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Abstract Objective: The aim of
this study was to evaluate the corre-
lation between sympathetic nervous
activation and the immune response
in patients following subarachnoid
haemorrhage (SAH). Design and
setting: Clinical study in a neuro-
surgical intensive care unit. Patients
and participants: Fourteen pa-
tients with acute non-traumatic SAH
were included. Fifteen healthy, age-
matched volunteers served as controls
for measurement of catecholamine
spillover. Intervention: Blood sam-
pling for C3a, C5b-9, IL-6, IL-8 and
norepinephrine kinetic determination
was made within 48 h, at 72 h and
on the 7th–10th day after the SAH.
Measurements and results: SAH
patients exhibited a profound increase
in the rate of norepinephrine spillover
to plasma at 48 h, 72 h and 7–10 days
after the insult, 3–4 times that in
healthy individuals. The plasma
levels of C3a, IL-6 and C5b-9 were
significantly elevated at 48 h, at 72 h
and 7–10 days after the SAH, but
the plasma level of IL-6 decreased

significantly 7–10 days after the SAH.
There was no relationship between
the magnitude of sympathetic activa-
tion and the levels of inflammatory
markers. Conclusions: Following
SAH a pronounced activation of the
sympathetic nervous system and the
inflammatory system occurs. The lack
of significant association between the
rate of spillover of norepinephrine to
plasma and the plasma levels of in-
flammatory markers indicates that the
two processes, sympathetic activation
and the immune response, following
SAH are not quantitatively linked.
In spite of a persistent high level of
sympathetic activation the plasma
level of IL-6 decreased significantly
one week after SAH.

Keywords Sympathetic nervous
system · Norepinephrine · Cytokines ·
Complement

Introduction

There exists evidence that the nervous and the immune
systems interact bidirectionally [1, 2, 3, 4]. Research
over the past 20 years suggests that norepinephrine (NE)
fulfils the criteria for neurotransmittor/neuromodulator
in lymphoid organs [5, 6]. There are conflicting data
whether NE, the principal neurotransmitter of the sym-
pathetic nervous system, has immunostimulatory or

immunosuppressive effects [1, 7, 8, 9, 10, 11]. In-
jury to the central nervous system has been linked
to immunosuppression [12]. The contradicting results
could be due to the fact that there is a difference be-
tween the effect of acute stress and chronic stress. In
an acute stress situation, immunoenhancement rather
than immunosuppression would be of value. On the
contrary, chronic stress seems to result in immunosuppres-
sion [12, 13, 14, 15].
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After non-traumatic SAH, systemic manifestations
such as neurogenic pulmonary oedema and myocardial
infarctions are often seen. These systemic complications
have been attributed to elevated levels of circulating
catecholamines [16, 17, 18]. We have reported a markedly
increased rate of spillover of NE to plasma in patients
following SAH [19]. This pronounced sympathoexcitation
may be due to alterations in brain neuronal activity
in response to local ischemia or hypoxia [20, 21, 22].
Patients suffering from SAH also have symptoms that
are correlated with an activated inflammatory response,
such as fever, leucocytosis and elevated levels of acute-
phase proteins [23]. Pro-inflammatory cytokines and
complement split products have been detected periph-
erally and in cerebrospinal fluid in patients with acute
stroke and SAH [24, 25, 26, 27]. Whether, and to
what extent, sympathetic activation drives, or influ-
ences, the immune response following SAH remains
unknown.

In order to examine the possible link between sym-
pathetic activation and the inflammatory response, in this
study we aimed to evaluate, in a time-course design, the as-
sociation between the rate of spillover of norepinephrine to
plasma and markers of inflammation in patients following
SAH.

Materials and methods
The ethical and isotope committees at Sahlgrenska Univer-
sity Hospital approved the study protocol, and all patients
(or their next of kin) gave their informed consent to partic-
ipate in the study.

Patients

Fourteen patients (nine females and five males) with acute
non-traumatic SAH were included in the study. SAH was
diagnosed by computerized tomography (CT). The amount
of blood in the subarachnoid space was determined ac-
cording to the Fisher criteria, scored from 1 (no blood) to
4 (cerebral and/or ventricular blood) [28]. The Hunt and
Hess classification was used to assess the clinical neuro-
logical condition of the patients at admission: scores range
from 1 (asymptomatic or minimal symptoms) to 5 (deep
coma) [29].

