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Spleen-derived immune cells are considered to play central role in the progression of ischemic brain damage contributing to both the local
and systemic inflammatory response initiated by an ischemic insult in the brain tissue. Brain-spleen communication in acute ischemic brain
injury has been studied especially in rodent models of stroke, which mimic the acute focal brain ischemia in humans. Rodent spleens de-
crease in size after experimentally induced stroke, due mainly by the release of spleen’'s immune-cells into the circulation. Splenectomy prior
to middle cerebral artery occlusion is protective to the ischemic brain resulting in decreased infarct volume and reduced neuroinflammation.
Various therapeutic strategies in clinical use aiming to protect the neural tissue after stroke were found to involve the modulation of splenic
activity, altogether indicating that the spleen might be a potential target for therapy in ischemic brain injury. Importantly, the most clinical stud-
ies demonstrated that the splenic response in stroke patients is similar to the changes seen in rodent models. Thus, despite the limitations to
extrapolate the results of animal experiments to humans, rodent models of stroke represent an important tool for the study and understanding
of brain-spleen communication in the pathogenesis of acute brain ischemia.
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Introduction

Stroke, with ischemic stroke accounting for almost 90 %
of the cases, is the second leading cause of death in middle-
income countries, following ischemic heart disease [1]. Its
global public health importance is well reflected by sta-
tistical data: in the high-income countries, it is the first
cause of long-term disability, significantly increasing health
spending worldwide [2].

Acute brain ischemia affects the brain parenchyma gen-
erating two different damaged areas: the ischemic core,
the central region of the brain area to which blood flow
is lost and the penumbra, which retains residual perfusion
from collateral blood vessels. The latter covers almost half
of the total tissue damage volume during the initial stages
of stroke [3]. Rodent models of ischemic stroke using tran-
sient or permanent occlusion of the middle cerebral artery
(MCAO) mimic the acute focal brain ischemia in humans
and reproduce confidently the pathology seen in humans
[4].

The penumbra shows a remarkable susceptibility to
merge into the ischemic core, therefore represents an im-
portant target region for salvage both via post-ischemic
and preventive therapy [5]. The consequences of acute
brain ischemic injury extend far beyond the brain [6].
A variety of immune cells, not only in the central ner-
vous system (CNS) but also in the periphery is activated
soon after a stroke. They play a determinant role in the
progression and outcomes after stroke [7]. The ischemic
neuronal damage involves various pathways, like anoxic
depolarization, perturbed glutamatergic and GABAergic
neurotransmission and intracellular calcium signaling as
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well as excessive formation of reactive oxygen species [8],
[9]. This complex process activates the local microglia, re-
garded as resident immune cells in the central nervous sys-
tem (CNS). Activated microglia will generate chemotactic
signals leading to a significant infiltration of peripheral
immune cells into the damaged brain area [10]. The pe-
ripheral immune cells migrate through the compromised
blood-brain barrier and contribute to the brain damage
or repair processes after ischemic stroke [11]. The spleen
is the most important immune cell reservoir of the body.
High number of experimental studies document that the
spleen plays a decisive role in the stroke-induced immune
response and neurodegeneration [12,13]. The activation
of the sympathetic nervous system following an ischemic
insult in the brain results in splenic contraction followed
by the mobilization and release of different immune cells
from this reservoir contributing to the systemic inflamma-
tory response initiated by the acute brain ischemia [14].
The sequence probably is determined by the nature of
the ischemic trigger and by the pattern of secreted cyto-
kines/chemokines [12]. The role of the brain infiltrating
immune cells in stroke evolution seems to be a dual one
by enhancing neurodegeneration [15], or protecting neu-
rons [16], [17]. The splenic origin of brain infiltrating cells
after cerebral ischemia was demonstrated using carboxy-
fluorescein diacetate succinimidyl ester (CFSE) labeling,
a method which enables the following of migrating sple-
nocytes after experimentally induced stroke. These studies
evidenced that after experimental stroke immune cells exit
the spleen, their number reducing here significantly after
24-48 hours, and migrate into the damaged brain tissue
contributing to injury [12,13,18]. However, inflammatory
cells have been shown to exert also protective effects, and
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contribute to post-stroke recovery [19], altogether under-
scoring the multiple facets of the inflammatory process in
stroke. Study of the inflammatory pathways, with their
variety of cells and mediators involved in the early stages
of neuroinflammation in cerebral ischemia, is difficult to
carry out in humans. The many structural overlaps in the
histology of human and rodent spleen histology [20-22],
makes the rodent spleen suitable for studying the splenic
response to stroke. Indeed, the results of the last ten years
support that several features of brain-spleen communica-
tion after stroke described in experimental studies can be
extrapolated to human subjects [23,24] and are promising
for integration of these results into the therapy targeting
the immune system after stroke. In this short review we an-
alyzed previous PubMed indexed experimental and clinical
studies investigating the role of spleen-brain communica-
tion in the pathophysiology of ischemic stroke. We focused
on recent publications providing data on changes in the
cellular components of the spleen after ischemic stroke and
evaluating the role of spleen derived immune cells in the
progression of ischemic brain damage.

