjugated anti-CD45 and anti-
CD11b Abs. Unconjugated anti-CX3CR1 and anti-IL-1β 

Abs. Peridinin-chlorophyll-protein-Cyanine5.5-conjugated 
streptavidin.

Immunofluorescence Labeling of Cell Surface 
and Intracellular Antigens

Freshly isolated spinal cord mononuclear cells were used 
for surface antigen immunostaining, while intracellular 
cytokines and Foxp3 were immunostained following cell 
fixation/permeabilization according to eBioscience proto-
col (http:// www. ebios cience. com/ resou rces/ best- proto cols/ 
flow- cytom etry- proto cols. htm). Cell samples were incu-
bated with fluorochrome-labeled Abs or biotin-conjugated/
unconjugated Abs. After the incubation with biotin-conju-
gated/unconjugated Abs, the cells were washed and further 
incubated with appropriate second-step reagents. All Abs 
were incubated for 30 min at 4 °C, except for intracellular 
cytokine immunolabeling which was carried out at room 
temperature (RT). All primary antibodies for flow cytom-
etry were specific for rat antigens and have been validated 
for this application by the antibody manufacturer. Addition-
ally, specificity of all antibodies for target cell antigens was 
confirmed in our previous (Stojić-Vukanić et al. 2018b) 
and the present study using either single- or multi-color 
analysis (including positive and negative cell types). Apart 
from positive and negative controls, we used other controls 
including unstained cells, isotype staining, secondary only 
controls and double staining specific controls. To optimize 
staining, all antibodies were titrated to determine optimal 
concentration.

Table 1  Applied Biosystems’ 
TaqMan gene expression assays 
used for RT-qPCR analyses

a RefSeq: NCBI Reference Sequence Database

Symbol Gene name Accession No. a Assay ID

1 Adrb1 adrenoceptor beta 1 NM_012701.1 Rn00824536_s1
2 Adrb2 adrenoceptor beta 2, surface NM_012492.2 Rn00560650_s1
3 Il6 interleukin 6 NM_012589.2 Rn99999011_m1
4 Hmox1 heme oxigenase (decycling) 1 NM_012580.2 Rn00561387_m1
5 Nfe2l2 nuclear factor, erythroid 2-like 2 NM_031789.2 Rn00582415_m1
6 Stat3 signal transducer and activator of transcription 3 NM_012747.2 Rn00562562_m1
7 Socs3 suppressor of cytokine signaling 3 NM_053565.1 Rn00585674_s1
8 Nos2 nitric oxide synthase 2, inducible NM_012611.3 Rn00561646_m1
9 Cybb cytochrome b-245, beta polypeptide; Nox2 NM_023965.1 Rn00576710_m1
10 Arg1 arginase 1 NM_017134.3 Rn00691090_m1
11 Cx3cl1 chemokine (C-X3-C motif) ligand 1 NM_134455.1 Rn00593186_m1
12 Ccl2 chemokine (C–C motif) ligand 2 NM_031530.1 Rn00580555_m1
13 Ccl19 chemokine (C–C motif) ligand 19 NM_001108661.1 Rn01439563_m1
14 Ccl21 chemokine (C–C motif) ligand 21 NM_001008513.1 Rn01764651_g1
15 Actb actin, beta NM_031144.3 Rn00667869_m1

http://www.ebioscience.com/resources/best-protocols/flow-cytometry-protocols.htm
http://www.ebioscience.com/resources/best-protocols/flow-cytometry-protocols.htm
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Latex Bead Phagocytosis Assay

Carboxylated polystyrene latex beads loaded with yel-
low-green fluorescent dye (1 μm diameter, Cat# L4655, 
Sigma-Aldrich Chemie GmbH) were sonicated in an 
ultrasound bath for 2 min at RT prior to phagocytosis 
assay. Latex beads were incubated with spinal cord cells 
for 1 h at 37 °C in complete RPMI 1640 medium con-
taining 5% FCS, at a 50:1 bead:cell ratio. Following the 
incubation, the cells were held on ice for 5–10 min to stop 
the phagocytosis, then washed in ice-cold PBS, and sub-
jected to immunostaining of surface antigens. The gating 
boundary for latex-positive cells in FCA was determined 
using cell samples incubated at 4 °C.

Endocytosis of FITC‑Dextran

Spinal cord cells were incubated with FITC-conjugated 
dextran (1 mg/ml; Cat# FD40S, Sigma-Aldrich Chemie 
GmbH), dissolved in complete RPMI 1640 medium with 
5% FCS, for 90 min at 37 °C. Afterwards, the cells were 
washed twice with ice-cold PBS containing 2% FCS and 

0.1%  NaN3 (Cat# S2002, Sigma-Aldrich Chemie GmbH) 
to remove excess dextran, and then subjected to sur-
face antigen immunolabeling. The gating boundary for 
dextran-positive cells in FCA was determined using cell 
samples incubated at 4 °C.

FCA

For FCA, 50,000 events per sample were acquired using 
FACSCalibur flow cytometer (Becton Dickinson, Moun-
tain View, CA, USA). Frequency of a marker positive cells 
and/or mean fluorescence intensity (MFI), indicating an 
antigen expression level per cell and shown as MFI ratio 
(MFI of antibody-labeled cells/MFI of unstained negative 
control cells) (Reguzzoni et al. 2002), were determined 
using FlowJo software version 7.8. (TreeStar Inc., Ashland, 
OR, USA). With the exception of markers exhibiting clear 
bimodal staining (Alvarez et al. 2010), fluorescence minus 
one (FMO) controls were used to determine the gating 
boundaries.

Table 2  Antibodies, immunoconjugates and secondary reagents used for flow cytometry analyses

FITC Fluorescein isothiocyanate, PE phycoerythrin, PerCP peridinin-chlorophyll-protein, AF647 Alexa Fluor 647, PerCPeF710 PerCP-eFluor 
710, APC allophycocyanin

Antibody Host Clone Vendor Catalog no.

Fluorchrome/biotin-conjugated antibodies
1 CD11b–FITC Mouse ED8 Serotec, Oxford, UK MCA619F
2 CD45–biotin Mouse OX-1 BD Biosciences Pharmingen 554876
3 CD11b–biotin Mouse WT.5 BD Biosciences Pharmingen 554981
4 ED2 (CD163)–PE Mouse HIS36 BD Biosciences Pharmingen 554901
5 IL-10–PE Mouse A5–4 BD Biosciences Pharmingen 555088
6 CD4–PE Mouse OX-38 BD Biosciences Pharmingen 551397
7 TCRαβ–PerCP Mouse R73 BD Biosciences Pharmingen 557019
8 IL-17A–PE Rat TC11-18H10 BD Biosciences Pharmingen 559502
9 IFN-γ–FITC Mouse DB-1 BD Biosciences Pharmingen 559498
10 TCRαβ–AF647 Mouse R73 BioLegend 201116
11 Foxp3-FITC Rat FJK-16 s eBioscience 71-5775-40
12 CD25–PerCPeF710 Mouse OX39 eBioscience 46-0390-80
13 GM-CSF–AF647 Mouse 83,308 Novus Biologicals IC5181R
14 TGF-β1–AF647 Mouse 9016 R&D Systems IC240R
Unconjugated primary antibodies
1 CX3CR1 Rabbit Polyclonal Abcam ab217291
2 IL-1β Rabbit Polyclonal Novus Biologicals NBP1-42767
Secondary reagents
1 Anti-rabbit IgG–FITC Goat Polyclonal BD Biosciences Pharmingen 554020
2 Anti-rabbit IgG–PE Donkey Polyclonal, F(ab’)2 BD Biosciences Pharmingen 558416
3 Straptavidin–PerCP Cyanine5.5 – – eBioscience 45-4317-80
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Statistical Analysis

Statistical analyses were performed using GraphPad Prism 
8.00 (GraphPad Software, San Diego, CA, USA) and PASW 
Statistics 18 (SPSS Inc., Chicago, IL, USA) software. For 
EAE clinical parameters, as well as HPLC, flow cytometry 
and RT-qPCR data, normality of distribution (Shapiro–Wilk 
test) and equality of variances (Levene test) were assessed 
using PASW Statistics 18 software. Please note that for 
mean clinical score on the 14th d.p.i., duration and maxi-
mum neurological score of EAE, Kolmogorov–Smirnov 
normality test with Lilliefors significance correction was 
used, considering the limitations of Shapiro–Wilk test 
when the values are not unique, i.e., when there are ties. 
Data exhibiting normal distribution and homogeneity of 
variances (Online Resource 1) were analyzed by two-way 
ANOVA followed by adjusted Bonferroni’s test for post-
hoc comparisons (GraphPad Prism 8.00). These data were 
graphed as mean ± standard deviation (SD), and the values 
of p ≤ 0.05 were considered significant. For the data not 
meeting the assumptions for parametric statistical testing 
(highlighted in Online Resource 1), Mann–Whitney test (for 
BW loss) or two-factorial nonparametric data analyses were 
performed. ARTool program (Wobbrock et al., 2011) was 
used to carry out Aligned Rank Transform (ART) analysis, 
relying on data alignment and ranking step, prior to run-
ning common two-way ANOVA to examine sex x treatment 
interaction (GraphPad Prism 8.00). Post-hoc analyses were 
performed using Mann–Whitney test (GraphPad Prism 
8.00) with Bonferroni correction for multiple comparisons: 
uncorrected significance level was set at 0.05, and divided 
by the number of comparisons (p = 0.05/4 or 0.05/9) yield-
ing Bonferroni-adjusted values of p ≤ 0.0125 or p ≤ 0.0056, 
which were considered significant. For BW loss, values of 
p ≤ 0.05 were required for significance. All these data were 
graphed as median with interquartile range (25th–75th per-
centile), except for daily clinical scores, which were shown 
as mean ± SD, to improve visual readability of distinctions 
between the groups.

