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Abstract: The immune response following acute stroke has received significant attention. The 
spleen is an important immune organ, and more and more studies have shown that brain-spleen 
crosstalk after stroke plays an important role in its development and prognosis. There are many 
mechanisms of spleen activation after stroke, including activation of the sympathetic nervous sys-
tem, the production of chemokines, and antigen presentation in the damaged brain. The changes in 
the spleen after stroke are mainly reflected in morphology, changes to immune cells, and cytokine 
production. Once activated, the spleen contracts, undergoes cellular changes, and releases inflam-
matory cytokines. Some studies have also shown that spleen cells specifically migrate to the site of 
primary brain injury. The size of the spleen is also negatively correlated with infarct volume — the 
more serious the spleen atrophy, the larger the infarct volume. Therefore, a comprehensive under-
standing of the dynamic response of the spleen to stroke will not only enable understanding of the 
evolution of ischemic brain injury but will also enable the identification of potential targets for 
stroke treatment. Here, we review recent basic and clinical drug studies on the spleen as a target for 
the treatment of stroke, focusing on therapeutic strategies for regulating the splenic response and 
inhibiting secondary brain injury. 

Keywords: Stroke, spleen, immune response, splenic atrophy, splenectomy, stem cell therapy. 

1. INTRODUCTION 

 The central nervous system (CNS) and the immune sys-
tem interact in complex ways after stroke [1]. Stroke-
induced inflammatory processes, including innate and adap-
tive immune mechanisms, are responses to tissue damage 
caused by a lack of blood supply. They are also considered 
key factors in the pathophysiology of ischemic stroke at all 
stages [2]. In addition to the inflammatory response in the 
brain, there is growing evidence that systemic immune 
changes occur in peripheral organs and tissues, including the 
spleen, bone marrow, and lymph nodes after stroke. CNS 
and various peripheral immune cells become activated and 
play an important role in brain damage and repair. The 
spleen is a major reservoir of immune cells, and it releases 
immune cells into the blood circulation to protect against 
infection and injury, including damage to the central nervous 
system [3]. Preclinical studies and a large number of animal 
experiments have shown that in the acute phase of stroke, the 
spleen will contract sharply [4-6]. In one study, there was a 
negative correlation between the size of the spleen and in-
farct volume after tMCAO; the more serious the atrophy of 
spleen, the larger the infarct volume [4]. A growing number  
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of studies have focused on the splenic response after stroke 
and have emphasized the role of the spleen in mediating sec-
ondary brain injury associated with the peripheral immune 
system [7]. Therefore, studying the evolution of the splenic 
response after stroke not only contributes to an in-depth un-
derstanding of the development of ischemic brain injury but 
also provides a potential target for the treatment of stroke. 
This review focuses on the crosstalk between the brain and 
spleen after stroke. 

 Additionally, we review animal and clinical studies using 
the spleen as a target for stroke treatment, including the use 
of splenectomy and stem cell therapy. Targeting the spleen 
may help to regulate post-stroke inflammation and inhibit 
secondary brain injury. However, these treatments are ac-
companied by several clinical challenges. 

2. THE STRUCTURE AND FUNCTION OF SPLEEN 

 The spleen consists mainly of red pulp (RP) and white 
pulp (WP), which differ in function and structure. Between 
these two regions is the rodent marginal zone (MZ) and hu-
man perilobular zone [8, 9]. Unlike the lymph nodes, the 
spleen lacks afferent lymphatic vessels. Therefore, all cells 
and antigens enter the spleen via blood circulation. Splenic 
RP extracts aged, dead, or opsonized cells from the circula-
tion, and pathogens and tissue damage are detected at the 
same time. The RP contains macrophages, which filter the 
blood as it passes through the spleen, and antibody-
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producing B cells, which quickly enter the circulation. The 
WP is the main immunologically active region of the spleen 
and serves as the communication hub of various immune 
cells, including T cells, B cells, macrophages/monocytes 
(MMs), and dendritic cells (DCs). The RP also has concen-
trated areas of lymphocytes. The proximity of these cells 
makes it easy for T cells and B cells to interact with each 
other, resulting in activation of the adaptive immune re-
sponse and easy access to lymphocytes for macrophages and 
DCs. T cells are concentrated around arterioles, forming 
lymphoid sheaths. This results in T cells being positioned 
very close to the blood supply, allowing DCs to come into 
contact with immature T cells, which leave the spleen once 
activated. B cells are organized into B cell follicles, where B 
cell responses are honed by homotypic transformation and 
increased antigen specificity. These processes require T 
cells, and the highly specialized structure of the spleen al-
lows these cells to be in close proximity. The MZ is located 
at the junction of the RP and WP. Lymphocytes in this zone 
are more sparse than they are in the WP and consist mainly 
of B cells, but there are also more macrophages [3, 10]. 

 Sympathetic nerve fibers account for 98% of the nerve 
fibers innervating the spleen [11], and norepinephrine is their 
main neurotransmitter. The immune response is regulated 
through these splenic fibers [12]. Most of these fibers are 
found in the WP and regulate lymphocytes, eosinophils, mast 
cells, and macrophages [13]. The activation of the sympa-
thetic nervous system leads to spleen contraction through α-1 
receptors on smooth muscle cells. In addition, increased cor-
tisol production [14] leads to activation of the hypothalamic-
pituitary-adrenal axis [15], overactivation of the sympathetic 
nervous system (SNS) [14], and loss of parasympathetic 
tone. The splenic sympathetic nerves mainly impact immune 
function via two mechanisms: by regulating splenic blood 
perfusion and by regulating splenic immune cell function. 

3. BRAIN-SPLEEN COMMUNICATION AFTER 
STROKE 

3.1. Brain-spleen Interactions after Stroke 

 After a stroke, brain damage can lead to spleen atrophy. 
The spleens of rats decrease in size and weight after middle 
cerebral artery occlusion (MCAO) [4, 5]. The spleens began 
to shrink temporarily from 24 to 48 hours post permanent 
MCAO (pMCAO), reached their minimum size at 48 hours, 
and returned to their pre-stroke size by 96 hours [16]. The 
spleens of mice also atrophied and decreased in weight after 
stroke [17-19]. One study showed that the spleens of mice 
began to decrease in weight from 3 hours to 7 days after 
transient MCAO (tMCAO) [20]. Clinical studies have also 
evaluated changes in the splenic volume of stroke patients. 
One study showed that the loss of spleen volume in patients 
with ischemic stroke began less than 6 hours after the stroke. 
The splenic atrophy continued to about 3 days after the 
stroke, then the spleens increased gradually from days 4 to 8 
and subsequently returned to their pre-stroke state [21]. The 
change in spleen volume with time was biphasic. Spleen 
volume initially decreased with time, reached its lowest 
point at 48 hours after the onset of stroke, and then increased 
[6]. Vahidy et al. found that 40% of stroke patients had a 
splenic contraction, which was associated with higher 

NIHSS at admission and during hospitalization. African-
Americans, elderly patients, and patients with a previous 
history of stroke had a significantly higher risk of splenic 
contraction after stroke [22]. The spleen volume after stroke 
varied with gender but did not correlate with age, stroke sub-
type, or cerebral infarction volume [6]. Early splenic con-
traction (< 24 hours) was not associated with systemic in-
flammatory response syndrome [23]. 

 There was a negative correlation between the size of the 
spleen and infarct volume after tMCAO-the more serious the 
atrophy of the spleen, the larger the infarct volume [4]. Sple-
nectomy can reduce the volume of the cerebral infarction and 
improve neurological recovery [19, 24-30]. Sahota et al. 
have shown that the spleen volume continues to decrease in 
some patients, which is associated with an increased risk of 
adverse clinical outcomes [21]. 