Splenic changes after ischemic stroke

The spleen has been proved to be the most pro-inflamma-
tory organ following acute ischemic injury at different sites
in the body (brain, liver, intestine, kidney, and heart) [25-
28]. The changes in the spleen after stroke include mainly
three aspects: spleen morphology, numbers of immune
cells derived from the spleen and inflammatory cytokine
production by the spleen's cells [15,29]. The released pro-
inflammatory cytokines promote a secondary inflamma-
tory response in the brain contributing to amplification of
neural tissue damage [12].

The microscopic examination of the spleen removed af-
ter acute cerebral ischemia reveals significant morphologi-
cal changes compared to the normal spleen. These include
depletion of lymphoid tissue with reduced or lack of ger-
minal centers [14], decrease in the number and frequency
of apoptotic cell death in splenocytes (4 days after transient
ischemic insult MCAQO mice show a 90% reduction in sple-
nocyte numbers compared to the sham-operated animals),
changes in cellularity and phenotype of lymphoid cells and,
in general, splenic atrophy. [30]. The spleen contributes to
the systemic inflammatory response and neurodegenera-
tion via peripheral immune cells: splenic leucocytes such
as various subsets of T and B cells, Mo/ME, polymorpho-
nuclear neutrophils (PMNs), natural killer cells (NK) and
follicular dendritic cells (DCs) [12]. Following stroke, due
to the activation of the sympathetic nervous system, pro-
duction of chemotactic cytokines and antigen presentation
by the damaged tissue the splenocytes are released into the
circulation and reach the damaged brain tissue [12]. There
are still controversies concerning the time course of the re-
cruitment of inflammatory cells into the brain as well as
their pathogenic roles in the ischemic brain injury. Studies
using CFSE labeling demonstrated that splenocytes appear
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relatively late in the damaged neural tissue, usually days
(48 - 96 h) after ischemic brain injury occurs [18].

Neutrophils

Several studies indicate the neutrophils as the first periph-
eral cells that infiltrate the brain after ischemic injury (from
30 minutes to 3 days) [11,31,32]. However, recruitment of
other inflammatory cells into the brain prior to neutrophil
infiltration in response to cerebral ischemia has also been
observed [10]. Neutrophils contribute substantially to
many aspects of the brain damage occurring after ischemia
by releasing ROS, proteases, cytokines and chemokines
as summarized in a recent review by Jickling et al [33].
PMNs expressed matrix metalloproteinase 9 (MMP-9/
gelatinase B), a member of the family of zinc-dependent
proteases has been linked to the disruption of the blood-
brain barrier via degradation of the basement membrane
and tight junction proteins, followed by edema formation,
neuronal death and erythrocyte extravasation [34,35] in
animal experiments. High levels of MMP-9 were found in
peripheral blood samples of patients with ischemic stroke
[36], and an increased number of MMP-9 positive cells
was detected in human post mortem ischemic brain tis-
sue, in association with PMNs and activated microglial
cells [37]. Quantification of myeloperoxidase (MPO)-la-
beled neutrophils after permanent MCAO in the damaged
brain tissue of rats demonstrated that infarct size signifi-
cantly correlates with the number of neutrophils around
the infarct, larger infarct being accompanied by more
neutrophils. In the brain of rats splenectomized 2 weeks
before MCAO the number of neutrophils was significant-
ly decreased without significant changes in blood leuko-
cytes, which might contribute to the observed protective
effects of splenectomy after ischemic brain injury [38].
Thus, these findings evidence that neutrophils have a nega-
tive effect following cerebral acute ischemia and indicate
that their inhibition including MMP-9 inhibition might
represent a potential therapeutic intervention in stroke

(32,39].