Results

Propranolol Treatment During the Effector Phase 
of EAE Abolished Sexual Dimorphism in the Severity 
of the Disease

Sexual Dimorphism in Noradrenaline Level 
and CD11b+ Myeloid Cell β2‑Adrenoceptor Expression 
in Spinal Cord from EAE‑Diseased Rats

To attest assumption that sexual diergism in sympathetic 
activity (Hinojosa-Laborde et al. 1999), could contribute to 

sex differences in EAE and particularly important in efficacy 
of β-adrenoceptor blockade control of the disease develop-
ment, spinal cord noradrenaline levels in non-immunized 
and immunized female and male rats were measured. Indeed, 
the level of noradrenaline in spinal cord of non-immunized 
rats was higher (p = 0.0149) in male rats compared with 
female ones (Fig. 1). The spinal cord level of this neurotrans-
mitter slightly, but not statistically significantly, increased on 
the 8th d.p.i. in male (p = 0.0851) and female (p = 0.3696) 
rats, and then decreased, so on the 14th d.p.i., which corre-
sponds to the peak of EAE, it was lower (p < 0.001) than on 
the 8th d.p.i. (Fig. 1). The spinal cord level of noradrenaline 
remained higher (p = 0.0023 and p = 0.002 on the 8th d.p.i. 
and the 14th d.p.i., respectively) in males than in females at 
all examined points during the disease development (Fig. 1).

Additionally, given that rat microglia do not express 
β3-adrenoceptor (Tanaka et al. 2002; Sugama et al. 2019), 
the expression of β1- and β2-adrenoceptor transcripts in rat 
spinal cord CD11b+ cells, encompassing predominantly 
microglia, was measured on the 10th d.p.i. (roughly corre-
sponding to the very onset of EAE, when propranolol treat-
ment began) (Fig. 2). Of note, on the 10th d.p.i. male and 
female rats exhibited the first clinical signs of EAE, i.e., 
neurological deficit and/or loss of BW (Fig. 3). Compared to 
non-immunized rats, the expression of mRNA encoding β1-
adrenoceptor in spinal cord CD11b+ myeloid cells remained 
unaltered on the 10th d.p.i. in male (p = 0.9372) and female 
(p = 0.1797) rats alike (Fig. 2). However, β1-adrenoceptor 
expression decreased (p = 0.0022) thereafter, so it was lower 

Fig. 1  Greater spinal cord noradrenaline concentrations in male than 
female naïve rats were retained over the course of EAE develop-
ment. Scatter plot shows noradrenaline concentrations in spinal cord 
of male (♂) and female (♀) Dark Agouti rats in the inductive (the 
8th day post immunization; d.p.i.) and the effector (the 14th d.p.i.) 
stage of EAE and corresponding sex-matched non-immunized (Con-
trol) animals. The data are shown as means (wide bars) ± SD (n = 6 
rats/group). Symbols in scatter plot correspond to individual rats. *, 
# p ≤ 0.05. $$, ## p ≤ 0.01. ***, $$$ p ≤ 0.001. *, vs Control or 8th 
d.p.i. male EAE rats. $, vs Control or 8th d.p.i. female EAE rats. #, 
male vs female rats
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on the 14th d.p.i. than on 10th d.p.i. in rats of both sexes 
(Fig. 2). Additionally, as in some other tissues (McIntosh 
et al. 2011) the expression of β1-adrenoceptor mRNA was 
comparable (p = 0.3939) a in spinal cord CD11b+ myeloid 
cells from male and female non-immunized rats. Addi-
tionally, there was no sexual dimorphism (p = 0.9372 and 
p = 0.0649 on the 10th and the 14th d.p.i., respectively) in its 
expression in spinal cord CD11b+ myeloid cells from male 
and female EAE-inflicted rats (Fig. 2). 

In non-immunized rats, β2-adrenoceptor mRNA level in 
spinal cord CD11b+ myeloid cells, corresponding to micro-
glia, was greater (p = 0.0043) in male than female animals 
(Fig. 2). On the 10th d.p.i., β2-adrenoceptor mRNA expres-
sion in these cells was lower in both male (p = 0.0043) and 
female (p = 0.0022) EAE rats compared with sex-matched 
non-immunized controls (Fig. 2). Between the 10th and 
the 14th d.p.i., relative amounts of β2-adrenoceptor mRNA 
in spinal cord CD11b+ myeloid cells further decreased 
(p = 0.0022) in males and females alike. It is noteworthy that 
CD11b+ myeloid cells from male EAE rats exhibited greater 
(p = 0.0022) β2-adrenoceptor mRNA expression than female 
ones at the onset, and at the peak of the disease (Fig. 2).

Propranolol Reduces the Severity of EAE and the Size 
of Mononuclear Cell Infiltrate in Spinal Cord: The Effects 
More Prominent in Males

In the next step, to confirm significance of immunomodula-
tory action of catecholamines for sex bias in EAE devel-
opment, the effects of propranolol on EAE development 
in male and female rats was examined. Male rats from 

both groups (Sal and Prop), as their female counterparts 
(Pilipović et al. 2020), developed monophasic EAE with 
the peak on the 14th d.p.i. (Fig. 3a). The severity of EAE in 
Prop rats of both sexes was diminished when compared with 
sex-matched Sal rats, judging by the duration of the clini-
cal phase of EAE (p = 0.0055 and p = 0.0101 in males and 
females, respectively), the clinical severity index (cumula-
tive clinical score of each rat divided by the number of days 
with neurological signs of EAE; p = 0.0022 and p = 0.006 
in males and females, respectively) and the mean maximum 
neurological score (p = 0.0043 and p = 0.0099 in male and 
female rats, respectively) (Fig. 3a). All effects of proprano-
lol were more prominent in male rats than in female ones 
(Fig. 3a). Consequently, sexual dimorphism observed in 
Sal rats, with greater duration (p = 0.0099), clinical sever-
ity index (p = 0.0048) and maximum neurological score 
(p = 0.0043) of EAE in males, disappeared following pro-
pranolol treatment (Fig. 3a).

Considering that severity of EAE correlates with the size 
of spinal cord mononuclear cell infiltrate (Zhang et al. 2008) 
the effects of propranolol on the count of mononuclear cells 
recovered from male and female rats affected by EAE was 
examined. The propranolol-induced decrease in the severity 
of EAE correlated with fewer mononuclear cells recovered 
from spinal cord of male (p < 0.001) and female (p = 0.0346) 
Prop rats compared with sex-matched Sal rats (Fig. 3b). 
Additionally, differently from Sal rats (more mononuclear 
cells were recovered from male rat spinal cord, p < 0.001) 
a similar numbers (p ˃  0.9999) of mononuclear cells were 
retrieved from spinal cord of male and female Prop rats 
(Fig. 3b).

Fig. 2  Greater β2-adrenoceptor mRNA expression levels in spinal 
cord CD11b+ cells in male than female naïve rats were retained over 
the course of EAE development. Scatter plots show (left) β1- and 
(right) β2-adrenoceptor mRNA expression levels in MACS-sorted 
spinal cord CD11b+ cells (see Materials and methods) of male (♂) 
and female (♀) Dark Agouti rats at the onset (the 10th day post 
immunization; d.p.i.) and at the peak (the 14th d.p.i.) of EAE and 
corresponding sex-matched non-immunized (Control) animals. Rela-
tive adrenoceptor mRNA expression levels, normalized to β-actin, 

were determined by RT-qPCR and shown as  2-dCt values (see Materi-
als and methods). Differences between groups were determined with 
Mann–Whitney test followed by Bonferroni adjustment to calculate 
p values required for significance: *, $, # p ≤ 0.0056. The data are 
shown as median values (wide bars) with interquartile range (25th-
75th percentile) (n = 6 rats/group). Symbols in scatter plot correspond 
to individual rats. *, vs Control or 10th d.p.i. male EAE rats. $, vs 
Control or 10th d.p.i. female EAE rats. #, male vs female rats
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Propranolol Treatment Activates Anti‑Inflammatory/
Pro‑Resolving Properties of Myeloid Cells in Spinal 
Cord from EAE Rats: The Effects More Prominent 
in Males

Influence of Propranolol on the Activation Status 
of Microglia

Given that the number of activated microglia is shown to 
correlate with EAE severity (Benusa and Lafrenaye 2020) 
the influence of propranolol on their number in spinal cord 
suspensions recovered from EAE rats was also examined. 

More microglia (p < 0.001) were recovered from spinal cord 
of male Sal rats compared with their female counterparts 
(Fig. 4). Microglia were identified by characteristic constel-
lation of CD11b/CD45 surface markers (CD11b+CD45lo/int 
cells) (Almolda et al. 2009). As previously suggested (Djikić 
et al. 2014), the gating boundary between CD11b+CD45lo/int 
and CD11b+CD45hi cells was settled on the basis of CD11b/
CD45 expression on spinal cord mononuclear cells recov-
ered from non-immunized control rats. Propranolol admin-
istration diminished the total number of CD11b+CD45lo/int 
cells (p < 0.001 and p = 0.0068 in males and females, respec-
tively) and the number of CD11b+CD45int cells, presumably 

Fig. 3  Propranolol treatment from the 10th day post immunization 
ameliorated EAE severity more effectively in male than female rats. 
a Line graph shows mean daily clinical scores of acute monophasic 
EAE in male (♂) and female (♀) Dark Agouti rats treated with pro-
pranolol or injected with saline from the 10th day post immunization 
(d.p.i.) until complete recovery. Table shows duration (days), clini-
cal severity index (cumulative clinical score of each rat divided by 
the number of days with neurological signs of EAE) and maximum 
neurological score (the sum of the highest clinical scores divided by 
the number of rats with clinical EAE) of EAE in propranolol-treated 
or saline-injected rats of both sexes. All data were obtained in a pre-
liminary experiment. Nonparameric factorial analyses revealed sig-
nificant sex x treatment interactions for the mean clinical score on the 
14th d.p.i.  (F(1,20) = 16.40; p = 0.0006), the duration  (F(1,20) = 6.751; 
p = 0.0172), clinical severity index  (F(1,20) = 7.498; p = 0.0127) and 
maximum neurological score  (F(1,20) = 16.40; p < 0.0006) of EAE. For 
these parameters, differences between groups were determined with 
Mann–Whitney test followed by Bonferroni adjustment to calculate p 
values required for significance: *, $, # p ≤ 0.0125. ** p ≤ 0.0025. The 
data in the table are shown as median values with interquartile range 