3.2. The Effect of Brain Injury on the Spleen after Stroke 

 It has been shown that several events, including auto-
nomic nervous system (ANS) activation, CNS antigen re-
lease, and chemokine/chemokine receptor interactions, are 
essential for effective brain-spleen crosstalk after stroke. 

3.2.1. Autonomic Nervous System 

 Recent studies have shown a link between ANS activity 
and the peripheral immune response [31, 32]. The spleen is 
highly innervated by the sympathetic neural network [13]. 
Activation of the SNS after MCAO leads to an increase in 
the level of catecholamine in the spleen, which is directly 
innervated by the splenic nerve. However, splenic denerva-
tion before MCAO did not change the infarct volume or 
spleen size. In addition, the levels of catecholamines in the 
systemic circulation increased after release from the adrenal 
medulla after MCAO, and these catecholamines bind to α 
and β adrenergic receptors in the spleen. The activation of 
the α1-adrenergic receptor (α1-AR) in the splenic smooth 
muscle capsule resulted in the contraction of the splenic cap-
sule, which led to the reduction in splenic volume [33]. An 
α1-AR antagonist blocked the reduction of splenic volume. 
Blocking α and β adrenergic receptors significantly inhibited 
splenic contraction and reduced the infarct volume [5]. Other 
studies have shown that the reduction in spleen size induced 
by MCAO is related to changes in metanephrine (MN), nor-
metanephrine (NMN), and cytokines. The β adrenergic re-
ceptor antagonist Propranolol partially reversed the immuno-
suppression and splenic volume reduction [34]. These find-
ings suggest that circulating blood-derived catecholamines 
regulate the splenic response to stroke by interacting with α 
and β adrenergic receptors. 

3.2.2. CNS Antigens 

 After ischemia, the injured brain secretes a variety of 
antigens which activate the adaptive immune response and 
recruit immune cells from the spleen. In acute stroke, new 
antigens such as microtubule associated protein 2 (MAP2), 
N-methyl-D-aspartaic acid receptor subunit 2 (NR-2A), mye-
lin basic protein (MBP), and myelin oligodendrocyte glyco-
protein (MOG) are released into the periphery and captured 
by antigen presenting cells (APC), especially DCs and mac-
rophages. This response is thought to eventually trigger the 
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activation of the T cell-dependent adaptive immune response 
in the T cell region [35, 36]. Mice with smaller infarct sizes 
had greater self-responsiveness to MAP2 and MBP. This 
autoimmune reaction is maintained by CD4+ and CD8+ T 
cells and CD19+ B cells in the spleen in the first 10 days af-
ter stroke [37]. The autoimmune response of splenic CD4+ T 
cells to neuron and myelin antigens in the early stage of 
stroke correlates with better recovery [38]. In previous stud-
ies, MOG-reactive splenocytes secreting toxic Th1 cyto-
kines, such as interferon-γ (INF-γ) and tumor necrosis factor-
α (TNF-α), have been adoptively transferred into severe 
combined immunodeficient (SCID) mice. Compared to the 
control group, the cerebral ischemic area, neurological de-
fects, and immune cell accumulation were increased in the 
adoptive transfer group [39]. In another study, MBP-specific 
splenocytes were obtained from donor animals one month 
post-stroke and passed on to immature recipient animals dur-
ing cerebral ischemia (CI). The animals receiving MBP-
specific TH1 or TH17 cells had a poor prognosis, and the 
degree of injury was related to the robustness of the MBP-
specific TH1 and TH17 responses [40]. 

3.2.3. Chemokines/chemokine Receptors 

 After ischemia, the expression of chemokines in the brain 
and blood increases [41-44]. These chemokines, including 
chemokine (C-C motif) ligand 2 (CCL2), CCL3, CCL5, 
CX3CL1, CXCL8, and CXCL12, are secreted by damaged 
CNS cells to recruit inflammatory cells into the injured 
brain. The corresponding chemokine receptors in spleno-
cytes are also increased after ischemia/reperfusion (I/R) [44]. 
CCL2 can effectively mediate the infiltration of MMs and 
neutrophils during CI [45]. Some MMs and neutrophils in 
the spleen express CCR2. Splenic monocytes enter the is-
chemic focus after ischemia [46], and these cells migrate 
from the spleen to the ischemic brain through the CCL2-
CCR2 axis [18, 45, 47]. In addition, the CXCL12-CXCR4 
axis is closely related to the pathology of ischemic stroke. CI 
results in a rapid and lasting increase in CXCL12 in the is-
chemic penumbra [48]. When a CXCR4 antagonist was used 
to block the interaction between CXCR4 and CXCL12, not 
only were cerebral inflammation and cerebral infarction re-
duced after tMCAO, but splenic atrophy was prevented and 
splenocyte death was delayed. Therefore, CXCL12 and 
CXCR4 may play a role in regulating the splenic response 
after stroke [49]. 

 In short, ANS activation after stroke leads to increased 
levels of catecholamines in the spleen and circulation. Cate-
cholamines interact with α and β adrenergic receptors of 
splenic smooth muscle, resulting in splenic contraction. Is-
chemia leads to the release of CNS antigens produced by the 
brain to the periphery, which can recruit immune cells re-
sponses in the spleen. Chemokines produced by ischemic 
brain tissue recruit more spleen immune cells into the is-
chemic brain and aggravate inflammatory response. 

3.3. The Effect of the Spleen on the Brain after Stroke 
 Both cellular and humoral immune responses occur in the 
spleen in response to brain injury after stroke. When the 
spleen atrophies, many splenic cells are released into the 
circulation and migrate to the damaged cerebral hemisphere. 
The humoral response after stroke is characterized by the 
production of inflammatory cytokines and chemokines in the 
spleen. 

3.3.1. Timing of the Splenic Response to Stroke 

 The splenic response after a stroke occurs in the early 
stage after MCAO, and studies have shown that splenectomy 
in the early stages of stroke can reduce the infiltration of 
peripheral immune cells into the ischemic brain. One study 
found that immediate splenectomy after ischemia reduced 
the infiltration of T cells, B cells, and monocytes into the 
brain tissue, reduced the early infarct volume, and partially 
improved neurological function. When performed 3 days 
after ischemia, splenectomy had no corresponding effect 
[50]. 

3.3.2. Immune Cells in the Spleen 

 The spleen is the largest reservoir of innate immune cells. 
Many splenic immune cells undergo changes after stroke, 
including lymphocytes, monocytes, neutrophils, and NK 
cells. During splenic contraction, spleen cells are released 
into the circulation and infiltrate into the damaged brain tis-
sue (Table 1). Splenectomy results in a decrease in the num-
ber of T cells, neutrophils, and macrophages in ischemic 
brain tissue [26]. Clinically, the spleens of patients with is-
chemic stroke may initially contract and then expand again 
after onset, leading to ischemic brain injury [21]. 

 Studies have shown that splenic lymphocytes, mono-
cytes, and neutrophils enter the bloodstream and migrate into 
the brain 48 hours after MCAO, but they appear to remain 

Table 1. Response of the immune cells from the spleen at different time points after stroke. 

Immune 
Cells 

24h 48h 72h 96h 7d 
Refs. 

