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Background: The mechanism of stroke-induced immunodepression syndrome (SIDS) remains uncertain. Some studies sug-
gest that hyperactivation of the sympathetic nervous system (SNS) may be the key factor underlying SIDS.
Catecholamines impair early lymphocyte response, which can increase the risk of stroke-associated infection
(SAV).
Material/Methods: Our study focused on dynamic changes of metanephrine (MN), normetanephrine (NMN), cytokines, and spleen
volume in the rat middle cerebral artery occlusion (MCAO) model.

Results: After MCAO, there is hyperactivation of SNS and pro-/anti-inflammatory imbalance, indicating systemic im-
munodepression. In addition, rat spleen size was reduced. Correlation analysis indicated that MCAO-induced
spleen size reduction correlated with the changes in MN, NMN, and cytokines. Blocking SNS with propranolol
can partly reverse the immunodepression and the reduction in spleen volume.

Conclusions: Taken together, these findings suggest that acute ischemic stroke induces over-activation of the SNS, which
lowers the threshold of infection and increases the risk of infection.
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Material and Methods

Infectious complications, predominantly chest and urinary
tract infections, have been reported in 23-65% of all patients
within the first few days after stroke [1]. While acute stroke
patients may survive the initial brain insult, many succumb
to subsequent infections over time. There is increasing evi-
dence that brain-induced immunodepression makes patients
more vulnerable to infections [2,3]. Prass et al. demonstrat-
ed in a mouse model that focal cerebral ischemia induc-
es long-lasting depression of cell-mediated immunity as-
sociated with spontaneous bacteremia and pneumonia [4].
A clinical study indicated that in patients with acute isch-
emic stroke the risk of infection increased, which is associ-
ated with an early hyperactivation of the sympathetic adre-
nomedullary pathway [5].

There is a rich bidirectional communication existing between
the central nervous system and the immune system [6]. This
functional interaction could pave the way to immunological
manifestations as the result of central nervous system injury,
and vice versa. Sympathetic nerves that innervate lymphoid
tissues provide one of the major outflows from the brain to
regulate tissue repair and host defense.

Catecholamines from the adrenal medulla are metabolized
by catechol-O-methyl-transferase (COMT) to form metaneph-
rine (MN) and normetanephrine (NMN). Because extracellu-
lar norepinephrine (NE) is metabolized rapidly [7], MN and
NMN have several advantages over the determination of cat-
echolamines in plasma or urine, with the advantages that
they are easily obtained, have much longer half-lives than
the plasma concentrations of their parent compounds, and
are less susceptible to the effects of body posture, medica-
tions, or renal function, yet there are strong correlations be-
tween MN, NMN, and plasma catecholamines [5,8]. In this
experiment, we used the serum levels of MN and NMN to
determine SNS activity.

The underlying mechanism that results in widespread immu-
nodepression and concurrent systemic infections after stroke
induction in animals or humans is not well understood. Our
study focused on the hyperactivation of the SNS and chang-
es in the immune system in the context of experimental focal
cerebral ischemia. First, we performed a detailed characteriza-
tion of the changes in the SNS, peripheral blood cytokine lev-
els, and the spleen induced by cerebral infarction. Second, the
effects of propranolol on these measures of the consequenc-
es of MCAO were determined.

Animals and MCAO surgery

A total of 72 age-matched, sexually mature, male Sprague-
Dawley rats weighing 220-250 g were used for experiments.
This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The animal use
protocol was reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) of Southeast University. The
surgical procedure of middle cerebral artery occlusion (MCAO)
did not exceed 10 min and was induced as previously described
[4]. In brief, rats were anaesthetized through intraperitoneal
injection of chloral hydrate (30-50 mg/kg), a monofilament
was introduced into the common carotid artery, advanced to
the origin of the middle cerebral artery (MCA), and left there
for 60 min until reperfusion. During surgery and MCAO, rectal
temperature was maintained at 37.0-37.5°C with a heating
pad. Rats were kept in heated cages for 2 h and rectal temper-
ature was frequently measured. Animals were then returned
to their home cages and allowed free access to food and wa-
ter. These precautions eliminate stress in cage mates. In sh-
am-operated animals, after inserting the filament to the MCA
origin, the filament was immediately withdrawn by 2.0 mm to
avoid ischemia. Occlusion and reperfusion were verified by 7.0T
MRI (Peri Flux 4001 Master; Perimed), TTC stain, and HE stain.