(25th-75th percentile) (n = 6 rats/group). Scatter plot shows percent 
body weight loss on the 10th d.p.i. for EAE, relative to weight on day 
0. Significance of changes was determined with Mann–Whitney test. 
These data are shown as median values (wide bars) with interquar-
tile range (25th-75th percentile) (n = 12 rats/group). Symbols in scat-
ter plot correspond to individual rats. *  p = 0.0398. $$$ p = 0.0002. 
*, male rats, vs day 0. $, female rats, vs day 0. b Scatter plot shows 
the number of mononuclear cells retrieved from spinal cords of male 
and female rats treated with propranolol or injected with saline from 
the 10th until the 14th d.p.i. for EAE and sacrificed thereafter, at the 
peak of the disease. The clinical course of EAE in this follow-up 
experiment (data not shown), aimed at determining the effects of pro-
pranolol on phenotypic/functional properties of spinal cord microglia 
and infiltrating myeloid and CD4+ T cells, was comparable to that 
observed in a preliminary experiment. Two-way ANOVA revealed 
significant sex x treatment interactions for mononuclear cell number 
 (F(1,20) = 14.58; p = 0.0011). These data are shown as means (wide 
bars) ± SD (n = 6 rats/group). Symbols in scatter plot correspond to 
individual rats. ***, ###  p ≤ 0.001. $ p ≤ 0.05. *, vs saline-injected 
male rats. $, vs saline-injected female rats. #, male vs female rats
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activated microglia (Almolda et al. 2009), (p < 0.001) in 
spinal cord mononuclear cell suspensions from male and 
female EAE rats (Fig. 4). These effects of propranolol were 
more prominent in males leading to the loss of sexual dimor-
phism observed in Sal rats (greater representation of these 
cells in male rat spinal cord mononuclear cell suspensions; 
p < 0.001) (Fig. 4).

Influence of Propranolol on Cytokine and Enzyme 
Expression Profile of Microglia and Their Phagocytic 
Properties

Influence of Propranolol on the Expression of Proinflamma‑
tory Cytokines and Enzymes Taking in conjunction the role 
of the target organ microenvironment in determining the 
clinical outcome of EAE (Kawakami et al. 2004), and high 
plasticity of activated microglia in the evolution of CNS 
autoimmunity, which is mirrored in their transition from so-
called proinflammatory state leading to the release of det-
rimental factors that evoke neuroinflammation and impede 
spinal cord repair to the anti-inflammatory state facilitating 
resolution of local inflammation and release of trophic fac-
tors that promote tissue repair (Hu et al. 2015; Giles et al. 
2018), CD11b+CD45lo/int cells were examined for the 
expression of major proinflammatory and anti-inflammatory 
factors. In male and female EAE rats propranolol diminished 
(p = 0.0022) the frequency of the cells expressing IL-1β, 
which has become almost synonymous with neuroinflam-
mation (Liu and Quan 2018), among microglia (Fig.  5a). 
This effect was more prominent in males (Fig.  5a). Con-
sequently, differently from Sal rats in whom the frequency 
of IL-1β+ cells was higher (p = 0.0022) among microglia 
from males than females, in Prop rats their frequency did 
not (p = 0.3939) differ between sexes (Fig.  5a). Addition-
ally, consistent with the previous findings, propranolol 
administration downregulated (p < 0.001) the expression of 
mRNA for NADPH oxidase (Nox2), an enzyme involved 
in the generation of reactive oxygen species contributing 
to tissue damage and EAE/MS severity (Zeng et al. 2014; 
Choi et  al. 2015; Adamczyk and Adamczyk-Sowa 2016), 
in CD11b+ spinal cord myeloid cells isolated by MACS 
(Fig.  5a). Furthermore, CD11b+ spinal cord cells were 
examined for the expression of mRNA for inducible nitric 
oxide synthase (iNOS), an enzyme producing potentially 
cytotoxic NO from L-arginine (Vuolteenaho et  al. 2009). 
NO synthesis is associated with expression/activation of 
transcription factors such as IRF-1 and NF-κB, which are 
all known to be involved in the microglia proinflammatory 
response (Bogdan 2015; Sierra et al. 2013), and development 
of MS/EAE (Sonar and Lal 2019). Propranolol downregu-
lated (p = 0.0022) the expression of iNOS in CD11b+ mye-
loid cells from male and female rat spinal cords (Fig. 5a). 
The loss of sex difference in the expression of iNOS mRNA 
in CD11b+ myeloid cells (higher iNOS mRNA expression 
in CD11b+ cells from male Sal rats compared with their 
female counterparts, p = 0.0022) in Prop rats indicated that 
propranolol treatment was more effective in males (Fig. 5a).

Influence of  Propranolol on  the  Expression of  Anti‑Inflam‑
matory Cytokines and  Enzymes Next, microglia were 
examined for the frequency of cells synthesizing anti-

Fig. 4  Propranolol-induced decrease in total numbers of all and acti-
vated spinal cord microglial cells was more prominent in male than 
female EAE rats. Representative flow cytometry plots indicate the 
gating strategy for spinal cord myeloid cell subsets; (right) accord-
ing to the CD45 expression level, (R1) CD11b+CD45hi blood-borne 
myeloid cells were distinguished from (R2 + R3) CD11b+CD45lo/int 
microglia within (middle) CD11b+ cell population, gated from (left) 
live mononuclear cells. Region R2 corresponds to CD11b+CD45int 
cells, presumably activated microglia. CD11b+CD45hi cell gate 
(region R1) was set based on CD11b and CD45 staining of spinal 
cord mononuclear cells from naïve healthy rats. CD11b+ cell gate 
position was checked against (middle, shaded histogram) a fluores-
cence minus one control sample, fully stained except for CD11b. 
Scatter plots show the total numbers of (left) all CD11b+CD45lo/int 
and (right) activated CD11b+CD45int microglia retrieved from spi-
nal cords of male (♂) and female (♀) rats treated with propranolol 
or injected with saline from the 10th until the 14th day post immu-
nization for EAE and sacrificed thereafter, at the peak of the disease. 
Two-way ANOVA revealed significant interactions (sex x treatment) 
for total numbers of CD11b+CD45lo/int  (F(1,20) = 23.76; p ˂ 0.0001) 
and CD11b+CD45int  (F(1,20) = 32.24; p ˂ 0.0001) microglia. The data 
are shown as means (wide bars) ± SD (n = 6 rats/group). Symbols 
in scatter plots correspond to individual rats. $$ p ≤ 0.01; ***, $$$, 
###  p ≤ 0.001. *, vs saline-injected male rats. $, vs saline-injected 
female rats. #, male vs female rats
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inflammatory cytokines, viz. IL-10 playing a critical role 
in downregulation of inflammation and preventing autoim-
mune pathologies by curbing the immune response (O’Garra 
and Vieira 2007), and TGF-β, a cytokine limiting the tem-

poral and spatial extent of neuroinflammation (Ramírez 
et  al., 2005; Saud et  al. 2005) and neurotoxicity (Eyupo-
glu et al. 2003), and thereby having a crucial role in reso-
lution of inflammation and tissue regeneration (Sugimoto 



Cellular and Molecular Neurobiology 

1 3

et al. 2016), among CD11b+CD45lo/int microglia. The fre-
quency of both IL-10+ (p = 0.0022) and TGF-β+ (p < 0.001) 
cells was lower among microglia from male compared with 
female Sal rats (Fig.  5b). Propranolol increased the fre-
quency of both IL-10+ (p = 0.0022) and TGF-β+ (p < 0.001) 
cells in male and female rats, but its effects were more 
prominent in males (Fig. 5b). Consequently, the frequency 
of both IL-10+ (p = 0.0931) and TGF-β+ (p = 0.4697) cells 
was comparable between microglia from male and female 
Prop rats (Fig. 5b). Consistently, the expression of mRNA 
for arginase-1 (Arg1), an enzyme converting L-arginine into 
ornithine and urea, (further metabolized to proline and poly-
amides needed for tissue regeneration), and thereby compet-
ing against iNOS for L-arginine and inhibiting the produc-

tion of NO (Hesse et al. 2001; Quirié et al. 2013) was greater 
(p = 0.0022) in CD11b+ myeloid cells from Prop rats com-
pared with sex-matched Sal rat cells (Fig. 5b). Although this 
effect of propranolol was more prominent in male rats, it 
failed to completely abrogate the sexual dimorphism which 
was observed in Sal rats. Consequently, lower expression of 
Arg1 mRNA in male rat CD11b+ myeloid cells was found 
in both Sal (p = 0.0022) and Prop (p = 0.0087) rats (Fig. 5b).

Given that iNOS and Arg1 in activated microglia com-
pete for the same substrate-arginine, so Arg1 can effectively 
outcompete iNOS to downregulate production of NO, the 
iNOS/Arg1 expression ratio has been widely accepted to be 
an indicator of overall microglial inflammatory profile (Cor-
raliza et al. 1995). As expected from the previous findings, 
propranolol shifted (p = 0.0049 and p = 0.0022 in male and 
female rats, respectively) the iNOS/Arg1 mRNA expression 
ratio in CD11b+ myeloid cells from EAE rats towards Arg1 
mRNA (Fig. 5c). As this effect was greater in males, iNOS/
Arg1 mRNA expression ratio, which was higher (p = 0.0022) 
in CD11b+ myeloid cells from male Sal rats when compared 
with their female counterparts (indicating a more prominent 
proinflammatory profile of CD11b+ cells in males), did not 
significantly differ (p = 0.6991) between these cells from 
male and female Prop rats (Fig. 5c).