Monitoring

The patients had standard ICU monitoring with ECG and
invasive systemic blood pressure displayed continuously.
Fever was checked regularly at least 4 times/day.

Experimental protocol and blood sampling

Blood was sampled for C3a, SC5-b, IL-6, IL-8 and NE
kinetic determination within 48 h after admission, at 72 h
post-admission and on the 7th to 10th day after the SAH.
Radiotracer kinetic determination was used to detect the
release of NE from sympathetic nerves since the plasma
levels are also influenced by removal (re-uptake, clear-
ance) from plasma [30, 31]. Determination of NE spillover
in healthy volunteers was made on one occasion only.

Catecholamine kinetic determination

A tracer dose of L-2, 5,6-[3H] NE (40–60 Ci/mmol) from
New England Nuclear, Boston, MA, USA was delivered
at 1.0–1.5 µCi/min via a peripheral vein. Baseline arterial
blood samples were taken at least 30 min after starting the
tritium-labelled catecholamine infusion. Blood samples
(10 ml) were collected into ice-chilled tubes containing
EGTA and glutathione. Plasma was separated by centrifu-
gation and stored at –80 °C until assayed. Catecholamines
were extracted from plasma (1 ml) and samples of infusate
(10 µl) using alumina adsorption, separated and quan-
tified by high-performance liquid chromatography with
coulometric detection. Timed collection of [3H] eluate
leaving the electrochemical cell permitted separation of
the [3H] labelled NE for subsequent counting by liquid
scintillation spectroscopy. Inter-assay coefficients of
variation were 4.6% for endogenous NE and 3.2% for
[3H] NE. Intra-assay coefficients of variation were 2% and
10% for endogenous NE and 3% for both [3H] NE.

Calculations

Total-body catecholamine NE spillover (STB) was ascer-
tained using the isotope dilution method proposed by Esler
et al. [30, 31].

Complement and cytokine determinations

The concentrations of complement factors C3a and
SC5b-9 and the cytokines IL-6 and IL-8 were mea-
sured. These markers were chosen as pro-inflammatory
markers. Blood samples were collected in test tubes
containing EDTA (0.054 ml of 0.34 M EDTA/4.5 ml
blood) and immediately stored on ice. The plasma was
separated by centrifugation at 4000 rpm for 10 min
at room temperature and samples were frozen within
30 min in separate test tubes and stored at –80 °C until
the assays for cytokines and complement factors were



1957

performed. The levels of plasma immunoreactive C3a,
C5b-9, IL-6 and IL-8 were determined by double antibody
enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s procedure: C3a (ELISA, Progen
Biotechnik, Heidelberg, Germany), SC5b-9 (EIA, Quidel,
San Diego, Ca, USA) IL-6 and IL-8 (Elisa R&D Systems,
Minneapolis, USA).

Plasma levels of C3a, C5b-9, IL-6 and IL-8 in patients
were compared with the upper limit in validated stan-
dardized reference values. The upper limit was used for
comparison because plasma levels below this limit can be
found in healthy individuals and do not indicate pathology.

Laboratory determinations

C-reactive protein (CRP) was determined using standard
hospital tests. The CRP values represent morning values
from the days when the NE calculations and cytokines
measurements were performed.

Statistics

All results are expressed as median and range. Mann–
Whitney non-parametric test was used for comparison
of NE spillover between healthy subjects and patients.
For determination of elevation from a reference value,
Fisher’s exact test was used, with the assumption that
5% of normal values are above the upper limit and 95%
are below the upper limit of the reference value. For
comparison between levels of inflammatory markers at
different time-points the Kruskal–Wallis test was used.
Spearman correlation was used for measurements of
correlation between NE spillover and IL-6, C3a, IL-8 and
C5b-9 and between CRP and IL-6, C3a, IL-8 and C5b-9.
Prism version 4.0 (GraphPad Software, San Diego, CA,
USA) was used for statistical analyses.

Results

The median age of the patients was 51 years (range 40–66
years). In all 14 patients an aneurysm was the cause of the
SAH. Fifteen healthy, age-matched volunteers (median age
52 years, range 38–64 years), with no history of neuro-
logical or cardiovascular disease and with blood chemistry
values within normal ranges served as a control group for
measurement of NE spillover.