The animals were randomly assigned to the 3 experimental
groups: sham-operated surgery, MCAO only (6 h, 12 h, 24 h,
48 h, 72 h, 1 week, and 2 weeks), and MCAO plus propranolol
(72 h). Each group had 8 rats. The rats were housed 4-5 per
cage and were kept under a 12-h dark/light cycle with free ac-
cess to food and water for at least 1 week to acclimate them
to our laboratory prior to experimentation.

Drug administration

Propranolol (Sigma-Aldrich, USA) was dissolved in 0.9% so-
dium chloride at 6 mg/ml and administered intraperitoneally
(10 mg/kg body weight) immediately before and also 4 and 8
h after MCAO. The dose and injection interval were calculated
according to previous descriptions of effective SNS blocking
in rats [9]. Blood samples, brains and spleens were collected
72 h after MCAO. In sham-operated animals, only 0.9% sodi-
um chloride was administered at the corresponding time point.

Magnetic resonance imaging

We employed a 7.0 Tesla animal micro-MRI system (Bruker,
Germany) to visualize cerebral infarction. Rapid acquisition
with relaxation enhancement (RARE) TIWI and T2WI sequenc-
es, spin echo diffusion-weighted imaging (SE DWI) sequence,
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Figure 1. 7.0T MRI and MRA in which (A) and (B), respectively, rat heads axial T2WI, DWI images revealed a right frontal lobe, parietal
lobe and striatum, and high signal change for cerebral infarction. (C) shows the FLASH 3D image display on the left carotid
artery and middle cerebral artery (arrow). The right carotid artery and middle cerebral artery are not shown.

Figure 2. TTC stain: cerebral infarction area is white, and normal brain tissue is stained red.

and 3-dimensional fast low-angle shot imaging (3D FLASH) se-
quence were used (Figure 1).

Brain TTC stain and HE stain

After the collection of blood samples, all rats were killed by de-
capitation and the brains were quickly removed. Six 2.0-mm-
thick coronal slices of brain were prepared with a brain ma-
trix (ASI Instruments, Inc) and then were stained with 0.1%
2,3,5-triphenyltetrazolium chloride (TTC, Sigma-Aldrich, USA) in
saline at 37°C for 15 min, as described previously [10]. On each
slice, the unstained area represents ischemic brain (Figure 2).
Subsequently, hematoxylin and eosin (HE) staining was also
performed on these slices (Figure 3).

Spleen preparation and HE stain

The spleen was immediately removed through a lateral ab-
dominal incision after the collection of blood samples, rinsed
in PBS (phosphate buffered solution) solution, and weighed.
Then the spleen was fixed in 4% paraformaldehyde saline, em-
bedded in paraffin wax, and a 10-micrometer-thick section was
obtained by microtome dissection, stained with HE, and final-
ly examined by light microcopy (Figures 4-6).

Enzyme-linked immunosorbent assay
Blood samples were collected by cardiac puncture at 6 h, 12 h,

24 h, 48 h, 72 h, 1 week, and 2 week after MCAO. Whole blood
was centrifuged (7000 x g for 15 min), supernatants collected

in 100 pl/capsules, and were snap frozen and stored at -80°C
until ELISA analysis.

There is a circadian rhythm in plasma levels of catecholamines
[11]. Therefore, all plasma samples were collected at 08:00-09:00
a.m. after MCAO at every time point to determine unconjugat-
ed levels of MN and NMN by commercially available, quantita-
tive, competitive, enzyme-linked immunosorbent assay (ELISA)
kits (R&D, USA). Blood samples were also collected to deter-
mine the level of IL-1B, INF-y, and IL-10 in serum by available
quantitative sandwich ELISA kits (R&D, USA). All use of ELISA
kits was in strict accordance with the manufacturer’s protocols.

Statistical analysis

Data are presented as mean +SD and were analyzed using Kruskal-
Wallis analysis of variance (ANOVA) followed by pairwise com-
parison with Dunn’s method or Mann-Whitney U test and lin-
ear correlation analysis using SPSS 13.0 for Windows (SPSS Inc,
Chicago, IL, USA). Differences in group survival were determined
by Fisher’s exact test. Values of P<0.05 were considered significant.

Results

Cytokine serum levels

Compared with the sham-operated group, the serum levels of IL-
1B in MCAQO rats increased slightly at 6 h, at 12 h levels were sig-
nificantly higher (P<0.01), then gradually reduced to a minimum
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Figure 3. HE staining: MCAO rat brain tissue lateral neurons show serious shrinkage, nuclear pyknosis, and the nerve fiber network is
obviously enlarged, with vacuolar changes.