Influence of  Propranolol on  Phagocytic Capacity of  Micro‑
glia Considering that decreased expression of Arg1 in 
microglia/macrophages is associated with impairments in 
efferocytosis (Cai et  al. 2019), CD11b+CD45lo/int micro-
glia from Sal and Prop rats of both sexes were assayed for 
phagocytosis of fluorescent latex beads and mannose recep-
tor-dependent endocytosis of dextran. In accordance with 
the sex difference in Arg1 expression, microglia from male 
Sal rats was less (p < 0.001) efficient in phagocyting latex 
beads and endocyting dextran (Fig.  6a,b). In EAE rats of 
both sexes propranolol treatment increased (p < 0.001) the 
frequency of latex+ and dextran+ cells among microglia, so 
their frequency was comparable (p = 0.0655 and p = 0.2880 
for the frequency of latex+ and dextran+ cells, respectively) 
between male and female Prop rats (Fig. 6a,b).

Given that cells bearing the mannose receptor co-express 
CD163 molecule (Mammana et al. 2018), the frequency of 
CD163+ cells among CD11b+CD45lo/int microglia was 
also examined. Indeed, consistent with results obtained by 
analysis of microglial endocyting capacity, their frequency 
was lower (p = 0.0254) among microglia from male Sal rats 
compared with their female counterparts, and increased 
(p < 0.001) in the response to propranolol treatment in male 
and female rats, but to a greater extent in males (Fig. 6b). 
Consequently, their frequency was comparable (p ˃  0.9999) 
between CD11b+CD45lo/int microglia from male and female 
Prop rats (Fig. 6b).

Fig. 5  Propranolol-induced shift in microglial cytokine/enzyme 
expression profile towards an anti-inflammatory/pro-resolving phe-
notype was more prominent in male than female EAE rats. a Rep-
resentative flow cytometry dot plot panel indicates the frequencies 
of IL-1β+ cells in CD11b+CD45lo/int microglia (gated as shown in 
Fig. 4) retrieved from spinal cords of male (♂) and female (♀) rats 
treated with propranolol (Prop) or injected with saline (Sal) from 
the 10th until the 14th day post immunization for EAE and sacri-
ficed thereafter, at the peak of the disease. Fluorescence minus one 
(FMO) control sample, fully stained except for IL-1β, was used to 
set the IL-1β+ cell gate. Scatter plots show (upper) the frequency of 
IL-1β+ cells among  CD45lo/int microglia, and (lower) the  expression 
of mRNAs encoding (left) NADPH oxidase (Nox2) and (right) induc-
ible nitric oxide synthase (iNOS) in MACS sorted CD11b+ cells (see 
Materials and methods) from spinal cords of Prop and Sal EAE rats 
of both sexes. b Representative flow cytometry density plot panels 
indicate the frequencies of (upper) IL-10+ and (lower) TGF-β+ cells 
in CD11b+CD45lo/int microglia from spinal cords of Prop and Sal 
EAE rats of both sexes. FMO control samples, fully stained except 
for (upper) IL-10 and (lower) TGF-β, were used to set the IL-10+ and 
TGF-β+ cell gates, respectively. Scatter plots show the frequencies 
of (upper left) IL-10+ and (lower) TGF-β+ cells among  CD45lo/int 
microglia, and (upper right) the expression of mRNA encoding argi-
nase-1 (Arg1) in MACS sorted CD11b+ cells from spinal cords of 
Prop and Sal EAE rats of both sexes. Relative enzyme mRNA expres-
sion levels, normalized to β-actin, were determined by RT-qPCR 
and shown as  2-dCt values (see Materials and methods). c Scatter plot 
shows the iNOS/Arg1 mRNA expression ratio in MACS sorted spi-
nal cord CD11b+ cells from spinal cords of Prop and Sal EAE rats of 
both sexes. Nonparametric factorial analyses revealed significant sex 
x treatment interactions for: the frequencies of IL-1β+  (F(1,20) = 13.20; 
p = 0.0017) and IL-10+  (F(1,20) = 14.67; p = 0.001) microglia, iNOS 
 (F(1,20) = 17.86; p = 0.0004) and Arg1  (F(1,20) = 12.14; p = 0.0023) 
mRNA expression, and iNOS/Arg1 expression ratio  (F(1,20) = 61.28; p 
˂ 0.0001) in CD11b+ cells. For these parameters, differences between 
groups were determined with Mann–Whitney test followed by Bon-
ferroni adjustment to calculate p values required for significance: 
*, &, # p ≤ 0.0125. **, $$, ## p ≤ 0.0025. These data are shown as 
median values (wide bars) with interquartile range (25th–75th per-
centile) (n = 6 rats/group). Two-way ANOVA revealed significant 
sex x treatment interactions for the frequencies of TGF-β+ micro-
glia  (F(1,20) = 39.57; p < 0.0001) and Nox2 mRNA expression 
 (F(1,20) = 6.108; p = 0.0226). These data are shown as means (wide 
bars) ± SD (n = 6 rats/group). Symbols in scatter plots correspond 
to individual rats. ## p ≤ 0.01. ***, $$$, ### p ≤ 0.001. *, vs saline-
injected male rats. $, vs saline-injected female rats. #, male vs female 
rats
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Influence of  Propranolol on  CX3CR1/Nrf2/HO‑1 Axis Con-
sidering that propranolol is shown to limit neuroinflam-
mation in female rats inflicted with EAE by upregulat-
ing the expression of C-X3-C motif chemokine receptor 
1 (CX3CR1) (Pilipović et  al. 2020), unique receptor for 
fractalkine (FKN, formally known as CX3CL1) (Wolf 
et  al. 2013) and consequently its downstream target mol-
ecule—nuclear factor erythroid 2-related factor 2 (Nrf2), 
the phenomenon linked with enhanced anti-inflammatory 
cytokine secretion (Dinkova-Kostova et  al. 2018; Lima-

tola and Ransohoff 2014) and phagocytosis of dead/dying 
cells (Castro-Sánchez et  al. 2019), the question whether 
propranolol influences CX3CL1/CX3CR1 expression in 
a sexually dimorphic way arose. Indeed, the frequency of 
CX3CR1+ cells among CD11b+CD45lo/int microglia and 
density of CX3CR1 expression on the surface of microglia 
(judging by MFI) was lower (p < 0.001) in male compared 
with female Sal rats (Fig.  7a). In both male and female 
rats propranolol increased (p < 0.001) the frequency of 
CX3CR1+ cells among microglia, and CX3CR1 surface 
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density, but these effects of propranolol were stronger in 
males (Fig. 7a). Consequently, in Prop rats the frequency of 
CX3CR1+ cells was comparable between male and female 
rats (p ˃ 0.9999), while the surface density of CX3CR1 was 
even higher (p < 0.001) on microglia from male Prop rats 
compared with their female counterparts (Fig.  7a). The 
similar pattern of sex- and propranolol treatment-related 
differences in the spinal cord tissue expression of CX3CL1 
mRNA to that observed in the frequency of CX3CR1+ cells 
among microglia was found in EAE rats (Fig. 7a).

Consistent with propranolol effects on CX3CR1/CX3CL1 
signaling pair, the expression of mRNA for Nrf2 was upreg-
ulated (p < 0.001) in CD11b+ myeloid cells from Prop rats 
compared with sex-matched Sal rats (Fig. 7a). It is notewor-
thy that there was no significant (p = 0.0585) difference in 
the amount of Nrf2 mRNA in CD11b+ myeloid cells from 
male and female Prop rats (Fig. 7a). Differently, in these 
cells from male Sal rats less (p < 0.001) amount of Nrf2 
mRNA was found compared with their female counterparts 
(Fig. 7a).

Next, in accordance with data indicating that Nrf2 exerts 
anti-inflammatory effects by triggering heme oxygenase 
1 (HO-1) expression (Cuadrado and Rojo 2008; Lastres-
Becker et al. 2014), the expression of mRNA for HO-1 
in CD11b+ spinal cord myeloid cells from EAE rats was 
also examined. The pattern of sex- and propranolol-treat-
ment-related differences in the expression of mRNA for 
HO-1, which is often used as a marker of Nrf2-dependent 

anti-inflammatory response (Lastres-Becker et al. 2014), was 
similar to that described in the expression of Nrf2 mRNA 
(Fig. 7a). Namely, its expression was lower (p = 0.0022) in 
CD11b+ cells from male Sal rats compared with their female 
counterparts. HO-1 mRNA level increased (p < 0.0022) in 
the response to propranolol treatment in male and female 
rats, but to a greater extent in males (Fig. 7a), so that its 
expression was similar (p = 0.4848) in CD11b+ cells from 
male and female Prop rats (Fig. 7a).

Influence of  Propranolol on  Stat3/Socs3 Axis Considering 
that propranolol is suggested to induce some CX3CR1-
independent effects on microglia from EAE-inflicted female 
DA rats (Pilipović et  al. 2020), and that noradrenaline is 
shown to augment expression/activity of signal transducer 
and activator of transcription 3 (Stat3), whose conditional 
deletion in myeloid cells abolishes EAE symptoms (Lu et al. 
2020; Landen Jr et al. 2007), in the next step CD11b+ spinal 
cord myeloid cells sorted by MACS were examined for Stat3 
mRNA expression. Propranolol treatment downregulated 
(p < 0.001) Stat3 transcription (Fig. 7b). This effect was also 
more prominent in males, as sexual dimorphism registered 
in Sal rats (the greater expression of Stat3 in males than 
in females, p < 0.001) disappeared (p = 0.1264) in Prop rats 
(Fig. 7b). Given that Stat3 activation is negatively regulated 
by suppressor of cytokine signaling 3 (Socs3) signaling in 
myeloid cells (Stark and Darnell 2012), so its expression 
level is associated with regulation of neuroinflammation 
(Qin et al. 2012), the amount of Socs3 transcript was also 
examined in CD11b+ spinal cord cells isolated by MACS. 
Contrary to the expression of Stat3 mRNA, propranolol 
upregulated (p = 0.0022) the expression of Socs3 mRNA 
in CD11b+ spinal cord cells from male and female rats 
(Fig. 7b). This effect was more prominent in males, as Socs3 
mRNA expression differently from CD11b+ cells from Sal 
rats (lower in males that in females, p = 0.0022) was compa-
rable (p = 0.2403) between these cells from male and female 
Prop rats (Fig. 7b).