Lymphocytes

The pathophysiological importance of lymphocyte accu-
mulation and their interaction with PMNs into the dam-
aged brain tissue following stroke is not clearly defined [40].
T lymphocytes are considered central players in the devel-
opment of a sustained inflammatory response after stroke.
The massive reduction of splenic immune cells, especially
B and T lymphocytes and the concomitant activation of
the sympathetic nervous system are considered the main
causes leading to a persistent immunosuppressed status of
stroke patients, responsible for the increased susceptibility
of these patients to post-stroke infections [14]. Although
the number of blood lymphocytes declines early after an
ischemic insult, the most studies indicate that they appear
relatively late in the brain, usually days after the onset of
brain injury. Some studies in rodent models demonstrated
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accumulation of T cells in the brain already within the first
24 h after focal cerebral ischemia influencing the evolution
of brain injury [41,42]. There is a time shift in the distri-
bution of different T cell subsets, which play differential
roles in response to cerebral ischemia. The early appearing
T-cell subsets after stroke (day 3 to 7) are represented by
helper CD4+ (day 3 to 7) and cytotoxic CD8* T-cells (10).
Experimental studies connect the key role of helper CD4+
Th1 cells in the pathogenesis of stroke to the release of
proinflammatory cytokines (e.g. interleukins, such as IL-2,
IL-12, IFN-y, tumor necrosis factor -TNF-a) promoting
brain damage, however some cytokines (e.g. IFN-y) are
critical for the prevention of post-stoke infections [43,44].
CD4+* Th2 cells may play a protective role through produc-
tion of anti-inflammatory cytokines (IL-4, IL-5, IL-10, and
IL-13) [45,46]. Neo-antigens originating from the neural
cells detritus, such as microtubule-associated protein 2
(MAP 2), NMDA receptor subunit NR-2A, myelin basic
protein (MBP) and myelin oligodendrocyte glycoprotein
(MOG), released into circulation are captured by antigen-
presenting cells, especially DCs and macrophages. It is
thought, that these stimuli finally trigger the activation of
T-cell-dependent adaptive immune responses in the T-cell
zone of the spleen [47]. In parallel to the decrease in the
total number of splenic immune cells in the early days after
stroke, increased number of CD4+FoxP3+ Tregs has been
observed in the ischemic brain. Several studies suggested
Tregs to exert beneficial effects on stroke evolution. Deple-
tion of Tregs increased tissue loss and worsened neurologi-
cal functions, probably due to reduced IL-10 production
[12,48,49]. In contrast, other studies reported that Treg
depletion did not affect stroke infarct volume or even re-
duced infarct size and improved neurologic function after
MCAQO, indicating a detrimental Treg effect after experi-
mental stroke [50]. The summary of preclinical studies
though indicates an overall neuroprotective effect of Treg-
targeted therapies (adoptive transfer of purified polyclonal
Treg) in models of stroke, making it a potential candidate
for therapy in a specific group of patients with ischemic
stroke [51]. Tregs are known to suppress, modulate the ac-
tivity of other immune cells, including CD4+ and CD8+
T-cells, B-cells, NK cells and circulatory CD11b+ mono-
cytes [52]. Findings revealed that y3T cells, a small subset
of T cells that bear a distinct TCR on their surface might
also be involved in the pathogenesis of ischemic stroke,
TCR-yd knockout mice, as well as mice treated with TCR-
y0—specific antibody presenting decreased infarct volume
[53]. The complex role of lymphocytes in the immune re-
sponse to stroke is highlighted also by the study of Chen et
al. Using flow-cytometric analysis, this group documented
that remote ischemic preconditioning of a limb (reported
as a protective method against ischemic stroke) followed
by MCAO significantly is associated by reduced brain in-
fileration of CD8* T cells and NKT cells, increased splenic
volume and elevated lymphocyte number in the spleen,
including B lymphocytes [54]. The role of B-lymphocytes,
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the major component of splenic withe pulp [55] in isch-
emic brain injury is poorly investigated. The low number
of reports on this topic provided discrepant results indicat-
ing beneficial or neutral effects of the B lymphocyte in-
filerate on ischemic brain injury [56,57]. A recent study
using pharmacological B cell depletion, B cell transgenic
mice, and adoptive B cell transfer experiments disclosed
that B cells did not influence infarct volume and function-
al behavior in mice after acute ischemic stroke [58]. More-
over, Doyle et al. observed B-lymphocyte infiltration of the
injured brain, which could contribute to the intensifica-
tion of the cognitive deficits after stroke [59]. Performing
immunostainings of human postmortem tissue, the same
group detected B lymphocytes also in the brain of some
patients with stroke supporting a B lymphocyte response
to stroke also in humans [59]. In contrast, Bregs secreting
IL10 had a protective role in ischemia/reperfusion injury
in mice due probably by post-stroke immunosuppression

[60].

NK cells

NK cells, an important part of the innate immune sys-
tem, have cytotoxic properties. Following stroke, these
cells migrate from the spleen into the infarcted area of the
brain together with T lymphocytes and monocytes [18].
The protective effects of splenectomy before acute brain
ischemia probably imply also the reduction of NK cells in
the damaged area of the brain [61].

Monocytes/macrophages (Mo/MF)

The local microglia and peripheral macrophages are among
the first responders to cell damage in the CNS and are mo-
bilized to the site of injury within hours [62]. The spleen
is the main source of monocyte intake in ischemic injury
[13]. The structure of the spleen's marginal zone (MZ)
plays an important role in the distribution of the spleen
macrophage population. The MZ outer ring contains resi-
dent MZ macrophages (CD209b+) that present processed
antigens to MZ B cells. The inner rim of the MZ is lined to
CD169+ metallophylic macrophages that transfer captured
antigen to DCs for activation of the cytotoxic (CD8+) T
cells. Macrophages are also present in the red pulp that are
F4/80hi and help maintain blood homeostasis by phago-
cytosis of senescent erythrocytes and blood-borne particu-
lates and their phenotype differ from that of macrophages
associated with MZ [20,22].