Spleen Brain Spleen Blood Brain Spleen Brain Spleen Brain Spleen Brain 

neutrophils   ↑   ↑ ↑↑       ↑     [16, 24, 26] 

monocytes ↓↓ ↑   ↑ ↑ ↓ ↑↑   ↑ ↓   [16, 20, 24, 26, 27, 29, 46] 

T cells   ↑   ↑     ↑   ↑   ↑ [16, 25, 26, 27, 29] 

B cells             ↑   ↑     [27, 29] 

NK cells       ↑ ↑       ↑     [16, 27] 
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within the vasculature. NK cells and monocytes can be seen 
at 48 hours, and NK cells, T cells, and monocytes can be 
seen at 96 hours post MCAO [16]. Neutrophils are among 
the first immune cells to respond to ischemic damage, and 
they infiltrate the damaged brain within hours after a stroke. 
In patients with acute ischemic stroke, neutrophils gather in 
the ischemic area within 24 hours after the onset of symp-
toms [51]. In an animal model, neutrophil infiltration 
reached its peak at 1-3 days after cerebral infarction. When 
performed 2 weeks before pMCAO, splenectomy reduced 
the number of neutrophils in the injured brain tissue [24]. 
Neutrophil infiltration plays an important role in the patho-
logical process of stroke [24, 51]. Peripheral blood mono-
cytes/macrophages migrate and infiltrate into ischemic brain 
tissue through the CCL2-CCR2 axis and promote brain in-
flammation and tissue injury after stroke [18]. In one study, 
the Ly6Chigh monocyte subset in spleen decreased from day 1 
to day 3, and the number of Ly6Clow monocytes decreased 
from 3 hours to 7 days after stroke. The number of peripheral 
monocytes in the brain began to increase on the 1st day and 
reached its peak on the 3rd day. 

 The Ly6Chigh and Ly6Clow monocytes in the post-stroke 
brain all originated from the spleen, and the deployment of 
spleen-derived MMs is consistent with their accumulation in 
the brain after ischemia. Splenectomy reduced the accumula-
tion of MMs in the ischemic brain at 1 and 3 days post-
ischemia [20]. It has also been shown that clodronate lipo-
somes can reduce the number of macrophages in the spleens 
of mice by 80%, resulting in a reduction in macrophage infil-
tration into the ischemic brain tissue and thus promoting 
tissue repair and remodeling after cerebral ischemia [52]. 
Systemic injection of low-dose lipopolysaccharide (LPS) 
after MCAO in mice can induce the Ly6Chigh monocyte re-
sponse, which has a protective effect on the brain. Infarct 
volume was significantly smaller in both LPS-
preconditioned mice and in mice receiving adoptively trans-
ferred LPS-treated monocytes. Applied cell tracking studies 
have shown that these cells originate in the spleen. They 
migrate from the spleen to the brain and meninges, where 
they inhibit post-ischemic inflammation and the flow of neu-
trophils into the brain parenchyma. These protective effects 
disappeared when splenectomy was performed 14 days be-
fore ischemia, indicating the necessity of the spleen in medi-
ating these effects [46]. Studies have shown that at 96 hours 
post-stroke, spleen monocytes and neutrophils in aged mice 
are decreased, while T and B cells did not change. The re-
duction was cell-specific rather than secondary to the overall 
contraction of the spleen. Splenectomy before stroke signifi-
cantly reduced the number of CD45high cells in the brain tis-
sue at 96 hours post stroke. These results indicate that the 
infiltrating spleen-derived immune cells in the brains of aged 
mice are mainly monocytes and neutrophils [30]. 

 In clinical studies, spleen volume was negatively corre-
lated with the percentage of blood lymphocytes in patients 
with early stroke, suggesting that greater spleen contraction 
resulted in the migration of more lymphocytes into the 
bloodstream [6]. One study used labeled splenic cells to 
show that spleen-derived T cells could be seen in the brain at 
96 hours after MCAO [16]. Recombinant T cell receptor 
ligands (RTLs) are partial agonists that redirect autoreactive 

T cells to become nonpathogenic. In young mice, RTL1000 
inhibited splenocyte outflow and reduced the frequencies of 
T cells and macrophages in the spleen. Elderly mice treated 
with RTL1000 showed a significant decrease in inflammato-
ry cells in the brain and an inhibition of splenic atrophy. We 
found a significant reduction in the frequency of CD4+ T 
cells with RTL treatment in both young and old mice. RTL 
treatment also significantly reduced the percent of CD8+ T 
cells, CD3+ total T cells, and CD11b+ myeloid cells in young 
mice only. There were major differences in splenocyte acti-
vation between the younger and older mice in response to 
stroke [53]. The protective effect of splenectomy 2 weeks 
before ischemia on the brain is accompanied by a decrease in 
the number of T cells at the site of brain injury [26]. Imme-
diate splenectomy after ischemia, but not delayed splenec-
tomy, reduced the infiltration of T cells and B cells into the 
brain tissue [29]. Splenic irradiation also decreased the num-
ber of T cells infiltrating into the brain [25]. Many studies 
have confirmed that T lymphocytes play a harmful role in 
I/R injury [54-56]. However, studies have demonstrated 
harmful and beneficial effects of Th1 and Th2 cells in vivo 
and in vitro [54]. In addition, certain T cell subsets, such as 
regulatory T cells (Tregs), may play a protective role in the 
pathological process of stroke [57, 58]. The number of Tregs 
in the spleen increase after stroke, and they are relatively 
resistant to apoptosis and other mechanisms that lead to a 
decrease in the number of viable splenocytes. This may re-
flect an endogenous protection mechanism [17]. In addition, 
it is known that splenic T lymphocytes can be activated by 
APCs, especially DCs. An increase in the number of DCs 
was observed for both pMCAO and tMCAO in mice [59]. 
Therefore, DCs can present antigens to T lymphocytes in the 
spleen and activate acquired immunity after stroke. Howev-
er, the exact effect of splenic DCs on the prognosis of stroke 
is not clear. Spleen atrophy is accompanied by the apoptosis 
of spleen cells and loss of B cells in the germinal center. In 
mice, B cells account for around 60% of spleen and blood 
mononuclear cells. By 96 hours post-stroke, the percentage 
of B cells decreased by about half to 30% [17]. Studies have 
shown that µMT-/- mice with B-cell deficiency have larger 
infarct volumes, higher mortality, and more severe function-
al defects [60]. After experimental stroke in mice, the B cell 
populations limited the infarct volume and functional neuro-
logical dysfunction and inhibited the activation and recruit-
ment of inflammatory T cells, macrophages, and microglia 
into the central nervous system infarction. These regulatory 
activities are related to an increase in the proportion of 
CD19+ B cells secreting interleukin (IL)-10 [61]. In addition, 
after experimental stroke, a β-adrenergic receptor antagonist 
(Propranolol) prevented the loss of MZ B cells in the spleen 
and maintained the level of IgM [62]. B cells are the most 
common type of lymphocyte in the spleen, but few studies 
have focused on the role of B cells in stroke injury. The ef-
fects of spleen-derived B cells on ischemic brain tissue are 
worthy of further study. 