Given that effects of Socs3 on Stat3 transcriptional activa-
tion are mainly mediated via an IL-6 dependent mechanism 
(Tanaka et al. 2014), CD11b+ spinal cord cells were also 
examined for IL-6 expression. Indeed, propranolol down-
regulated IL-6 mRNA expression in CD11b+ cells from both 
male (p < 0.001) and female (p = 0.0318) rats (Fig. 7b). This 
effect of propranolol was more prominent in males, so sexual 
dimorphism detected in Sal rats (the greater expression in 
males, p < 0.001) was not observed (p = 0.0926) in Prop rats 
(Fig. 7b).

Fig. 6  Propranolol-induced increase in microglial phagocyting and 
mannose receptor-mediated endocyting capacity was more prominent 
in male than female EAE rats. a Representative flow cytometry dot 
plot panel indicates the frequencies of fluorescent latex bead-contain-
ing (latex +) CD11b+CD45lo/int microglia (gated as shown in Fig. 4) 
retrieved from spinal cords of male (♂) and female (♀) rats treated 
with propranolol (Prop) or injected with saline (Sal) from the 10th 
until the 14th day post immunization for EAE and sacrificed there-
after, at the peak of the disease. Negative control sample incubated 
at +4  °C (Latex +4  °C) was used to set the latex+ cell gate. Scatter 
plot shows the frequency of latex+ cells among  CD45lo/int micro-
glia from spinal cords of Prop and Sal EAE rats of both sexes. b 
Representative flow cytometry dot plot panels indicate the frequen-
cies of (upper) FITC-dextran-containing (dextran+) and (lower) 
CD163+ cells among CD11b+CD45lo/int microglia from spinal cords 
of Prop and Sal EAE rats of both sexes. Negative control sample 
incubated at +4 °C (Dextran +4 °C) was used to set the dextran+ cell 
gate, and fluorescence minus one (FMO) control sample, fully stained 
except for CD163, was used to set the CD163+ cell gate. Scatter plots 
show the frequencies of (upper) dextran+ and (lower) CD163+ cells 
among  CD45lo/int microglia from spinal cords of Prop and Sal EAE 
rats of both sexes. Two-way ANOVA revealed significant sex x treat-
ment interactions for the frequencies of latex+ (F(1,20) = 5.297; 
p = 0.0322), dextran+ (F(1,20) = 41.43; p ˂ 0.0001) and 
CD163+ (F(1,20) = 4.638; p = 0.0437) microglia. The data are shown 
as means (wide bars) ± SD (n = 6 rats/group). Symbols in scatter plots 
correspond to individual rats. # p ≤ 0.05. ***, $$$, ### p ≤ 0.001. *, 
vs saline-injected male rats. $, vs saline-injected female rats. #, male 
vs female rats
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Sexual Diergism in Propranolol Influence on Spinal 
Cord Infiltration by Blood‑Borne Myeloid Cells and Their 
Secretory Profile in EAE Rats

Influence of  Propranolol on  Number of  Blood‑Borne Mye‑
loid Cells Infiltrating Spinal Cord of  EAE Rats and  the  Spi‑
nal Cord Expression of  Chemokines Regulating Their Infil‑
tration Considering above stated functional changes in 
microglia from Prop rats, and data indicating their role 
in regulating blood-borne monocyte infiltration (Mild-
ner et  al. 2009; Zhang et  al., 2013) and limitation of the 
infiltrating cell dispersion in spinal cord (Plemel et  al. 
2020), the number of monocytes/macrophages, which are 
identified by CD11b+CD45hi phenotype (Almolda et  al. 

2009; Djikić et al. 2014), in mononuclear cell suspensions 
was investigated. Propranolol diminished the number of 
CD11b+CD45hi monocytes/macrophages in spinal cord 
mononuclear cell suspensions from male (p < 0.001) and 
female (p = 0.0014) EAE rats (Fig. 8a). This decrease was 
greater in males, so differently from male Sal rats exhibiting 
strikingly greater (p < 0.001) infiltration of spinal cord with 
monocytes/macrophages, a similar number (p = 0.2466) of 
these cells was found in spinal cord suspensions from male 
and female Prop rats (Fig. 8a).

Considering the previous finding, and findings indicat-
ing that propranolol downregulates the chemokine (CCL19, 
CCL21) expression in lymph node tissue (Pilipović et al. 
2019), and those showing that impaired STAT3 signal-
ing downregulates the expression of chemokines (CCL2, 



Cellular and Molecular Neurobiology 

1 3

CCL19, CCL21) and that all these chemokines are involved 
in monocyte recruitment in target tissues (Shi and Pamer 
2011; Yu et al. 2012), their expression in spinal cord tis-
sue from EAE rats was assayed. Indeed, in spinal cord 
tissue from male (p = 0.0022 and p < 0.001 for CCL2 and 
CCL19/21, respectively) and female (p = 0.0022, p = 0.017 
and p = 0.0252 for CCL2, CCL19 and CCL21, respectively) 
Prop rats the expression of mRNAs for these chemokines 
was downregulated when compared with sex-matched 
Sal rats, but to a greater extent in males (Fig. 8b). To cor-
roborate the latter, differently from Sal rats exhibiting 
the greater expression of CCL2 (p = 0.0043) and CCL19/
CCL21 in males (p < 0.001), their expression was com-
parable (p = 0.2403, p = 0.1316 and p = 0.2198 for CCL2, 
CCL19 and CCL21, respectively) between sexes in Prop rats 
(Fig. 8b).

Influence of  Propranolol on  Cytokine Expression 
in  Blood‑Borne Myeloid Cells Infiltrating EAE Rat Spinal 
Cord Next, given that monocytes/macrophages infiltrating 
the central nervous system are known for their malleable 
responses that depend on the stimuli they encounter, includ-
ing those derived from microglia (Stout et al. 2005; Rawji 
et al. 2016), the cytokine profile of EAE rat spinal cord infil-
trating monocytes/macrophages was also examined. The 
frequency of IL-1β+ cells was higher (p < 0.001) among 
CD11b+CD45hi monocytes/macrophages from spinal cord 
of male Sal rats compared with their female counterparts 
(Fig. 8c). Propranolol diminished (p < 0.001) the frequency 
of IL-1β+ cells among macrophages/monocytes from male 
and female rats, so their frequency was comparable between 
sexes in Prop rats (p = 0.5828) (Fig. 8c). On the other hand, 
propranolol increased the frequency of IL-10+ (p = 0.0022) 
and TGF-β+ (p < 0.001) cells among monocytes/mac-
rophages from male and female rats (Fig. 8d). This blocker 
was more efficient in this respect in males, so differently 
from Sal rats, their frequency was similar in male and female 
Prop rats (p = 0.8726 and p = 0.1152 for the frequency of 
IL-10+ and TGF-β+ cells, respectively) (Fig.  8d). In Sal 
rats, the frequency of IL-10+ cells (p = 0.0022) and that 
of TGF-β+ cells (p < 0.001) was lower among monocytes/
macrophages from male rats compared with their female 
counterparts (Fig. 8d).

Propranolol Diminishes Infiltration of EAE Rat 
Spinal Cord with Highly Pathogenic IL‑17+ T Cells 
and Shifts the IL‑17+ T Cell/CD4+CD25+Foxp3+ Cell 
(Treg) Balance Towards the Latter with Greater 
Efficacy in Males

Influence of Propranolol on Infiltration of Spinal Cord 
of EAE Rats with IL‑17+ T Cells

Considering data indicating that: (i) CCL2 signaling is of 
crucial importance for homing of not only highly pathogenic 
IFN-γ/GM-CSF-coproducing Th17 cells in spinal cord (Kara 
et al. 2015), but also IL-17-producing CD8+ T cells (Kooij 
et al. 2014), which exhibit a lack of cytotoxicity, but pos-
sess the ability to support Th17 cell differentiation in EAE 
mice and rats (El-Behi et al. 2014; Huber et al. 2013; Stojić-
Vukanić et al. 2018b) and (ii) Stat3 signaling in myeloid 
cells is required for the reactivation and differentiation of 
pathogenic Th17 cells (Lu et al. 2020) and IL-17+CD8+ T 
cells (Arra et al. 2017), TCRαβ+ (T) cells infiltrating spi-
nal cord were examined for the number of all CD4+ cells, 
their activation profile and the frequency of IL-17-producing 
cells.