The spleen contraction after stroke is accompanied by a
decreased number of macrophage subsets in the spleen. The
displacement of these macrophage subsets from the spleen
was found to temporally coincide with increases of the re-
spective macrophage subsets in the ischemic brain [13].
Research over the past decade has evidenced that spleen-
derived mouse monocytes can be divided into two distinct
populations, each having a different effect on ischemia out-
come: the Ly6Chi / CCR2+ subset is pro-inflammatory
and the Ly6Clow / CCR2- subset has anti-inflammatory
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effects. The Ly6Chi/CCR2+ monocyte subset is specifical-
ly recruited in acute ischemic conditions by the monocyte
chemoattractant protein-1 (MCP-1), secreted by the cells
of the inflamed tissue, and will become classically activated
M1 macrophages, with pro-inflammatory phenotype. The
Ly6Clow / CCR2 - subset is recruited to the normal tissue
and develops into resident M2 macrophages, which have
host defense and repair functions after injury [63]. In a
previous study CCR2-null mice were protected against
cerebral inflammation following brain ischemia, suggest-
ing the important role of CCR2 in stroke-induced brain
injury [64]. The polarization of macrophages in a classic
pro-inflammatory (M1) or alternative anti-inflammatory
(M2) phenotype thus depend on specific environmental
signals that induce these different polarization states and
consequently determine the function of microglia and Mo/
ME [65]. The factors that drive the activation of microglia/
macrophages include cytokines, chemokines, released deg-
radation products, and extravasated molecules [63]. Studies
document that toll-like receptors (TLRs) are essential play-
ers in the process of macrophage activation [63]. Interest-
ingly, it has been found that TLRs play a role in the inflam-
matory response to ischemic injury even in the absence of
infection. More specifically, stimulation of TLRs through
TLR ligands and INF-y induces classical M1 activation
either 1) by inducing NF-KB, which in turn upregulates
pro-inflammatory cytokines (TNFa, IL-12, suppressor of
cytokine signaling-3 (SOCS3)) and hypoxia inducible fac-
tor la (HIF-1a) to promote inducible nitric oxide synthase
(iNOS) synthesis, or 2) by inducing interferon regulatory
factor 3 (IRF-3), one of the main transcriptional regulators
initiating M1 polarization (via signal transducer and acti-
vator of transcription 1 (STAT1)) and M2 gene silencing.
Against it, IL-4/IL-13 stimulation favors alternative M2
activation. Recently, the triggering receptor expressed on
myeloid cells 2 (TREM2), an anti-inflammatory receptor
was suggested as an important player in controlling mi-
croglial M1/M2-like phenotypes, its deficiency exacerbat-
ing ischemic damage in experimental stroke [66]. Many
markers (e.g. CD68, CD200, F4/80, CD14, HLA-DR,
TLRs, heat shock protein (Hsp)-70, C3b/iC3b, CR3,
sodium-calcium exchanger (NCX)1 antigen) are used to
denote the reactive status of the macrophages, but they do
not define whether macrophages have toxic or protective
functions. The classification of macrophages into M1 or
M2 subgroups is once again difficult because of the overlap
between the antigenic structures. For example, major his-
tocompatibility complex (MHC) class II (involved in anti-
gen presentation to immune cells) and CD86 (functions as
a co-stimulatory signal for T-cell activation) do not clearly
belong to the M1 or the M2 phenotype. However, despite
the antigenic heterogeneity, generally is accepted, that M1
phenotype markers include CD16, CD32, CD86, and in-
ducible nitric oxide synthase (iNOS), while the M2 phe-
notype expresses arginase-1 (Argl), CD163, and CD206
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antigens [67]. A growing number of published data based
on conventional molecular analysis-immunostaining, real-
time PCR, western blots and morphological data confirms
the importance of macrophage polarization in stroke phys-
iopathology [68,69]. In an experimental model of stroke,
we found, that following ischemia/reperfusion the number
of mononuclear cells is increased in the MZ of the spleen,
and the Argl/iNOS2 expression ratio on macrophages of
marginal zone/red pulp interface is significantly shifted in
the sham group compared to ischemic group in the favour
of iINOS2 expressing cells (in press). Correspondingly,
in the brain sections of the same animals we detected an
overall reduced number of CDG68-positive macrophages/
microglia in the early (24h) infiltrates of ischemic cerebral
tissue. These cells were present in a higher number in the
penumbra than in the central core. The expression of cel-
lular markers of macrophage polarization, iNOS2, and
Argl was also higher in the penumbra than in the core
and evidenced a significant a significant M1-phenotype
dominance [70]. Thus, the modulation of microglia/mac-
rophage polarization represent another promising thera-
peutic possibility for stroke.