 Spleen-derived NK cells were found in the brain 48 hours 
and 96 hours after MCAO [16]. NK cells are cytotoxic cells, 
and studies have shown that chemokines produced by ischemic 
neurons cause NK cells to migrate and permeate into the 
brain, where they promote further brain damage [63-66]. 
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3.3.3. Cytokines/Chemokines Produced by the Spleen 

 Activated immune cells in the spleen increase levels of 
cytokines in the blood after stroke, which in turn leads to 
higher levels of cytokines in the brain (Table 2). At 6 and 22 
hours post MCAO, the levels of TNF-α, IFN-γ, IL-6, mono-
cyte chemoattractant protein-1 (MCP-1), and IL-2 secreted 
by activated splenocytes in stroke-injured mice were signifi-
cantly increased, while the level of anti-inflammatory cyto-
kine IL-10 was also increased in varying degrees [44]. The 
levels of TNF-α, IFN-γ, and IL-6 in the brains of mice in-
creased significantly in the early stage of stroke [27, 44]. 
However, the inflammatory cytokines in the brain decreased 
significantly at 96 hours post-stroke [17]. INF-γ increased in 
the spleen in the early stage after MCAO and then in the 
brain. IFN-γ was reduced in the infarct post-MCAO after 
splenectomy [19, 27]. In addition, many of these splenocyte-
derived inflammatory cytokines and chemokines, such as 
INF-γ and interferon-inducible protein-10 (IP-10), have been 
shown to play a key role in stroke-induced neurodegenera-
tion [27, 67]. After cerebral ischemia or hemorrhagic stroke 
in mice or rats, the mRNA levels of IL-1β, TNF-α, INF-γ, 
IL-4, and IL-6 in the spleen increased [55, 68, 69]. In clinical 
studies, the levels of some cytokines were increased in pa-
tients with splenic contraction compared to patients without 
splenic atrophy, including INF-γ, IL-6, IL-10, IL-12, and IL-
13 [22]. Splenectomy can also affect cytokine levels in the 
brain after stroke. On the 4th day after MCAO, many pro-
inflammatory cytokines (including TNF-α, IL-12, IL-1a, IL-
13, and IL-6) were significantly lower in the peripheral 
blood of splenectomized elderly mice than normal mice, 
suggesting that splenectomy led to a reduction in the periph-
eral pro-inflammatory state in splenectomized elderly mice 
[30]. In addition, splenectomy resulted in lower levels of IL-
1β, TNF-α, and INF-γ in the brain but higher levels of IL-10 
[19, 26, 27]. Additionally, INF-γ activated the expression of 
the inflammatory chemokine interferon-inducible protein 10 
(IP-10). Splenectomy results in decreased IP-10 in the in-
farcted area following MCAO [67]. IP-10 increases blood-
brain barrier damage induced by natural killer (NK) cells 
through CXCR3 [63]. From these studies, we can infer that 
the spleen can affect systemic inflammation and brain in-
flammation after stroke by releasing immune cells and cyto-

kines. These are potential targets of new treatment strategies 
for stroke. 

 To sum up, the size of the spleen is also negatively corre-
lated with infarct volume. Some studies used cell tracking 
techniques and splenectomy to observe the changes of 
spleen-derived immune cells and cytokines/chemokines in 
spleen and brain tissue at different time points after stroke. 
These studies suggest that with 3 days after stroke, the 
spleen releases immune cells and cytokines/chemokines into 
circulation and finally recruits to ischemic brain tissue. The-
se immune cells and cytokines play an important role in the 
inflammatory response of ischemic brain parenchyma in the 
early stage after stroke. Finally, it leads to the enlargement of 
the volume of cerebral infarction (Fig. 1). 

4. THERAPEUTIC STRATEGIES TARGETING THE 
SPLENIC RESPONSES TO STROKE 

 In previous studies, it has been found that the evolving 
cerebral ischemic injury elicits a cycle of injury from brain-
to-spleen-to-brain [70]. The evolving brain injury sends a 
"signal" to activate the spleen, which leads to apoptosis and a 
sharp loss of immune cells. The activated spleen also releases 
cells into the bloodstream, which are then transported to the 
brain through the capillaries. If any intermediate link of the 
brain-spleen-brain cycle is blocked, it may reduce brain inju-
ry after stroke and play a neuroprotective role (Table 3). 

4.1. Splenectomy 

 Many studies have used splenectomy to study the role 
and pathological mechanisms of the spleen during a stroke. 
Several studies have shown that splenectomy can reduce the 
volume of cerebral infarction and have neuroprotective ef-
fects. However, some studies have found that splenectomy 
does not provide neuroprotection for cerebral infarction. 
These differing results are related to the time of splenectomy 
and the ischemic model used. 

4.1.1. The Timing of Splenectomy 

 In most studies, one of three different timings of splenec-
tomy have been performed: pre-stroke splenectomy, splenec-
tomy immediately before or after stroke, or post-stroke sple-

Table 2. Changes of spleen-derived cytokines/chemokines in brain and spleen at different time points after stroke. 

Cytokine/chemokine 
6h 22h 24h 48h 72h 96h 

Refs. 
Spleen Spleen Spleen Brain Spleen Spleen Brain Spleen Brain 

IL-1β       ↑           [26] 

TNF-α ↑ ↑   ↑       ↓   [17, 26, 44] 

INF-γ ↑ ↑ ↑↑       ↑ ↓ ↑ [17, 19, 27, 44] 

IL-6 ↑ ↑           ↓   [17, 44] 

MCP-1 ↑ ↑               [44] 

IL-2 ↑ ↑               [44] 

IL-10   ↑   ↓           [26, 44] 

IP-10     ↑   ↑ ↑ ↑ ↑ ↑ [67] 
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nectomy. In most studies, splenectomy was performed 2 
weeks before MCAO, which reduced the volume of the cer-
ebral infarction, improved short-term neurological function 
[19, 24, 26, 27, 30, 71], and relieved brain edema after in-
tracerebral hemorrhage [69]. It has also been reported that 
splenectomy just before or after stroke can reduce the infarct 
volume [28, 29], but with more severe neurological scores in 
the acute phase [72]. However, more studies have found that 
splenectomy at this stage did not alter the infarct volume [20, 
29, 72] and had no effects on short-term and long-term neu-
rological function [28, 29, 72]. Splenectomy 3 days after the 
stroke has no effect on cerebral infarction volume, motor-
sensory function, or cognitive function [29]. Splenectomy is 
a major surgery in which the body compensates for spleen 
loss by temporarily increasing circulating immune cells 
within a week. The body also responds to the surgical insult 
after splenectomy. Therefore, splenectomy should be per-
formed 2 weeks before MCAO to allow for recovery from 
the splenectomy. 

4.1.2. Effect of Sex and Age on Splenectomy 

 Most studies have used male adult rats or mice to exam-
ine the neuroprotective effect of splenectomy on stroke. 
However, studies have found that while male mice can be 
protected from a stroke after splenectomy, but female mice 
are not [73]. There are more regulatory lymphocytes in the 
spleens of female mice than in those of male mice. The loss 
of these regulatory cells in female mice leads to the loss of 
protection against stroke [73, 74]. In addition, more T cells 

were activated in the spleens of male mice than in female 
mice after tMCAO [75]. Compared with young adult rats or 
mice, the splenic function of aged rats or mice may be dif-
ferent. Some studies have found that splenectomy reduces 
the infarct volume of aged male mice, improves behavioral 
results, and reduces the infiltration of immune cells into the 
brain [30]. Splenectomy on postnatal day-7 rats 3 days prior 
to hypoxia-ischemia ameliorated the infarct volume and re-
duced neurobehavioral deficits at 3 weeks [71]. Therefore, 
splenectomy also has a neuroprotective effect on neonatal 
rats and older mice. 

4.1.3. Alternatives to Splenectomy 

 The risk of surgical splenectomy in stroke patients is a 
major obstacle to the elimination of splenic inflammation. 
One study used splenic irradiation instead of splenectomy as 
a non-invasive method to passivate the splenic response after 
stroke [25]. Rats received targeted splenic irradiation 3 or 4 
hours after tMCAO, which significantly reduced the infarct 
size. Irradiation of the spleen 4 hours after tMCAO can pro-
vide tissue protection related to extensive apoptotic cell 
death in the spleen and reduce the infiltration of immune 
cells to the brain tissue. This considerable neuroprotection is 
not accompanied by side effects of the immune system or 
acute radiation syndrome. 