Figure 4. (A, B) The spleen volume significantly
decreased 72 h after MCAO compared
with the sham-operated group.

at 72 h, although each time point was higher than the level of later, but at 2 weeks was still lower than in the sham-operated
the sham-operated group thereafter (P<0.01). The serum levels  group (P<0.01). In contrast, the serum levels of IL-10 in MCAO rats
of IFN-yin MCAO rats began to rise at 6 h (P<0.01) to a peak at ~ decreased at 6 h (P<0.01), rising at 24 h to higher than the sham-
12 h, dropping at 48 h to a level below that of the sham-operat- operated group (P<0.01), with a peak at 72 h, then decreased slow-
ed group (P<0.01), with a minimum at 72 h with a slow recovery  ly to the level of the sham-operated group at 2 weeks (Table 1).
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Figure 5. Changes in MCAO rat organ/weight
ratio of spleen.
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Spleen volume and HE staining

The spleen organ/body weight ratio of MCAO rats was signifi-
cantly reduced after 6 h (P<0.01), with a small increase at 12 h
(P<0.01), then fell again to a minimum at 72 h (P < 0. 01), but
at 2 weeks after MCAO the spleen volume was still lower than
in the control group (P<0.01) (Figures 4, 5). HE staining showed
that a representative section of MCAO spleen had marked de-
pletion of lymphoid tissue with lack of germinal centers, and
a loose aggregation of local lymphocytes instead of integrat-
ed germinal centers compared with the sham-operated group.
In contrast, representative sections of sham-operated MCAO
spleens exhibited abundant lymphoid tissue and the central
follicle contained a germinal center (Figure 6).

MN and NMN serum levels
Serum levels of MN in cerebral infarction rats increased slight-

ly at 6 h after MCAQ, and at 12 h was significantly higher
(P<0.05), with a peak at 72 h followed by a slow decline, but

Figure 6. HE staining of spleen 72 h after
MCAO, sham-operated operation
treatment (A), and MCAO treatment
(B) of SD rats. Original magnification
40x (a) and 200x. (C, D) HE staining
showed that the spleen of MCAO
rats was significantly reduced in
spleen germinal centers, and did not
form integrated germinal centers,
only a loose aggregation of local
lymphocytes, compared with sham-
operated group.

at 2 weeks after MCAO was still higher than in the sham-op-
erated group (P<0.01). NMN levels in the serum began to in-
crease 6 h after MCAO (P<0.01), to a peak at 72 h, then slow-
ly decreased, but at 2 weeks was still higher than after MCAO
in the sham-operated group (P<0.01) (Table 2).

Correlation analysis

Correlation analysis indicated that IL-1p levels were negative-
ly correlated with MN levels (r=—0.240, P=0.014), but not with
NMN levels (r=—0.055, P=0.582). INF-y levels were negatively
correlated with MN and NMN levels (MN: r=—0.599, P=0.000;
NMN: r=—0.245, P=0.012). IL-10 levels were positively corre-
lated with MN and NMN levels (MN: r=0.756, P=0.000; NMN:
r=0.570, P=0.000). IL-1p and INF-y levels were positively corre-
lated with the spleen O/B ratio (IL-1f: r=0.304, P=0.002; INF-y:
r=0.644, P=0.000). IL-10, MN, and NMN levels were negatively
correlated with the spleen O/B ratio (IL-10: r=—0.492, P=0.000;
MN: r=—0.576, P=0.000; NMN: r=-0.499, P=0.000).

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License




Yan F-L et al.:
Role of sympathetic nervous system and spleen in immunodepression
© Med Sci Monit, 2014; 20: 2489-2496

ANIMAL STUDY

Table 1. The serum levels of IL-1B, INF-y and IL-10 in MCAO and sham-operated group in different time points.

IL-1 INF-y IL-10

64.6+9.65 20.95+2.66* 37.57+1.24

MCAO 2 w

99.76+3.62*

17.31+£1.86* 38.33+2.41

* P<0.01, compared with the sham-operated group.

Table 2. The serum levels of metanephrine and normetanephrine in MCAO group and sham-operated group in different time points.

Sham 45.47+5.99 75.4+5.28
""""""""""""" mcaosh  4gss732 8439625t
"""""""""""" Mca012h  saossboet  9sg7sease
"""""""""""" McAO24h  sa1msaet  oslsseam
"""""""""""" Mcao4sh  eaowzs  or3mrzen
"""""""""""" McAO72h  loigssioes™  lo0edss3t
. mMcolw  7ieseser  osmeaam
- mco2w ssazezs7e sa3aesar

* P<0.05; ** P<0.01, compared with the sham-operated group.