Conclusion

Acute cerebral ischemia triggers a prompt neuroinflam-
matory response involving resident microglia as well as
peripheral immune cells. The various immune cells con-
tribute significantly to both brain damage and repair pro-
cesses making unfeasible a categorization of stroke-related
inflammatory processes as either exclusively beneficial or
detrimental. The spleen plays a central role in the coordi-
nation of inflammatory responses in stroke although the
exact mechanisms underlying the splenic responses after
stroke are not fully identified. The different subsets of
splenic cells seemingly play distinct roles in different stages
of the stroke especially through the release of various cy-
tokines\chemokines affecting both the local and systemic
inflammation after stroke. Moreover, stroke-induced im-
mune response is increasingly recognized to influence the
neuropathological outcome after ischemic brain injury.
Thus, further studies focusing on the spleen-brain cross-
talk with their variety of cells and signaling molecules al-
ready in the early stages of neuroinflammation in acute
brain ischemia are necessary 1) to provide new insights
into the role of immune response in the pathogenesis of
ischemic brain injury and 2) to answer the question if in
addition to the traditional surgery and thrombolytic ther-
apy immunomodulatory interventions targeting the spleen
could represent a complementary and wider therapeutic
time window strategy, especially for improvement of the
long-term prognosis in stroke patients.

Acknowledgment
This work was supported by an Internal Research Grant
of the University of Medicine, Pharmacy, Science



Acta Marisiensis - Seria Medica 2019;65(4)

and Technology of Targu Mures, Romania (Number
17803/1/22.12.2015) and partly funded by Studium Pros-
pero Foundation, Romania (Number 1547/18.12.2015).

Conflict of interes

The author has no conflicts of interest to declare.

References

1.

20.

21.

22.

The World Health Organization (WHO) updates fact sheet on Top
10 causes of Death, https://communitymedicine4asses.wordpress.
com/2017/02/01/who-updates-fact-sheet-on-top-10-causes-of-
death-27-january-2017

Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M,
Bennett DA — Global and regional burden of stroke during 1990-2010:
findings from the Global Burden of Disease Study 2010. Lancet 2014;
383(9913):245-254

Alves JE, Carneiro A, Xavier J —Reliability of CT perfusion in the
evaluation of the ischaemic penumbra. Neuroradiol J 2014; 27(1):91-95
Fluri F, Schuhmann MK, Kleinschnitz C — Animal models of ischemic
stroke and their application in clinical research. Drug Des. Devel. Ther.
2015; 9:3445-3454

Fuhrer H, Glnther A, Zinke J — Optimizing cardiac output to increase
cerebral penumbral perfusion in large middle cerebral artery ischemic
lesion-OPTIMAL study. Front Neurol. 2017; 8:402

Rasouli J, Lekhraj R, Ozbalik M, Lalezari P, Casper D — Brain-spleen
inflammatory coupling: a literature review. Einstein J Biol Med. 2011;
27(2):74-77

Courties G, Herisson F, Sager HB, Heidt T, Ye Y, Wei Y, et al — Ischemic
stroke activates hematopoietic bone marrow cells. Circ Res. 2015
Jan;116(3):407-17

Schwartz-Bloom RD, Sah R - gamma-Aminobutyric acid(A)
neurotransmission and cerebral ischemia. J Neurochem. 2001;
77(2):353-71

Mele M, Costa RO, Duarte CB - Alterations in GABAA-Receptor
Trafficking and Synaptic Dysfunction in Brain Disorders. Front Cell
Neurosci. 2019; 13:77

Gelderblom M, Leypoldt F, Steinbach K, et al. — Temporal and spatial
dynamics of cerebral immune cell accumulation in stroke. Stroke 2009;
40(5):1849-1857

Jin R, Yang G, Li G - Inflammatory mechanisms in ischemic stroke: role
of inflammatory cells. J Leukoc Biol. 2010; 87(5):779- 789

Liu ZJ, Chen C, Li FW, et al — Splenic response in ischemic stroke: new
insights into stroke pathology. CNS Neurosci Ther. 2015; 21(4):320-326
Kim E, Yang J, Beltran CD, Cho S — Role of spleen-derived monocytes/
macrophages in acute ischemic brain injury. J Cereb Blood Flow Metab.
2014; 34:1411-1419

Yan FL, Zhang JH - Role of the Sympathetic Nervous System and
Spleen in Experimental Stroke-Induced Immunodepression. Med Sci
Monit. 2014; 20:2489-2496

Offner H, Subramanian S, Parker SM, Afentoulis ME, Vandenbark
AA, Hurn PD — Experimental stroke induces massive, rapid activation
of the peripheral immune system. J Cereb Blood Flow Metab. 2006;
26(5):654-65