Propranolol diminished the total number of CD4+ T 
cells infiltrating spinal cord of male (p < 0.001) and female 
(p = 0.0002) rats (Fig. 9a). This effect of propranolol was 

Fig. 7  Propranolol-induced effects on CX3CR1-Nrf2 and Stat3/
Socs3 axes were more prominent in male than female EAE rats. a 
(CX3CL1/CX3CR1 signaling pair) Representative flow cytom-
etry overlaid histograms indicate the frequencies of CX3CR1+ cells 
in CD11b+CD45lo/int microglia (gated as shown in Fig.  4) retrieved 
from spinal cords of male (♂) and female (♀) rats treated with pro-
pranolol (Prop) or injected with saline (Sal) from the 10th until the 
14th day post immunization for EAE and sacrificed thereafter, at the 
peak of the disease. Fluorescence minus one (FMO) control sample, 
fully stained except for CX3CR1, was used to set the CX3CR1+ cell 
gate. Scatter plots show (upper) the frequency of CX3CR1+ cells 
among  CD45lo/int microglia, (lower left) CX3CR1 mean fluores-
cence intensity (MFI) on CX3CR1+CD11b+CD45lo/int microglia 
and (lower right) the expression of mRNA encoding CX3CL1 in 
tissue samples from spinal cords of Prop and Sal EAE rats of both 
sexes. (CX3CR1 downstream target molecules) Scatter plots show 
the expression of mRNAs encoding (left) nuclear factor (erythroid-
derived 2)-like 2 (Nrf2) and (right) heme oxygenase-1 (HO-1) in 
MACS sorted spinal cord CD11b+ cells (see Materials and meth-
ods) from Prop and Sal EAE rats of both sexes. b (Stat3/Socs3 
axis) Scatter plots show the expression of mRNAs encoding (upper) 
Stat3, (middle) Socs3 and (lower) IL-6 in MACS sorted spinal cord 
CD11b+ cells from Prop and Sal EAE rats of both sexes. Relative 
mRNA expression levels, normalized to β-actin, were determined 
by RT-qPCR and shown as  2-dCt values (see Materials and methods). 
Nonparametric factorial analyses revealed significant sex x treat-
ment interactions for HO-1  (F(1,20) = 34.65; p ˂ 0.0001) and Socs3 
 (F(1,20) = 22.50; p = 0.0001) mRNA expression in CD11b+ cells. 
For these parameters, differences between groups were determined 
with Mann–Whitney test followed by Bonferroni adjustment to cal-
culate p values required for significance: **, $$, ##  p ≤ 0.0025. 
These data are shown as median values (wide bars) with inter-
quartile range (25th-75th percentile) (n = 6 rats/group). Two-way 
ANOVA revealed significant sex x treatment interactions for: the 
frequency of CX3CR1+ microglia  (F(1,20) = 20.00; p = 0.0002), 
CX3CR1 MFI  (F(1,20) = 140.60; p < 0.0001), spinal cord tissue 
CX3CL1 mRNA expression  (F(1,20) = 24.35; p < 0.0001), and Nrf2 
 (F(1,20) = 96.06; p < 0.0001), Stat3  (F(1,20) = 12.76; p = 0.0019), and 
IL-6  (F(1,20) = 45.04; p < 0.0001) mRNA expression in CD11b+ cells. 
These data are shown as means ± SD (n = 6 rats/group). Symbols 
in scatter plots correspond to individual rats. p ≤ 0.05; ***, $$$, 
###  p ≤ 0.001. *, vs saline-injected male rats. $, vs saline-injected 
female rats. #, male vs female rats
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stronger in males leading to the loss of the sexual dimor-
phism (the greater infiltration of male rat spinal cord with 
CD4+ T cells; p < 0.001) found in Sal rats (Fig. 9a). More 
important, in response to propranolol administration the fre-
quency of activated CD25+ cells among, presumably con-
ventional, CD4+Foxp3- cells in male (p < 0.001) and female 

(p = 0.0018) rats decreased, but to a greater extent in males 
(approx. by 25% in males vs 11% in females) (Fig. 9b).

The frequency of IL-17+ cells among T cells, presumably 
IL-17+ T effector cells (Teffs), and highly pathogenic IFN-γ/
GM-CSF-producing cells among them was lower in male 
(p < 0.001) and female (p < 0.001 and p = 0.0013 for the 
frequency of IL-17+ Teffs and IFN-γ/GM-CSF-producing 
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cells, respectively) Prop rats compared with sex-matched 
Sal rats (Fig. 10a). In Sal rats, the frequency of IL-17+ Teffs 
(p < 0.001), and IFN-γ/GM-CSF-producing cells (El-Behi 
et al. 2011; Codarri et al. 2011; Stojić-Vukanić et al. 2015) 
among them (p = 0.0014) was higher in spinal cords from 
male Sal rats compared with their female counterparts 
(Fig. 10a). Propranolol treatment neutralized these dimor-
phisms, suggesting that it was more efficient in this respect 
in males (Fig. 10a).

Influence of Propranolol on IL‑17+ Teff/Treg Ratio in Spinal 
Cord of EAE Rats

Next, appreciating that Tregs control not only autoreac-
tive CD4+ T cells, but also autoreactive CD8+ T cells, and 
consequently the significance of IL-17+ Teff/Treg ratio for 
the development of autoimmune inflammation (Lee 2018), 
the frequency of Foxp3+CD25+ cells among CD4+ cells 
in spinal cord mononuclear cell suspensions and the 
IL-17+ Teff/Treg ratio were also examined. Propranolol did 
not affect Foxp3+CD25+ cell frequency among CD4+ cells 
(p = 0.3939 and p = 0.3095 in male and female rats, respec-
tively), so their frequency, as in Sal rats (p = 0.6292), was 
comparable among CD4+ cells from male and female Prop 
rats (p = 0.7483) (Fig. 10b). Thus, in Sal rats the IL-17+ Teff/
Treg ratio was shifted (p = 0.0481) towards IL-17+ Teffs in 
males compared with females (Fig. 10c). Propranolol treat-
ment moved this ratio to the side of Tregs in male (p < 0.001) 
and female (p = 0.0141) rats, but it was more effective in this 
respect in males (Fig. 10c). Consequently, differently from 
Sal rats, in Prop rats the IL-17+ Teff/Treg ratio was com-
parable (p ˃  0.9999) between males and females (Fig. 10c).

Discussion

This study completed our previous investigations show-
ing that propranolol treatment beginning in the preclinical 
stage of EAE ameliorates neurological deficit in female 
DA rats (Pilipović et al. 2020) by showing that (i) pro-
pranolol retains beneficial effect when the treatment starts 
on the very onset of clinical signs of EAE and (ii) this 
effect is stronger in male DA rats who develop a more 
severe neurological deficit than their female counterparts. 
Additionally, the study pointed out to a role of spinal cord 
myeloid cells (due to sex-specific differences in the activ-
ity of not only their CX3CR1/Nrf2 signaling cascade, but 
also Stat3/Socs3 signaling pathway) in these dimorphisms. 
The more prominent effects of propranolol on the sever-
ity of EAE could be related to the (i) greater expression 
of β2-adrenoceptor in spinal cord myeloid cells and (ii) 
higher spinal cord tissue concentration of noradrenaline, 
the β-adrenoceptor ligand dominantly released from the 
spinal cord terminals of the nervous fibers originating in 
the locus coeruleus, the main nucleus of SNS in the CNS 
(Benarroch 2018; Westlund et al. 1983), in male compared 
with female EAE rats. The sex difference in spinal cord 
noradrenaline level is consistent with data indicating that 
pathways regulating the activity of SNS, one of the key 
stress effector axes, are more sensitive to excitatory stimuli 
and less sensitive to inhibitory stimuli in males compared 
with females (Hinojosa-Laborde et al. 1999).

Fig. 8  Propranolol-induced decrease in the number of blood-borne 
myeloid cells and a shift in their cytokine expression towards a more 
anti-inflammatory profile were more prominent in male than female 
EAE rats. a Scatter plot shows the total numbers of CD11b+CD45hi 
monocytes/macrophages (gated as shown in Fig.  4) retrieved from 
spinal cords of male (♂) and female (♀) rats treated with proprano-
lol (Prop) or injected with saline (Sal) from the 10th until the 14th 
day post immunization for EAE and sacrificed thereafter, at the 
peak of the disease. b (Chemokines driving monocyte traffick-
ing into spinal cord) Scatter plots show the expression of mRNAs 
encoding (upper) CCL2, (middle) CCL19 and (lower) CCL21 in 
tissue samples from spinal cords of Prop and Sal EAE rats of both 
sexes. Relative chemokine mRNA expression levels, normalized 
to β-actin, were determined by RT-qPCR and shown as  2-dCt values 
(see Materials and methods). c (Proinflammatory cytokine-secret-
ing cells) Representative flow cytometry dot plot panel indicates 
the frequencies of IL-1β+ cells in CD11b+CD45hi monocytes/mac-
rophages from spinal cords of Prop and Sal EAE rats of both sexes. 
Fluorescence minus one (FMO) control sample, fully stained except 
for IL-1β, was used to set the IL-1β+ cell gate. Scatter plot shows 
the frequency of IL-1β+ cells among CD11b+CD45hi monocytes/
macrophages from spinal cords of Prop and Sal EAE rats of both 
sexes. d (Anti-inflammatory cytokine-secreting cells) Representa-
tive flow cytometry density plot panels indicate the frequencies of 
(upper) IL-10+ and (lower) TGF-β+ cells in CD11b+CD45hi mono-
cytes/macrophages from spinal cords of Prop and Sal EAE rats of 
both sexes. FMO control samples, fully stained except for IL-10 and 
TGF-β, were used to set the IL-10+ and TGF-β+ cell gates, respec-
tively. Scatter plots show the frequencies of (upper) IL-10+ and 
(lower) TGF-β+ cells among CD11b+CD45hi monocytes/mac-
rophages from spinal cords of Prop and Sal EAE rats of both sexes. 
Nonparametric factorial analyses revealed significant sex x treatment 
interactions for the frequency of IL-10+ monocytes/macrophages 
 (F(1,20) = 7.851; p = 0.011), and spinal cord tissue CCL2 mRNA 
expression  (F(1,20) = 7.104; p = 0.0149). For these parameters, dif-
ferences between groups were determined with Mann–Whitney test 
followed by Bonferroni adjustment to calculate p values required 
for significance: # p ≤ 0.0125. **, $$, ## p ≤ 0.0025. These data are 
shown as median values (wide bars) with interquartile range (25th-
75th percentile) (n = 6 rats/group). Two-way ANOVA revealed signif-
icant sex x treatment interactions for: the number of CD11b+CD45hi 
monocytes/macrophages  (F(1,20) = 103.50; p < 0.0001), the frequencies 
of IL-1β+  (F(1,20) = 13.05; p = 0.0017) and TGF-β+ (F(1,20) = 26.94; 
p < 0.0001) monocytes/macrophages, and spinal cord tissue CCL19 
 (F(1,20) = 6.554; p = 0.0187) and CCL21  (F(1,20) = 68.57; p < 0.0001) 
mRNA expression. These data are shown as means (wide bars) ± SD 
(n = 6 rats/group). Symbols in scatter plots correspond to individual 
rats. $ p ≤ 0.05. $$ p ≤ 0.01. ***, $$$, ###  p ≤ 0.001. *, vs saline-
injected male rats. $, vs saline-injected female rats. #, male vs female 
rats
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In accordance with lower severity of EAE in male and 
female Prop rats compared with sex-matched Sal rats, 
fewer total microglia/activated microglia were recovered 
from spinal cord of Prop rats (Gao and Tsirka 2011). In 
favor of these findings are data from other studies indi-
cating that noradrenaline increases the total number of 
Iba-1-immunoreactive microglial cells (Sugama et  al. 
2019) and plays a stimulatory role in their activation 
through β-adrenoceptor (Sugama et  al. 2019; Sugama 
and Kakinuma 2021; Liu et al. 2019). The effects of pro-
pranolol were more prominent in male rats abrogating 
sexual dimorphisms (more total microglia and activated 
microglia recovered from males) described in spinal cord 