 In summary, splenectomy may have a short-term neuro-
protective effect on stroke, but it does not provide long-term 
protection. In addition, immune regulation via the spleen 

 
Fig. (1). Crosstalk between the spleen and brain in the acute phases of stroke. The ischemic brain induces a reduction in spleen volume by 
stimulating the autonomic nervous system and releasing chemokines and CNS antigens, which cause the spleen to release immune cells and 
cytokines into the blood. The immune cells and cytokines traffic to the ischemic brain tissue and aggravate the cerebral infarction. This re-
sults in a cycle of injury from brain-to-spleen-to-brain. (A higher resolution / colour version of this figure is available in the electronic copy 
of the article). 
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Table 3. Treatments of stroke with spleen as target. 

Treatment Target Cells or Moleculars Effects on the Spleen Effects on the Injured Brain Refs. 

Splenectomy All the splenocytes - • Reduced infarct volume and edema, 
improved neurobehavioral and infarct 
outcomes. A reduction in peripheral im-
mune cell infiltration into the brain and 
decreased levels of peripheral inflamma-
tory cytokines after stroke. 

• It could not promote long-term functional 
recovery after MCAO. 

[19, 24, 26, 27, 
28, 29，30, 69, 

71, 72] 

Stem cells 
therapy 

  

Spleen cells Prior to migrating to the spleen. 
Rescued the spleen weight, splen-
ic CD8+T-cells. Attenuated splen-

ic activations of TNF-α,  
IL-6, NF-κB 

• Decrease the infarct volume and have 
significant recovery in behavioral per-
formance. 

• Reduced the brain oedema and the initial 
neurologic deficits, infalmmatory infil-
trations and apoptosis. 

[4, 68, 69, 81, 
82, 83, 85, 86, 

88, 89] 

LPS-
Preconditioning 

Ly6Chigh monocytes from 
the spleen 

  

Mobilized a Ly6Chigh monocytes 
from the spleen to brain and me-

ninges after stroke. 

Reduced infarct volume. Increased Ly6Chigh 
monocytes in brain and meninges, where they 
suppressed postischemic inflammation and 
neutrophil influx into the brain parenchyma 
after stroke. 

[46] 

remote ischem-
ic precondition-

ing (RIPC) 

  

Lymphocytes in spleen Increased splenic volume with an 
expansion of splenic lymphocytes 

3 days after MCAO. promptly 
increased the percentages of 

CD3+CD8+cytotoxic T (Tc) cells 
in the spleen with a relatively 

delayed elevation in CD3+CD161+ 
natural killer T (NKT) and 

CD3-CD45RA+ B lymphocytes.  

Reduced infarct volume and neurological 
deficit and reduced brain infiltration of Tc 
and NKT cells.  

[93] 

remote ischem-
ic limb condi-
tioning (RLC) 

CCR2+ monocyte subset in 
spleen 

Adoptive transfer of CCR2-
deficient monocytes abolished 

RLC-mediated protection in sple-
nectomized mice. 

Shifted circulating monocytes to a 
CCR2+ pro-inflammatory mono-

cyte subset 

Reduced acute brain injury, swelling, and 
improved motor/gait function in chronic 
stroke. 

[94] 

carvedilol Pan adrenergic receptors in 
the spleen 

Prevented the reduction in  
spleen size. 

Significantly reduced infarct volume [5] 

[34] 

prazosin α1 receptor in the spleen Prevented the reduction in  
spleen size  

No effect 

propranolol β receptor in the spleen No effect or Partly reverse the 
immunodepression and the reduc-

tion in spleen volume 

No effect 

Simvastatin Mitochondria of splenocytes Reduced stroke-induced spleen 
atrophy and splenic apoptosis via 

increased mitochrondrial 
antiapoptotic Bcl-2 expression 

and decreased proapoptotic Bax 
translocation from cytosol into 

mitochondria.  

Inhibited brain interferon-γ (3 days) and re-
duced infarct volume and neurological defi-
cits (5 days) after stroke. 

[19] 

(Table 3) contd…. 
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Treatment Target Cells or Moleculars Effects on the Spleen Effects on the Injured Brain Refs. 

αCD147（an 
antiCD147 
antibody） 

monocytes/macrophages in 
spleen 

Reduced the early splenic  
inflammatory response. Reduced the 

early proinflammatory activation  
of splenic monocytes/macrophages 

after tMCAO 

• Reduced Ly6Chi monocyte/macrophages in 
the brain. 

• CD147 as a key mediator of the spleen’s 
inflammatory activation in response to cer-
ebral ischemia. 

[95] 

Recombinant 
mouse IL-33 

splenic T cells 

  

Reduced INF-γ+ Tcells and incteased 
Foxp3+ T cells in the spleen tissue. 

Deceased the production of  
INF-γ and increased the secretion  
of IL-4, IL-10, and TGF-β from at  

24 h after MCAO. 

Attenuated neurological deficit scores and in-
farct volumes after MCAO. 

[97] 

RTL551 

RTL1000 

Spleinc T cells  Mitigated splenic atrophy.  
Significantly Increased the splenic 

cells in the spleen after MCAO. 
Reduced expression of the chemo-

kine receptors, CCR5  
in the spleen. 

• Reduced cortical and total stroke lesion size 
by approximately 50%, inhibited the accu-
mulation of inflammatory cells, particularly 
macrophages/activated microglial cells and 
dendritic cells. 

• Reduced the frequency of the activation 
marker, CD44, on T-cells in the blood and 
in the ischemic hemisphere. 

[53, 99, 
100, 101] 

selective endo-
vascular cool-

ing 

  

Splenic cells Promotes anti-inflammatory IL-10 
elevation in the spleen. Hypothermia-
exposed splenocytes co-cultured with 

primary rat neurons upregulate 
BNDF and IL-10 and improve cell 

viability following OGD. 

Increase BDNF expression in the motor cortex, 
striatum, and hippocampal CA3. 

[102] 

Clodronate 
liposomes 

Macrophages in spleen Depleted 80% of the macrophages in 
the spleen 

Reduced macrophage infiltration in the brain. 
Enhanced the microvessel density in the peri-
infarct region, decreased brain atrophy, and 
promoted neurological recovery. 

[52] 

 

may play different roles in the different pathological periods 
of stroke, and the regulation of splenocyte function in differ-
ent periods is more beneficial than simple splenectomy. In 
addition, clinical studies have shown that splenic injury and 
splenectomy are significantly associated with an increased 
risk of hemorrhagic and ischemic stroke [76]. Vascular 
events in patients with splenic injury and splenectomy may 
be caused by a variety of factors, including platelet activa-
tion, a hypercoagulable state, endothelial activation, and 
changes in lipid metabolism [77]. Splenectomy may lead to 
thrombocytopenia, leukocytosis, concentrated hemoglobin, 
hyperlipidemia, and elevated C-reactive protein levels [78-
80]. All these changes are independently associated with an 
increased risk of vascular complications in patients undergo-
ing splenectomy (Table 4). 

4.2. Stem Cell Therapy 

 In animal models of stroke, treatments based on different 
types of stem cells have been studied for several years. The 
stem cell types studied include human umbilical cord blood 
cells (hUCBs) [4, 81], hematopoietic stem cells (HSCs) [68], 
human bone marrow stromal cells (hBMSCs) [82-84], neural 
stem cells (NSC) [69], multipotent adult progenitor cells 
(MAPC) [85], and human amnio epithelial cells (hAECs) 

[86]. Positive results have been obtained using stem cell 
therapy for the treatment of stroke, and this therapy can en-
hance the recovery of neurological function after stroke. In 
an animal model of acute brain injury, more and more evi-
dence shows that intravenous injection of various types of 
stem cells can regulate not only the local microenvironment 
of the brain but also the peripheral systemic immune re-
sponse. The spleen plays an important role in this process. 
The regulatory effect of stem cells on peripheral immunity 
may be one of the reasons why this intravenous therapy is 
more effective. Interestingly, when stem cells are systemical-
ly given, these stem cells have priority in entering the pe-
ripheral immune organs, especially the spleen. After entering 
the spleen, these stem cells interact with spleen cells to regu-
late the peripheral immune response after stroke, reduce 
damage to the ischemic center by the peripheral immune 
response, and thus play a neuroprotective role. 