Amantea D, Certo M, Petrelli F, Bagetta G —Neuroprotective Properties
of Macrolide Antibiotic in Mouse Model of Middle Cerebral Artery
Occlusion: Characterization of the Immunomodulatory Effects and
Validation of the Efficacy of Intravenous Administration. Assay Drug Dev
Technol. 2016 ;14(5):298-307

Certo M, Endo Y, Ohta K, Sakurada S, Bagetta G, Amantea D — Activation
of RXR/PPAR gamma underlines neuroprotection by bexarotene in
ischemic stroke. Pharmacol Res. 2015; 102:298-307

Seifert HA, Hall AA, Chapman CB, Collier LA, Willing AE, Pennypacker
KR — A transient decrease in spleen size following stroke corresponds to
splenocyte release into systemic circulation. J Neuroimmune Pharmacol.
2012; 7(4):1017-1024

Li B, Gan Y, Sun BL, Zhang F, Lu B, Gao YV, et al. Adoptive regulatory
T-cell therapy protects against cerebral ischemia. Annals of neurology.
2013;74(3):458-71

Noble BT, Brennan FH, Popovich PG — The spleen as a neuroimmune
interface after spinal cord injury. J. Neuroimmunol. 2018; 321:1-11
Cesta MF — Normal structure, function, and Histology of the spleen.
Toxicol Pathol. 2006; 34:455-465

Steiniger BS — Human spleen microanatomy: why mice do not suffice.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

133

Immunology 2015; 145: 334-346

Vahidy FS, Parsha KN, Rahbar MH, et al. — Acute splenic responses in
patients with ischemic stroke and intracerebral hemorrhage. J Cereb
Blood Flow Metab. 2016; 36(6):1012-1021

Pennypacker KR, Offner H — The role of the spleen in ischemic stroke. J
Cereb Blood Flow Metab. 2015; 35(2):186-7

Okuaki Y, Miyazaki H, Zeniya M, et al. — Splenectomy-reduced hepatic
injury induced by ischemia/reperfusion in the rat. Liver. 1996; 16(3):188-
194

Savas MC, Ozguner M, Ozguner IF, Delibas N — Splenectomy attenuates
intestinal ischemia-reperfusion-induced acute lung injury. J Pediatr Surg.
20083; 38(10):1465-1470

Leuschner F, Panizzi P, Chico-Calero |, et al — Angiotensin-converting
enzyme inhibition prevents the release of monocytes from their
splenic reservoir in mice with myocardial infarction.  Circ Res.
2010;107(11):1364-1373

Hurn PD, Subramanian S, Parker SM, — T- and B-cell-deficient mice with
experimental stroke have reduced lesion size and inflammation. J Cereb
Bood Flow Metab. 2007; 27(11):1798-1805

Offner H, Subramanian S, Parker SM, et al. — Splenic atrophy in
experimental stroke is accompanied by increased regulatory T Cells and
circulating macrophages. J Immunol. 2006; 176:6523-6531

Kriz J — 2006. Inflammation in ischemic brain injury: timing is important.
Crit. Rev. Neurobiol. 2006; 18(1-2):145-157

Ceulemans AG, Zgavc T, Kooijman R, Hachimi-Idrissi S, Sarre S, Michotte
Y — The dual role of the neuroinflammatory response after ischemic
stroke: modulatory effects of hypothermia. J Neuroinflammation. 2010;
1(7):74

Jickling GC, Liu D, Ander BP, Stamova B, Zhan X, Sharp FR. Targeting
neutrophils in ischemic stroke: translational insights from experimental
studies. J Cereb Blood Flow Metab. 2015 Jun;35(6):888-901

Justicia C, Panes J, Sole S, Cervera A, Deulofeu R, Chamorro A, Planas
AM. Neutrophil infiltration increases matrix metalloproteinase-9 in the
ischemic brain after occlusion/reperfusion of the middle cerebral artery
in rats. J Cereb Blood Flow Metab. 2003; 23: 1430-1440

Rivera S, Ogier C, Jourquin J, Timsit S, Szklarczyk AW, Miller K, Gearing
AJ, Kaczmarek L, Khrestchatisky M. Gelatinase B and TIMP-1 are
regulated in a cell- and time-dependent manner in association with
neuronal death and glial reactivity after global forebrain ischemia. Eur J
Neurosci. 2002; 15: 19-32

Montaner J, Alvarez-Sabin J, Molina C, Angles A, Abilleira S, Arenillas
J, Gonzalez MA, Monasterio J. Matrix metalloproteinase expression
after human cardioembolic stroke: temporal profile and relation to
neurological impairment. Stroke. 2001; 32: 1759-1766