mononuclear cell suspensions obtained from Sal rats. To 
corroborate these dimorphisms are data showing sex-based 
differences in microglial activation in response to various 
insults (Kerr et al. 2019; Acaz-Fonseca et al. 2015; Bruce-
Keller et al. 2007; Wright et al. 2017). The propranolol-
induced decrease in the activity of microglia from male 
and female EAE rats was consistent with the decline in 
the expression of Stat3 in myeloid cells retrieved from 
their spinal cords (Chen et al. 2017; Dang et al. 2021). 
Given that IL-6 activates Stat3 at transcriptional level, 
the decrease in Stat3 expression in myeloid cells from 
spinal cords of Prop rats compared with sex-matched 
Sal rats could be linked with the propranolol-induced 

Fig. 9  Propranolol-induced decrease in the infiltration of spinal cord 
with CD4+ T cells and their reactivation were more prominent in 
male than female EAE rats. a Representative flow cytometry dot plot 
panel indicates the frequencies of CD4+ TCRαβ+ (T) cells within 
spinal cord mononuclear cells (gated as shown in Fig.  4) retrieved 
from spinal cords of male (♂) and female (♀) rats treated with pro-
pranolol (Prop) or injected with saline (Sal) from the 10th until the 
14th day post immunization for EAE and sacrificed thereafter, at the 
peak of the disease. Scatter plot shows the total numbers of CD4+ T 
cells in spinal cords of Prop and Sal EAE rats of both sexes. b Right 
representative flow cytometry histogram panel indicates the frequen-
cies of activated CD25+ cells within CD4+Foxp3-, presumably con-
ventional, lymphocytes from spinal cords of Prop and Sal EAE rats 

of both sexes. Gating strategy for CD4+Foxp3- lymphocytes within 
spinal cord mononuclear cells is indicated in flow cytometry dot plot. 
Fluorescence minus one (FMO) control sample, fully stained except 
for CD25, was used to set the CD25+ cell gate. Scatter plot shows 
the frequency of CD25+ cells among CD4+Foxp3- cells from spi-
nal cords of Prop and Sal EAE rats of both sexes. Two-way ANOVA 
revealed significant sex x treatment interactions for the number of 
CD4+TCRαβ+ cells  (F(1,20) = 22.65; p = 0.0001) and the frequency 
of CD25+ cells  (F(1,20) = 26.04; p < 0.0001). The data are shown as 
means (wide bars) ± SD (n = 6 rats/group). Symbols in scatter plots 
correspond to individual rats. #  p ≤ 0.05. $$ p ≤ 0.01. ***, $$$, 
###  p ≤ 0.001. *, vs saline-injected male rats. $, vs saline-injected 
female rats. #, male vs female rats
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downregulation of IL-6 expression in these cells (Ichiba 
et al. 1998). In favor of the latter are data indicating that 
noradrenaline (by increasing intracellular cAMP level 
through β-adrenoceptor) acts synergistically with IL-1β 
to stimulate IL-6 expression in glioma cells (Zumwalt 
et al. 1999). Of note, the frequency of IL-1β+ microglia 
was reduced in spinal cords from Prop rats compared 
with sex-matched Sal rats. To additionally corroborate 
noradrenaline-dependent upregulation of IL-6 expres-
sion in microglia, it should be added that this neurotrans-
mitter/hormone augments its expression in some other 
cells (Yang et al. 2014; Qing et al. 2020). Importantly, 
noradrenaline-induced expression of IL-6 has been shown 
to be preventable by propranolol (Haldar et al. 2018; Zhou 
et al. 2016). Additionally, the greater efficiency of pro-
pranolol in downregulating IL-6 expression in male rats 
compared with their female counterparts is consistent 
with data indicating that β-adrenoceptor blockade reduced 
IL-6 responses to stress in men but not women (Steptoe 
et al. 2018). To more directly corroborate the downreg-
ulation of Stat3 expression in spinal cord myeloid cells 
from Prop rats are findings indicating that noradrenaline 
upregulates Stat3 expression/activation in ovarian tissue, 
and that this effect of noradrenaline could be abrogated by 
propranolol (Landen Jr et al. 2007). Of note, it has been 
suggested that noradrenaline may affect Stat3 expression 
in an IL-6 independent manner, as well (Landen Jr et al. 
2007). Furthermore, following propranolol treatment the 
IL-6 signaling and Stat3 expression/activation in male 
and female rats’ myeloid cells could be impaired due to 
Socs3 transcriptional upregulation (Babon et al. 2014). 
To corroborate this notion are findings indicating that 
Socs3 overexpression in some other cells is accompanied 
by the decrease in Stat3 protein level (Kong et al. 2002). 
The Socs3 upregulation in spinal cord myeloid cells from 
male and female Prop rats compared with sex-matched 
Sal rats could be related to the increased frequency of 
IL-10-producing cells among their microglia. Namely, 
it has been shown that IL-10 selectively enhances CIS3/
SOCS3 mRNA expression in immune cells (Cassatella 
et al. 1999; Ding et al. 2003; Cevey et al. 2019). It should 
be also pointed out that Socs3 targets gp-130-dependent 
signal transduction pathways and thereby IL-6 signaling, 
but not IL-10 signaling (Prêle et al. 2006). Although both 
IL-10 and IL-6 may activate Stat3, they are responsible for 
the cataloging of different genomic targets of Stat3, and 
thereby generation of different cellular secretory responses 
(Braun et al. 2013). While IL-6 stimulation promotes a 
proinflammatory response, IL-10 signaling induces a 
strong anti-inflammatory one, so upregulation of Socs3 
selectively affects the proinflammatory gene expression 
(Braun et al. 2013; Carow and Rottenberg, 2014). The 
changes in the frequency of IL-10-producing cells in 

microglia from male and female Prop rats compared with 
their sex-matched counterparts were consistent with the 
increase in the expression of CX3CL1 in spinal cord tissue 
and CX3CR1 on microglia, and the upregulation of Nrf2 
and its downstream target molecules, such as HO-1, in 
their spinal cord. Namely, the transcriptionally enhanced 
activation of CX3CR1/Nrf2 axis is associated with the 
increase in microglial phagocyting/endocyting capac-
ity and skewing of microglial secretory profile towards 
an anti-inflammatory phenotype, mirrored in the shift of 
iNOS/Arg1 ratio towards the latter and enhanced IL-10 
production (Cuadrado and Rojo 2008; Castro-Sánchez 
et al. 2019; Lastres-Becker et al. 2014). Alternatively, 
but complementary, propranolol could also enhance Nrf2 
transcription activity as it is shown that cAMP-mediated 
signaling markedly reduces Nrf2 activity, whereas Rp-
cAMPS, a potent and specific competitive inhibitor of the 
activation of cAMP-dependent protein kinases by cAMP, 
corrects Nrf2 activity, predominantly by increasing the 
nuclear accumulation of the transcription factor (Ziady 
et al. 2012). Additionally, adding to the complexity of 
Stat3 activity regulation, the activation of Nrf2 was shown 
to increase the expression of small heterodimer protein 
and consequently to repress the transcriptional activity of 
Stat3 (Gong et al. 2020). Furthermore, taking together data 
indicating that activation of Stat3 is necessary for NF-κB-
dependent transcription and that cross-talk between NF-κB 
and Nrf2 leads to Nrf2 downregulation (Lee et al. 2009; 
Wardyn et al. 2015), it may be expected that an impaired 
Stat3 activity, in turn, enhanced Nrf2 activity. Further-
more, it was shown that Nrf2 and NF-κB compete for the 
transcriptional coactivator cAMP responsive element-
binding protein (CREB) binding protein (CBP) and that 
Rp-cAMPS acts in favor of Nrf2 (Ziady et al. 2012). To 
add an extra weight to the previous findings, whole animal 
studies and investigations in isolated cells and cell lines 
in our laboratory, as in other laboratories, revealed that 
blockade of β-adrenoceptors may activate Nrf2 signaling 
pathway in spinal cord myeloid cells, as in some other 
cells (Pilipović et al. 2020; Ouyang et al. 2013; Wilson 
et al. 2013; Wang et al. 2014). Herein presented findings 
indicate that propranolol is more efficient in this respect 
in male EAE rats than in female ones, thereby abrogating 
sexual dimorphism (lower expression in males) in Nrf2 
and HO-1 expression observed in Sal rats. In this context, 
it is noteworthy that lower expression of most of Nrf2-
regulated genes was found in some other cells from males/
men compared females/women (Liu et al. 2021; Pellegrini 
et al. 2017).