4.2.1. Migration of Stem Cells after Intravenous Injection 

 There are many routes of stem cell administration [87], 
among which intracerebral focus injection and intravenous 
injection are the most commonly used. Studies have shown 
that after intravenous injection of stem cells, most of the 
stem cells first migrate to the spleen [68, 69, 81-83, 85]. 
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Table 4. Splenectomy and stroke outcome in rodents. 

Factors Associated 
with Splenectomy 

Time of  
Splenectomy 

Species Stroke 
Model 

Survival Outcomes Beneficial/ 
Detrimental 

Refs. 

Pre-stroke  
splenectomy 

  

14 days before 
MCAO 

male SD 
rats 

pMCAO 48 hours, 96 
hours 

Decreased infarction volume in the 
brain (48 hours and 96 hours). Re-

duced neurodegeneration after ischem-
ic insult, decreased numbers of activat-
ed microglia, macrophages and neutro-

phils present in the brain tissue (96 
hours). 

Beneficial [5, 
24] 

14 days before 
MCAO 

male SD 
rats 

pMACO 24 hours Reduce cerebral infarct volumes, Low-
er numbers of T cells, neutrophils, and 
macrophages in brain tissue and lower 

levels of pro-cytokines, but higher 
levels of IL-10. 

Beneficial 
  

[26] 
  

14 days before 
MCAO 

male SD 
rats 

pMCAO 4 days Decreased infarct size and the amount 
of IFNγ in the infarct post-MCAO. 

Beneficial [27] 

14 days before 
MCAO 

Male 
C57BL/6

J mice 

tMCAO  1 days, 
3 days, 
5 days 

reduced infarct size (5 days), neurolog-
ical deficit(1, 3, 5 days) and brain 
interferon-γ (3 days) after stroke 

Beneficial [19] 

14 days before 
MCAO 

male SD 
rats 

pMCAO 96 hours Reduced the amount of IP-10 in the 
infarct area of rats post-MCAO 

Beneficial [67] 

3 days before 
stroke 

male SD 
rats 

intracerebral 
haemorrhage 

(ICH) 

3 days  significantly decreased edema 
and brain water content. 

Beneficial [69] 

upon stroke  
splenectomy 

  

Splenectomy 
just before 

MCAO 

Male 
C57BL/6

J mice 

tMCAO 
30min 

3 days, 
7 days 

Not reduced infarct volume and swell-
ing. 

No effect [20] 

Splenectomy 
immediately 

before MCAO 

male SD 
rats 

tMCAO 
90min 

24, 72, 144 
hours 

reduced infarct volume(MRI).  Beneficial 
  

[28] 

1 day-7 days No significant difference between both 
group behavioral scores at different 

time points. 

No effect 

Splenectomy 
immediately 

before MCAO 

Male 
Lewis 

rats 

tMACO 
120min 

3 and 6 
hours 

Worse neurological scores Detrimental 
  

[72] 

72 hours Similar infarct size in both groups No effect 

4 weeks No effect on behavioral outcomes and 
immune response to myelin basic 

protein 

Splenectomy 
right upon 
reperfusion 

  

Male SD 
rats 

tMCAO 
90min 

3 days significantly reduced the infarct size 
and immune cell infiltration 3d after 

MCAO,  

Beneficial 
  

[29] 

28 days but fails to reduce brain tissue loss at 
28 days after MCAO 

No effect 

3-28 days Result in a transient improvement in 
functional performance; however, it 

could not promote long-term functional 
recovery after MCAO 

Post-stroke  
splenectomy 

 3 days after 
MCAO 

Male SD 
rats 

tMCAO 
90min 

5 days,  
28 days 

Not reduced infarct volume (5 days) 
and brain tissue loss (28 days). 

No effect [29] 

3-28 days no effect on sensorimotor function or 
cognitive function. 

(Table 4) contd…. 
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Factors Associated with  
Splenectomy 

Time of  
Splenectomy 

Species Stroke 
Model 

Survival Outcomes Beneficial/ 
Detrimental 

Refs. 

splenectomy about gender 
  

14 days before 
MCAO 

Male and 
female 

C57BL/6J 
mice 

tMCAO 
60min 

4 days Decreased infarct size in 
males，not females. 

Beneficial [73] 

splenectomy about age 
  

14 days before 
MCAO 

Older 
C57BL/6J 
male mice  

(18-22 
months) 

tMCAO 
60min 

4 days 
  

Improved neurobehavioral and 
infarct outcomes. Reduced the 
number of peripheral immune 
cells infiltrating into the brain 

and decreased levels of pe-
ripheral inflammatory cyto-

kines after stroke. 

Beneficial [30] 

3 days before 
hypoxia-

ischemia (HI) 

Postnatal 
day-7 rats 

Neonatal 
HI 

72 hours Decreased infarct volume. Beneficial [71] 

3 weeks Diminished brain atrophy and 
Improved behavioral outcome. 

Improved short- and  
long-term body weight  

gain after HI. 

Alternative therapy  
for splenectomy 

Splenic irradi-
ation at 3 and 
4hrs after the 
start of ische-

mia 

Male SD 
rats 

tMCAO 
120min 

48 hours Reduced cerebral infarct vol-
umes in the rats irradiated at 3 

hours  

Beneficial [25] 

7 days Reduced cerebral infarct vol-
umes and counts of microglia, 
infiltrating T cells and apop-

totic neurons in the rats irradi-
ated at 4 hours 

Splenectomy 
in other 

treatment 
model 

LPS-
preconditioning 

(LPS-PC) 

14 days before 
MCAO 

Male mice tMCAO 
35min 

72 hours Eliminated the neuroprotec-
tion of LPS-PC after stroke. 
Similar large infarcts in both 
LPS- and saline-treated sple-

nectomized mice. 

Detrimental [46] 

Remote ischem-
ic limb condi-

tioning 

Splenectomy 
and adoptive 

transfer of 
CCR2 KO 
splenocytes 

into C57BL/6 
mice, just 

before MCAO, 

Male and 
female 

C57BL/6J 
mice,  

CCR2 KO 
mice 

tMCAO 
30min 

2 months CCR2-deficient splenocytes 
transfer abolishes Remote 

Ischemic Limb Conditioning-
mediated protection in sple-

nectomized mice. 

Detrimental [93] 

Remote ischem-
ic  

precondition 
(RIPC) of a 

limb 

1 day or 2 
weeks before 

RIPC and 
MCAO 

Male SD 
rats 

tMCAO 
90 min 

3 days Reduced the protective effect 
of RIPC on ischemic brain 

injury and reversed the effects 
of RIPC on circulating im-

mune cell composition. 

Detrimental [93] 

Human multipo-
tent adult pro-
genitor cells 

treatment 

14 days before Male Long 
Evans rats 

tMCAO 
90 min 

21days, 
28 days 

Eliminated the improvement 
of stroke recovery treated with 

MAPC.  

Detrimental [85] 

Neural stem cell 
transplantation 

3 days before 
ICH 

Male SD 
rats 

ICH 1 day, 
3 days 

  

Eliminated the effect of NSCs 
on brain water content (3 

days), perihematomal inflam-
matory cells (1 day), and 

initial neurologic  
deficits (3 days). 