Rosell A, Ortega-Aznar A, Alvarez-Sabin, J, et al. - Increased
brain expression of matrix metalloproteinase-9 after ischemic and
hemorrhagic human stroke. Stroke 2006; 37:1399-1406

Yang VY, Rosenberg GA — Matrix metalloproteinases as therapeutic
targets for stroke. Brain Res. 2015; 1623:30-38

Ajmo CT Jr, Collier LA, Leonardo CC et al. Blockade of adrenoreceptors
inhibits the splenic response to stroke. Exp Neurol. 2009;218(1):47-55
Zhang HT, Zhang P, Gao Y, et al. — Early VEGF inhibition attenuates
blood-brain barrier disruption in ischemic rat brains by regulating the
expression of MMPs. Mol. Med. Rep. 2017; 15:57-64

Woodruff TM, Thundyil J, Tang SC, Sobey CG, Taylor SM, Arumugam
TV - Pathophysiology, treatment, and animal and cellular models of
human ischemic stroke. Mol Neurodegener. 2011; 6(1):11

Yilmaz G, Arumugam T V, Stokes K Y, Granger D N. Role of T
lymphocytes and interferon-y in ischemic stroke. Circulation. 2006;
113:2105-2112.

Hurn P D, Subramanian S, Parker S M, Afentoulis M E, Kaler L J,
Vandenbark A A, Offner H. T- and B-cell-deficient mice with experimental
stroke have reduced lesion size and inflammation. J Cereb Blood Flow
Metab. 2007; 27:1798-1805

Prass K, Meisel C, Hoéflich C Stroke-induced immunodeficiency
promotes spontaneous bacterial infections and is mediated by
sympathetic activation reversal by poststroke T helper cell type 1-like
immunostimulation.J Exp Med. 2003 Sep 1;198(5):725-36

Shi K, Wood K, Shi FD, Wang X, Liu Q. Stroke-induced
immunosuppression and poststroke infection.Stroke Vasc Neurol. 2018
Jan 12;3(1):34-41.

Arumugam T V, Granger D N, Mattson M P. Stroke and T-cells.
Neuromolecular Med. 2005; 7:229-242.

Dotson AL, Zhu W, Libal N, Alkayed NJ, Offner H. Different immunological
mechanisms govern protection from experimental stroke in young and
older mice with recombinant TCR ligand therapy. Front Cell Neurosci.
2014; 8:284.


https://www.ncbi.nlm.nih.gov/pubmed/?term=Courties%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25362208
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sager%20HB%5BAuthor%5D&cauthor=true&cauthor_uid=25362208
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ye%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25362208
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wei%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25362208
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gliem%2C+Courties%2C+Circ+Res.+2015+January+30%3B+116(3)%3A+407%E2%80%93417
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gelderblom%20M%5BAuthor%5D&cauthor=true&cauthor_uid=19265055
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leypoldt%20F%5BAuthor%5D&cauthor=true&cauthor_uid=19265055
https://www.ncbi.nlm.nih.gov/pubmed/?term=Steinbach%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19265055
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amantea%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27392039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Certo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27392039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Petrelli%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27392039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bagetta%20G%5BAuthor%5D&cauthor=true&cauthor_uid=27392039
https://www.ncbi.nlm.nih.gov/pubmed/?term=Certo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Endo%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ohta%20K%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sakurada%20S%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bagetta%20G%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Amantea%20D%5BAuthor%5D&cauthor=true&cauthor_uid=26546745
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leuschner%20F%5BAuthor%5D&cauthor=true&cauthor_uid=20930148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Panizzi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20930148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chico-Calero%20I%5BAuthor%5D&cauthor=true&cauthor_uid=20930148
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ceulemans%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zgavc%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kooijman%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hachimi-Idrissi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sarre%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Michotte%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Michotte%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21040547
https://www.ncbi.nlm.nih.gov/pubmed/?term=Woodruff%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=21266064
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thundyil%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21266064
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tang%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=21266064
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sobey%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=21266064
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taylor%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=21266064
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meisel%20C%5BAuthor%5D&cauthor=true&cauthor_uid=12939340

134

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Planas AM, Gomez-Choco M, Urra X, Gorina R, Caballero M, Chamorro
A - Brain-derived antigens in lymphoid tissue of patients with acute
stroke. J Immunol. 2012; 188:2156-2163

Li P, Gan Y, Sun BL, Zhang F, Lu B, Gao YV, et al. Adoptive regulatory
T-cell therapy protects against cerebral ischemia. Annals of neurology.
2013;74(3):458-71.

Liesz A, Suri-Payer E, Veltkamp C, Doerr H, Sommer C, Rivest S, et
al. Regulatory T cells are key cerebroprotective immunomodulators in
acute experimental stroke. Nat Med. 2009;15(2):192-199

Kleinschnitz C, Kraft P, Dreykluft A, et al. Regulatory T cells are strong
promoters of acute ischemic stroke in mice by inducing dysfunction of
the cerebral microvasculature. Blood. 2013;121(4):679-691.