Finally, it is important to underscore that changes in 
expression/activity of both Stat3 and Socs3 are shown to 
affect clinical severity of MS/EAE. Pharmacological inhi-
bition of Stat3 (Dang et al. 2021; Alhazzani et al. 2021) 
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and, more important in respect of our study, the condi-
tional deletion of Stat3 in myeloid cells (Lu et al. 2020), 
have been shown to ameliorate and abrogate symptoms 
of EAE, respectively. The beneficial effects of these 

experimental treatments/procedures on EAE development 
partly or entirely (conditional deletion of Stat3 in myeloid 
cells) have been ascribed to impaired antigen presentation 
by myeloid cells and their diminished capacity to drive 
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differentiation of pathogenic Th17 cells. To the contrary, 
the deletion of Socs3 in myeloid cells (microglia and mac-
rophages) led to a more severe form of EAE due to the 
enhanced Stat3 signaling and consequently augmented 
expression of inflammatory cytokines/chemokines by mye-
loid cells and an immune response dominated by Th1/Th17 
cells (Qin et al. 2012; Yan et al. 2019). Accordingly, it may 
be expected that the Socs3 upregulation in myeloid cells 
provides the protection from EAE through deactivation of 
neuroinflammatory responses. Taking together all aforemen-
tioned data, it may be assumed that propranolol-induced 
alterations in Stat3/Socs3 signaling in myeloid cells from 
spinal cords of both male and female EAE rats impaired 
the trafficking of pathogenic CD4+ T-cells (due to impaired 
CCL2 expression) (Kara et al. 2015), and inflammatory 
monocytes (reflecting diminished expression of CCL2, 
CCL19/21) (Pilipović et al. 2019; Shi and Pamer, 2011; Yu 
et al. 2012) into the spinal cord, CD4+ T-cell reactivation 
due to diminished antigen presenting capacity of microglia/
blood-borne myeloid cells (mirrored in the reduced fre-
quency of activated CD25+Foxp3- conventional CD4+ cells 
in spinal cord) (Lu et al. 2020) and their differentiation into 

pathogenic Th17 cells, including highly pathogenic IFN-γ/
GM-CSF-coexpressing Th17 ones. Additionally, consider-
ing an important role of CCL2 in CD8+ T-cell trafficking 
(Kooij et al. 2014) and data indicating that they display the 
same requirements for differentiation into IL-17+ cells as 
CD4+ T cells (Arra et al. 2017; Srenathan et al. 2016), it may 
be speculated that an impaired infiltration of autoreactive 
CD8+ T cells and their differentiation into IL-17-producing 
cells contributed to limited differentiation of pathogenic 
Th17 cells in Prop-treated rats (Huber et al. 2013; Stojić-
Vukanić et al. 2018b), as well. Without neglecting possi-
ble significance of propranolol-induced changes in Stats 
expression in T lymphocytes, the impaired differentiation of 
IL-17+ T cells, including multicytokine-expressing CD4+ T 
cells, in Prop rats compared with sex-matched Sal rats could 
be associated with the impaired IL-6 expression in spinal 
cord mononuclear cells and the lower frequency of IL-1β+ 
cells among microglia (El-Behi et al. 2011; Srenathan et al. 
2016; Harbour et al. 2020). To additionally corroborate the 
influence of propranolol on the differentiation of Th17 cells 
are findings showing that β-adrenoceptor blockade in clini-
cal settings negatively modulates inflammatory cytokines, 
including IL-6, and reduces Th17 response (Barbieri et al. 
2020). The loss of sex difference in the frequency of all 
IL-17+ T cells, and particularly in the frequency of multi-
cytokine-producing cells among them, following proprano-
lol treatment seems to be extremely important as a more 
severe clinical course of EAE in mice and possibly MS was 
associated with greater plasticity of Th17 cells from males/
men and thereby their capacity to generate highly pathogenic 
multicytokine-producing Th17 cells (Doss et al. 2021).

The impaired IL-17+ T-cell differentiation in Prop rats 
led to a shift in IL-17+ Teff/Treg balance towards the latter 
when compared with sex-matched Sal rats. In this context 
it should be pointed out that the frequency of Tregs among 
CD4+ cells recovered from spinal cord did not change in 
response to propranolol treatment in either male or female 
rats, thereby not contributing to the shift towards Tregs 
in Prop rats. Given that it has been previously shown that 
β2-adrenoceptor signaling improves conversion of conven-
tional CD4+Foxp3- cells into induced Foxp3+ Tregs and 
enhances their suppressive function in a PKA-dependent 
manner (Guereschi et al. 2013), the lack of influence of 
propranolol on Treg differentiation could be related to the 
increased frequency of TGF-β-synthesizing cells among 
myeloid cells (Freudenberg et al. 2018). In this context it 
should be pointed out that propranolol could affect immune 
cells involved in EAE pathogenesis acting on these cells 
not only directly, but also indirectly through modulation of 
synthesis/release of some other potent immunomodulators, 
such as glucocorticoids, gonadotropins and prolactin (Dart 
et al. 1981). Considering that aforementioned propranolol-
induced modulating effects on the CX3CL1/CX3CR1/Nrf2/

Fig. 10  Propranolol-induced shift in the pathogenic IL-17+ T cell/
CD4+CD25+Foxp3+ regulatory cell balance towards the latter were 
more prominent in male than female EAE rats. a Right representa-
tive flow cytometry dot plot panels indicate the frequencies of (upper) 
IL-17+ cells within TCRαβ + (T) cells and (lower) IFN-γ+GM-
CSF+ cells among IL-17+ , presumably effector, T cells (Teffs), 
retrieved from spinal cords of male (♂) and female (♀) rats treated 
with propranolol (Prop) or injected with saline (Sal) from the 10th 
until the 14th day post immunization for EAE and sacrificed there-
after, at the peak of the disease. Gating strategy for T cells within 
spinal cord mononuclear cells (gated as shown in Fig. 4) is indicated 
in flow cytometry histogram. Fluorescence minus one (FMO) con-
trol samples, fully stained except for (upper) IL-17, and (lower) GM-
CSF or IFN-γ were used to set the IL-17+ or IFN-γ+GM-CSF+ cell 
gates, respectively. Scatter plots show the frequencies of (upper) 
IL-17+ cells among T cells and (lower) IFN-γ+GM-CSF+ cells 
among IL-17+ Teffs from spinal cords of Prop and Sal EAE rats 
of both sexes. b Right representative flow cytometry dot plot panel 
indicates the frequencies of Foxp3+CD25+ cells (Tregs) within 
CD4+ lymphocytes from spinal cords of Prop and Sal EAE rats of 
both sexes. Gating strategy for CD4+ lymphocytes within spinal cord 
mononuclear cells is indicated in flow cytometry histogram. FMO 
control samples, fully stained except for Foxp3 or CD25 were used 
to set the Foxp3+CD25+ cell gate. Scatter plot shows the frequency 
of Tregs among CD4+ lymphocytes from spinal cords of Prop and 
Sal EAE rats of both sexes. c Scatter plot shows the IL-17+ Teff/Treg 
ratio in spinal cords of Prop and Sal EAE rats of both sexes. Two-
way ANOVA revealed significant sex x treatment interactions for 
the frequencies of IL-17+ cells  (F(1,20) = 14.67; p = 0.001) and IFN-
γ+GM-CSF+ cells  (F(1,20) = 5.103; p = 0.0352). The data are shown 
as means ± SD, except for the frequencies of Tregs, displayed as 
median values with interquartile range (25th-75th percentile) (n = 6 
rats/group). Symbols in scatter plots correspond to individual rats 
and wide bars indicate mean or median values. $, #  p ≤ 0.05. $$, 
## p ≤ 0.01. ***, $$$, ### p ≤ 0.001. *, vs saline-injected male rats. $, 
vs saline-injected female rats. #, male vs female rats
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HO-1 and Stat3/Socs3 signaling axes were stronger in male 
EAE rats than in female ones, the greater efficiency of pro-
pranolol in limiting Th17 cell-driven neuroinflammation and 
consequently mitigating clinical severity of EAE should not 
be a surprise.

In conclusion, the study disclosed that the blockade of 
β-adrenoceptors with propranolol during the clinical phase 
of EAE affecting CX3CR1/Nrf2 and Stat3/Socs3 signaling 
networks in myeloid cells from the target tissue activates 
mechanisms that shift functional profile of microglia/blood-
borne monocytes/macrophages towards an anti-inflamma-
tory/pro-resolving phenotype and thereby limits the clinical 
severity of the disease. This seems to be extremely impor-
tant as propranolol is widely used β-blocker to treat hyper-
tension, angina pectoris, cardiac arrhythmias, anxiety and 
essential tremor, as well as for migraine prophylaxis, and 
blockade of the side effects of hyperthyroidism (Farzam and 
Jan 2022), but also multiple sclerosis-related tremor (Koch 
et al. 2007; Schneider and Deuschl 2014; Meador et al. 
2016). The greater efficacy of propranolol in male EAE rats 
compared with their female counterparts in this respect may 
reflect the greater tissue concentration of noradrenaline and 
CD11b+ myeloid cell β2-adrenoceptor expression in male rat 
spinal cord, as well as dimorphisms in the examined signal-
ing networks. Thus, the study warrants that sex-based differ-
ences not only in the action of β-blockers, but also other sub-
stances affecting spinal cord/CNS myeloid cell compartment 
should be considered when their therapeutic potential in lim-
iting IL-17+ T-cell immune response and neuroinflammation 
is estimated. This is especially so considering the empirical 
evidence on sex differences in autoimmune disease treatment 
outcomes, so that immunotherapies repressing an immune 
response apparently exhibit greater efficacy in males than 
females (Klein and Morgan 2020).

Limitations of the study: the study focused the influence 
of propranolol on myeloid cells, so putative contribution 
of direct effects of propranolol/propranolol-induced altera-
tions in the secretions of other immunomodulators on T cells 
should be investigated in subsequent studies.
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