Table 3. The serum levels of IL-1f3, INF-y, IL-10, MN and NMN in MCAO 72 h group and MCAO + propranolol 72 h group.

IL-1B INF-y IL-10 MN NMN
MCAO 72 h 74.7+4.26 11.11+1.46 47.32+2.07 101.95+10.64 100.64+5.31
MO + pr72h 87.36+3.79* 21.32+1.88* 38.47+1.4* 45.43+6.71* 75.65+4.66*

* P<0.01, compared with the sham-operated group.

Cytokine, MN and NMN serum levels after intraperitoneal
injection of propranolol

Compared with MCAO at 72 h, pro-inflammatory cytokines
IL-1B and INF-y serum levels in the MCAO + propranolol group
were significantly higher (P<0.01). Compared with MCAO 72
h, IL-10 serum levels in the MCAO + propranolol group were
significantly lower (P<0.01). Compared with MCAO at 72 h, se-
rum levels of MN and NMN in the MCAO + propranolol group
were significantly lower (P<0.01) (Table 3).

Changes of spleen volume after intraperitoneal injection of
propranolol

Compared with MCAO at 72 h, spleen volume in the MCAO +
propranolol group was significantly increased (P<0.01) (Figure 7).

Discussion

As early as 1974, it was known that critical stroke could induce
an immunodepression state [12]. Stroke-induced changes in
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Figure 7. The organ/body weight ratio (O/B ratio) of spleen in
the MCAO 72 h group and MCAO + propranolol 72 h
group. * P<0.01.

the immune system have mainly been characterized as alter-
ations in the immune cells and cytokines [4,13,14]. However,
the mechanisms leading to an increased susceptibility to im-
munodepression after stroke are still poorly understood [15].
Data show that catecholamines can inhibit pro-inflammatory
cytokines and potentiate ant-inflammatory cytokines produc-
tion to suppress cellular immunity [16,17]. This response could
shut down defense mechanisms and render the organism sus-
ceptible to infection [18]. The differences between MCAO rats
and sham-operated rats in our experiment were striking and
consistent in level of serum cytokines, spleen size, and SNS ac-
tivity. As expected, we observed that MN and NMN serum lev-
els increased after cerebral infarction, indicating the hyperacti-
vation of the sympathetic nervous system (SNS), and that the
level of pro-inflammatory cytokines IL-1B and INF-y increased
and the anti-inflammatory cytokine IL-10 decreased, indicat-
ing immunodepression. This phenomenon occurs early after
MCAO and lasts several days, and is obvious at 72 h after MCAO.

The spleen receives a rich supply of sympathetic innervation.
Norepinephrine and B2-adrenergic receptor (B2AR) stimula-
tion by infection and injury has been strongly implicated in
the regulation of the immune response [19], and it is conceiv-
able that brain injury might also transmit sympathetic signals
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to the spleen. For example, in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model of Parkinson’s disease and in
the MCAO rat model of stroke, it has been reported that there
is gross reduction in spleen size and function [20]. Reduced
cellularity in the spleen was also observed in mice and rats
after stroke in 2 previous reports [4,21]. In the present study,
we provide direct experimental proof of spleen atrophy after
MCAO. Correlation analysis indicated that the spleen volume
change shows a significant relationship with cytokine, MN,
and NMN serum levels. Furthermore, we demonstrated that
intraperitoneal injection of the B-adrenoreceptor antagonist,
propranolol, immediately before and twice after MCAO, dras-
tically reversed the spleen volume reduction and systemic im-
munodepression. We infer that this immunodepression state
could be due to SNS hyperactivation, which then results in in-
creased peripheral lymphocyte apoptosis, particularly in the
spleen, and eventually leads to immunodepression.

Interestingly, this reversibility of spleen atrophy is not com-
plete, suggesting that the mechanism of spleen volume re-
duction deserves further study. However, the present study,
at least in part, indicates that SNS over-activation during isch-
emic stroke may play a major role in spleen volume changes.

The possible limitations of our study are that there are no
results of spleen immunohistochemistry, which could dem-
onstrate changes in the SNS and the B2-adrenergic receptor
(B2AR) in situ. Another limitation is that we did not use more
comprehensive parameters of immune status and used no in-
fection parameters. We look forward to overcoming these lim-
itations in future studies.

Conclusions

In conclusion, this study provides more information about
SIDS. There are striking and consistent changes in cytokines,
spleen, and SNS activity after stroke. Hyperactivation of the
SNS is followed by persistent peripheral immunodepression.
Increasing knowledge of these mechanisms may open new
therapeutic avenues in the treatment of patients with stroke.
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