Xia Y, Cai W, Thomson AW, Hu X. Regulatory T Cell Therapy for
Ischemic Stroke: how far from Clinical Translation? Transl| Stroke Res.
2016;7(5):415-9

Offner H, Subramanian S, Parker SM, et al. — Splenic atrophy in
experimental stroke is accompanied by increased regulatory T Cells and
circulating macrophages. J Immunol. 2006; 176:6523-6531

Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada I,
lwaki T, Okada Y, lida M, Cua D J, lwakura Y, Yoshimura A. Pivotal role
of cerebral interleukin-17-producing ydT cells in the delayed phase of
ischemic brain injury. Nat Med. 2009; 15:946-950

Chen C, Jiang W, Liu Z, et al. — Splenic responses play an important role
in remote ischemic preconditioning-mediated neuroprotection against
stroke. J Neuroinflammation. 2018;15(1):167

Rehg JE, Bush D, Ward M — The utility of immunohistochemistry for the
identification of hematopoietic and lymphoid cells in normal tissue and
interpretation of proliferative and inflammatory lesions of mice and rats.
Toxicologic Pathology 2012; 40:345-374

Chen Y, Bodhankar S, Murphy SJ, Vandenbark AA, Alkayed NJ, Offner
H. Intrastriatal B-cell administration limits infarct size after stroke in
B-cell deficient mice. Metab Brain Dis. 2012; 27:487-493

Offner H, Hurn PD. A novel hypothesis: regulatory B lymphocytes shape
outcome from experimental stroke. Transl| Stroke Res. 2012; 3:324-330
Schuhmann MK, Langhauser F, Kraft P, Kleinschnitz C — B cells do not
have a major pathophysiologic role in acute ischemic stroke in mice. J
Neuroinflammation. 2017; 14:112

Doyle KP, Quach LN, Solé M, et al. — B-lymphocyte-mediated delayed

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Acta Marisiensis - Seria Medica 2019;65(4)

cognitive impairment following stroke. J Neurosci 2015; 35(5):2133-
2145

Bodhankar S, Chen'Y, Vandenbark AA, Murphy SJ, Offner H — Treatment
of experimental stroke with IL-10-producing B-cells reduces infarct size
and peripheral and CNS inflammation in wild-type B-cell-sufficient mice
Metab Brain Dis. 2014; 29(1):59-73

Seifert HA, Leonardo CC, Hall AA et al. —The spleen contributes to
stroke induced neurodegeneration through interferon gammasignaling.
Metab Brain Dis. 2012; 27(2):131-141.

Jayaraj RL, Azimullah S, Beiram R, Jalal
— Neuroinflammation: friend and foe for
Neuroinflammation. 2019;16(1):142

Amantea D. Polarizing the immune system towards neuroprotection in
brain ischemia. Neural Regen Res (2016); 11(1):81-82

Bao Y, Kim E, Bhosle S, Mehta H, Cho S — A role for spleen monocytes
in post-ischemic brain inflammation and injury. J Neuroinflammation.
2010; 7:92

Fumagalli S, Perego C, Pischiutta F, Zanier ER, De Simoni MG — The
ischemic environment drives microglia and macrophage function. Front
Neurol. 2015; 6: e81

Kawabori M., Kacimi R., Kauppinen T., Calosing C., Kim J.Y., Hsieh
C.L., Nakamura M.C., Yenari M.A. Ttriggering receptor expressed on
myeloid cells 2 (TREMZ2) deficiency attenuates phagocytic activities of
microglia and exacerbates ischemic damage in experimental stroke. J.
Neurosci. 2015; 35:3384-3396

Nakagawa Y, Chiba K. — Role of microglial M1/M2 polarisation in relapse
and remission of psychiatric disorders and diseases. Pharmaceuticals
(Basel) 2014; 7(12): 1028-1048

Chiba, T, Umegaki, K -2013. Pivotal Roles of Monocytes/Macrophages
in Stroke. Mediators Inflamm. 2013, 759103

Kanazawa, M., Ninomiya, |., Hatakeyama, M., Takahashi, T., Shimohata,
T., 2017. Microglia and monocytes/macrophages polarization reveal
novel therapeutic mechanism against stroke. Int J Mol Sci.18(10), E
2135

Horvath E, Hutanu A, Chiriac L, Dobreanu M, Oradan A, Nagy EE —
Ischemic damage and early inflammatory infiltration are different in the
core and penumbra lesions of rat brain after transient focal cerebral
ischemia. J Neuroimmunol. 2018; 324:35-42

FY, Rosenberg GA
ischemic stroke. J


https://www.ncbi.nlm.nih.gov/pubmed/?term=Bao%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=21159187
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21159187
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bhosle%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21159187
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mehta%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21159187
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cho%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21159187