Detrimental [69] 
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Then, a small number of stem cells temporarily invade the 
injured brain tissue. The vast majority (> 95%) of the stem 
cells entered the spleen shortly after intravenous injection 
[82]. Another study showed that HSCs intravenously inject-
ed 24 hours after reperfusion were first detected 24 hours 
later in the spleen and then in the ischemic brain parenchyma 
[68]. In addition, compared to the sham-operated control 
group, the immune environment after cerebral infarction 
increased the migration of HSCs to the spleen 72 hours after 
reperfusion. In the absence of induced injury, cells will not 
preferentially gather in the spleen [68]. Unlike intravenous 
injection, stem cells introduced by intracerebral focus injec-
tion migrate from the brain to the spleen through the lym-
phatic vessels and via inflammatory signals [84]. 

4.2.2. Effects of Stem Cell Therapy on the Spleen after 
Stroke 

 After entering the spleen, stem cells interact with spleen 
cells. It has been found that NSCs injected intravenously 
come into direct contact with CD11b+ cells in the spleen 
[69], which partly indicates that the neuroprotective effect of 
NSCs in stroke involves their interaction with spleen cells. 
HUCB mononuclear cells change the cell populations in the 
peripheral circulation and spleen after pMCAO through in-
teraction with various subsets [88]. One study suggested that 
when stem cells are intraperitoneally injected into mice with 
cerebral infarction, the neurogenic niche proliferation and 
glial brain response to human cord blood-derived CD34(+)-
enriched mononuclear cells after neonatal stroke may in-
volve interaction with the spleen and are sex-dependent [89]. 
Stem cells can rescue the loss in spleen weight caused by 
stroke [4, 69, 85, 86, 89] and regulate splenic inflammation. 

4.2.3. Stem Cell Therapy can Regulate the Number and 
Response of Splenic Immune Cells after Stroke 

 Multiple studies have shown that stem cells can alter the 
numbers and functions of T cell subsets in the spleen. In one 
study, HUCBC treatment rescued splenic CD8+ T-cell counts 
[4]. Similarly, intravenous injection of MAPC increased the 
number of Treg cells in the spleen after stroke [85]. Another 
study showed that intravenous injection of HUCB signifi-
cantly changed the response of splenic T cells to conca-
navalin A and decreased their proliferative activity [88]. It 
has been reported that intravenous injection of lineage-
negative bone marrow-derived hematopoietic stem cells can 
weaken the peripheral immune response after ischemia and 
reduce the infiltration of immune cells into the ischemic 
hemisphere, especially T cells and macrophages. This medi-
ates the neuroprotective effect in the subacute phase after 
ischemic stroke [68]. Stem cell therapy can also reduce in-
flammatory factors in the spleen and peripheral blood. Intra-
venous injection of MAPC increased IL-10 in the spleen and 
decreased the release of IL-1β from splenocytes [85]. Intra-
venous injection of hBMSCs reduced the level of TNF-α in 
the spleen by 40% after cerebral infarction [83]. Systemic 
administration of hUCB 24 hours after MCAO reduced the 
production of inflammatory factor IFN-γ and increased the 
production of anti-inflammatory cytokine IL-10. HSC treat-
ment decreased the levels of TNF-α and IL-1β in the spleen 
after CI [68]. MAPC treatment decreased IL-6 and IL-1β and 
increased IL-10 in the serum [85]. In a model of intracerebral 

hemorrhage, NSC treatment reduced TNF-α and IL-6, as 
well as nuclear factor-kappa B (NF-κB) activation in the 
spleen [69]. 

4.2.4. Effect of Stem Cell Therapy on the Injured Brain 
after Stroke 

 Intravenous injection of stem cells reduces the volume of 
cerebral infarction and the amount of apoptotic cells and 
promotes the recovery of neural function [4, 68, 81-83, 85]. 
Human NSC treatment attenuated cerebral activations of 
TNF-α, IL-6, and NF-κB and reduced brain edema and in-
flammatory cell infiltration after intracerebral hemorrhage 
[69]. The effect of stem cell therapy on relieving brain ede-
ma, decreasing inflammatory infiltration, and promoting 
functional recovery disappears after splenectomy [83, 85]. 
Correlation analysis showed that the migration of hBMSCs 
to the spleen was negatively correlated with the infarct size, 
the area around the infarct focus, the amount of activated 
major histocompatibility complex (MHC) II-positive cells in 
the striatum, and the level of TNF-α in the spleen [83]. HSC 
treatment reduced the volume of the cerebral infarction, de-
creased the apoptosis of neuronal cells around the infarct 
focus, and decreased the infiltration of immune cells (T cells 
and macrophages) into the ischemic hemisphere [68]. 
HUCBC therapy counteracts T cell proliferation associated 
with MCAO by increasing IL-10 production and reducing 
INF-γ [4]. MAPC treatment restored the expression of mul-
tiple genes and pathways involved in the immune and in-
flammatory responses after stroke. The gene categories 
down-regulated by MAPC include leukocyte activation, an-
tigen presentation, and immune response processing, which 
are related to signal pathways regulated by TNF-α, IL-1β, 
IL-6, and IFN-γ in the brain [85]. These studies suggest that 
stem cell therapy works to some extent by regulating the 
peripheral immune response after stroke and that it may 
work to promote brain repair, especially via the spleen. 
Therefore, the spleen is an important regulatory target for 
stem cells in the treatment of stroke. 

4.3. Preconditioning and Postconditioning 

 Inducing ischemic tolerance by exposure to subinjurious 
stressors, also known as preconditioning (PC), is an effective 
mechanism to evoke endogenous neuroprotective programs 
[90]. In the brain, PC can be achieved through a variety of 
mediators and stressors, including ischemia, inflammatory 
mediators, metabolic blockers, anesthetics, cortical spread 
inhibition, and seizures [91]. It has been found that systemic 
injection of low-dose LPS induces Ly6Chigh monocytes and 
protects brain function after MCAO in mice. In addition, 
adoptive transplantation of monocytes isolated from precon-
ditioned mice into naive mice 7 hours after transient MCAO 
reduced brain damage. Cell tracking studies have shown that 
protective monocytes are mobilized from the spleen to the 
brain and meninges, where they inhibit post-ischemic in-
flammation and neutrophil flow into the brain parenchyma. 
Splenectomy eliminated the neuroprotective effect of LPS-
PC after stroke [46]. Therefore, this neuroprotective effect is 
dependent upon the intact spleen, and it is possible that 
monocytes may need to return to the spleen to obtain their 
neuroprotective phenotype. Secondly, adoptively transferred 



Targeting Brain-spleen Crosstalk After Stroke Current Neuropharmacology, 2021, Vol. 19, No. 9    1601 

monocytes may instruct other immune cells in the spleen to 
change their inflammatory phenotypes. Remote ischemic 
preconditioning (RIPC) of a limb has been reported to pro-
tect against ischemic stroke [92]. RIPC increased the volume 
of the spleen and increased the number of splenic lympho-
cytes. In addition, splenectomy 1 day or 2 weeks before 
RIPC and MCAO reduced the protective effect of RIPC on 
ischemic brain injury and reversed the effect of RIPC on the 
circulating immune cell composition. RIPC significantly 
decreased the infiltration of cytotoxic T cells and NKT cells 
into the brain. However, prior splenectomy eliminated the 
infiltration of immune cells into the injured brain after RIPC 
and stroke [93]. A procedure similar to RIPC, called remote 
ischemic limb conditioning (RLC), is performed after ische-
mia and also triggers an endogenous tolerance mechanism. 
Mice subjected to post-stroke RLC displayed a shift in their 
circulating monocytes towards a CCR2+ pro-inflammatory 
subset, less acute brain injury and swelling in chronic stroke, 
and improved motor/gait function. Transfer of CCR2-
deficient splenocytes eliminated the protective effect of RLC 
in splenectomized mice [94]. These studies suggest that the 
spleen plays a pivotal role in PC and RLC-mediated altera-
tions of the peripheral immune system and subsequent neu-
roprotection. The neuroprotective effects of these precondi-
tioning or postconditioning methods are achieved by regulat-
ing certain immune cells in the spleen. 

4.4. Adrenergic Receptor Blockers 

 Activation of the SNS after stroke results in an increase 
in the level of catecholamine in the spleen and in the system-
ic circulation after release from the adrenal medulla. Cate-
cholamine binds to the α and β adrenoceptors of the spleen to 
regulate the splenic response to stroke. Denervation before 
MCAO did not alter the cerebral infarct volume or splenic 
size. Injection of carvedilol, a pan-adrenergic receptor block-
er, significantly decreased the shrinking of the spleen and the 
volume of the cerebral infarction. Treatment with prazosin 
(an α-1 receptor blocker) only prevented the spleen from 
shrinking. Treatment with propranolol (a β-receptor blocker) 
had no effect on these outcomes [5]. However, some studies 
have reported that propranolol partially reverses immuno-
suppression and spleen volume reduction after stroke [34]. 
The experimental stroke resulted in a significant loss of B 
cells in the splenic MZ, insufficient ability to capture blood-
derived antigens, and inhibition of circulating IgM. These 
defects are accompanied by a spontaneous bacterial lung 
infection. Propranolol prevented the loss of MZ B cells in 
the spleen, maintained the IgM level, and reduced the bacte-
rial burden after experimental stroke. These findings suggest 
that adrenergic MZ B cell loss contributes to infection sus-
ceptibility after stroke [62]. 

4.5. Other Methods Using the Spleen as a Therapeutic 
Target 

 Statins are widely used in the primary and secondary 
prevention of ischemic stroke. However, some studies have 
found that simvastatin increases the expression of anti-
apoptotic Bcl-2 in mitochondria, reduces the translocation of 
pro-apoptotic Bax from the cytoplasm to the mitochondria, 
and reduces splenic atrophy and splenocyte apoptosis in-

duced by stroke. Simvastatin inhibited brain INF-γ, reduced 
the infarct volume, and decreased neurological deficits after 
stroke. Splenectomy abolished the neuroprotective effect of 
simvastatin treatment [19]. This result gives us a new under-
standing of how simvastatin works in the treatment of stroke. 
Cluster of differentiation 147 (CD147) is a cell surface gly-
coprotein that has recently been shown to be an important 
mediator of inflammation and the immune response. Studies 
have found that CD147 plays an important role in promoting 
brain inflammation after ischemic stroke [95]. CD147 is the 
key mediator of splenic inflammation activation after cere-
bral ischemia. Treatment with αCD147 (an anti-CD147 anti-
body) reduced the early inflammatory response in the spleen 
after tMCAO. Inhibition of CD147 eliminated the inflamma-
tory activation of splenic monocyte/macrophages (MMs) 
induced by cerebral ischemia and reduced the infiltration of 
Ly-6Chigh MMS into the brain [96]. A cytokine in the IL-1 
family, IL-33, has been found to have protective effects on 
ischemic brain injury [97]. The long-term protective mecha-
nism of IL-33 against ischemic stroke may partly involve the 
regulation of the splenic T cell response via inhibition of the 
Th1 response and promotion of the Treg response, suggest-
ing that IL-33 may be a candidate drug for the treatment of 
stroke [98]. RTLs consist of part of the MHC class Ⅱ mole-
cule, which is connected to a peptide by covalent bonds. 
Treatment with RTL551, an I-Ab molecule linked to MOG-
35-55 peptides, can reduce the extent of cortical and total 
stroke injury by about 50 percent. RTL551 treatment partial-
ly prevented the atrophy of the spleen and the decrease in 
cell count and reduced the expression of the chemokine re-
ceptor CCR5 in the spleen. RTL551 treatment also reduced 
the infiltration of peripheral immune cells into the brain after 
MCAO [99-101]. RTL1000 reduced the infarct volume and 
prevented splenic atrophy in young and old mice. In young 
mice, RTL1000 inhibited splenocyte outflow and reduced 
the frequencies of T cells and macrophages in the spleen. 
Older mice treated with RTL1000 showed a significant de-
crease in inflammatory cells in the brain. RTLs significantly 
impact multiple subsets of splenocytes in young mice while 
having much less impact on the splenocytes of older mice 
after MCAO. RTL1000 therapy prevents splenic atrophy by 
preventing cell death and likely by inhibiting splenocyte mi-
gration in young mice while only preventing splenocyte mi-
gration in older mice [53]. Selective intravascular cooling 
(SEC) involves the injection of cold saline into an artery to 
maintain body temperature while cooling locally. SEC had a 
neuroprotective effect after stroke. Animals subjected to 
SEC before stroke had increased expression of brain-derived 
neurotrophic factor (BDNF) in the ipsilateral and contrala-
teral cerebral cortex, striatum, and hippocampus. SEC also 
upregulated splenic IL-10 to regulate the peripheral inflam-
matory response. In vitro experiments also confirmed that 
"cold" splenic cells from rats had a protective effect on pri-
mary neurons by up-regulating BDNF and IL-10 [102]. 
Clodronate liposome injection depleted 80% of the macro-
phages in the mouse spleen and reduced macrophage infiltra-
tion into the mouse brain. Macrophage depletion enhanced 
the microvessel density in the peri-infarct region, decreased 
brain atrophy, and promoted neurological recovery following 
MCAO [52]. The spleen is an important site of the peripheral 
immune response after stroke, these methods play a neuro-
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protective role in stroke by regulating the splenic inflamma-
tory response. 

 Spleen has become a new target for the treatment of 
stroke. Spleen-related treatment can be divided into two as-
pects. One is to block the activation of the spleen by the 
CNS, such as the use of adrenergic receptor blockers. An-
other method is to regulate immune cells and cyto-
kines/chemokines in the spleen, such as stem cell therapy, 
splenectomy, PC, RTLs, etc. Among them, splenectomy is 
difficult to implement in the clinic. Intravenous injection of 
stem cell therapy may be a very practical and effective 
method to interfere with the immune response of the spleen. 

CONCLUSION 

 In the acute stage of stroke, under stimulation from vari-
ous signals from the infarct center, the spleen shrinks, splen-
ic immune cells are activated, cytokines are secreted, cells 
are released and migrate from the spleen to the circulation, 
and then the cells infiltrate into the ischemic brain. Cellular 
infiltration is thought to aggravate brain damage. However, 
there are many details of this process that are not entirely 
clear. For example, it is unclear how the immune cells inter-
act in the spleen after stroke, how these cells differentially 
affect the injured brain in the acute and recovery stages, and 
the specific effects of spleen-derived B cells on the infarct 
center. In addition, it is not clear whether and how the spleen 
promotes nerve repair during the recovery from stroke. There-
fore, regulating the immune response by inhibiting the early 
splenic response and peripheral inflammation and accelerat-
ing the initiation of anti-inflammatory/repair mechanisms to 
regulate the central immune response and nerve repair will 
have greater clinical effects. Presently, some experimental 
strategies targeting the splenic response have shown thera-
peutic effects during the acute phase of stroke, but translat-
ing these studies into clinical application is a long process. It 
is necessary to have a more in-depth and comprehensive 
understanding of the splenic reaction of stroke patients. If the 
responses and interactions of various immune cells in the 
spleen after stroke can be understood in detail, different cell 
subsets in the spleen can be targeted to inhibit harmful im-
mune cells and stimulate beneficial immune cells. In the fu-
ture, we believe that therapies that target the splenic immune 
response will become more efficacious and that more stroke 
patients will eventually benefit from these therapies. 
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