Three patients were treated with surgical clipping of
the aneurysm and in 11 patients the aneurysm was oc-
cluded by embolization with platinum coils. All patients
were treated within 24 h after SAH.

All patients received the calcium-blocker nimodipine
(Nimotop®, Bayer) in order to prevent injury from cere-

bral vasospasm. Ten patients received antibiotics as pro-
phylaxis for surgery and intraventricular catheters.

The median Hunt/Hess score was 3.5 (range 1–5),
which implies that a majority of the patients presented
with significant neurological deterioration. The median
Fisher score for the amount of blood in the subarachnoid
space was 3.5 (range 1–4), which means that a majority of
the patients had a severe SAH.

The median maximal fever at 48 h was 38.0 °C
(37.4–38.2), at 72 h, 38.0 °C (37.3–39.3) and at 7–10 days
after the SAH, 38.5 °C (37.3–39.0At 48 h, at 72 h and at
7–10 days after the SAH, patients had a total body NE
spillover that was consistently elevated compared with
healthy individuals (Table 1).

The plasma level of C3a was significantly elevated
at 48 h, 262.6 (77–1700) ng/ml (n = 14; p = 0.0003); at
72 h, 339.2 (79.1–1791.9) ng/ml (n = 14; p < 0.0001);
and at 7–10 days after the SAH, 380.7 (129–4753) ng/ml
(n = 10; p < 0.0001), compared with a reference value of
< 200 ng/ml (Fig. 1a). There was no statistically signif-
icant difference in plasma levels of C3a at 48 h, 72 h or
7–10 days after the SAH (p > 0.05) (Fig. 1a).

The plasma level of IL-6 was significantly increased
at 48 h, 27.5 (2.5–133.2) pg/ml (n = 14), p < 0.0001);
at 72 h, 27.6 (6.9–90.6) pg/ml (n = 14; p < 0.0001);
and at 7–10 days after the SAH, 11.4 (5.0–34.3) pg/ml
(n = 10; p = 0.009) compared with a reference value of
< 12.5 ng/ml (Fig. 1b). The plasma level of IL-6 was
significantly decreased at 7–10 days after the SAH com-
pared with the levels at 48 h (p < 0.05) and 72 h (p < 0.05;
Fig. 1b).

The plasma level of C5b-9 was significantly elevated
at 48 h, 203.9 (16.1–383.2) ng/ml (n = 14; p = 0.0012); at
72 h, 239.7 (6.8–538.9) ng/ml (n = 14; p = 0.0012); and
at 7–10 days after the SAH, 247.7 (89.6–538.9) ng/ml
(n = 10; p = 0.0021) compared with a reference value of
< 200 ng/ml (Fig. 1c). There was no statistically signifi-
cant difference in plasma levels of C5b-9 at 48 h, at 72 h
or at 7–10 days after the SAH (p > 0.05) (Fig. 1c).

The plasma level of IL-8 was not significantly elevated
at 48 h, 4.1 (0.9–26.9) pg/ml (n = 14; p > 0.05); at 72 h,
3.6 (1.5–28.4) pg/ml (n = 14; p > 0.05); or at 7–10 days af-
ter the SAH, 7.3 (2.5–13.7) pg/ml (n = 10; p > 0.05) com-
pared with a reference value of < 30 pg/ml (Fig. 1d).

Throughout the experimental period there occurred no
significant association between the degree of sympathetic

Table 1 Total-body norepinephrine (NE) spillover rate (median val-
ues and range) in healthy subjects and in patients with SAH

Group NE spillover, Number of p
nmol/min patients value

Healthy 3.3 (1.0–5.2) 15
Patients 48 h 10.5 (1.6–23.5) 14 p < 0.0002
Patients 72 h 9.0 (3.5–17.8) 14 p < 0.0001
Patients 7–10 days 12.4 (2.2–15.2) 11 p < 0.0004
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Fig. 1 Plasma levels of
pro-inflammatory cytokines:
C3a (a), IL-6 (b), C5b-9 (c) and
IL-8 (d). Measurements were
performed at three occasions in
patients: at 48 h (n = 14), at 72 h
(n = 14) and at 7–10 days
(n = 10) after the initial SAH.
The middle line is the median
and the box extends from the
25th to the 75th percentile. The
whiskers extend from the lowest
to the highest value. *p < 0.05.
The dotted line corresponds to
the upper limit in validated
standardized reference values.
C3a < 200 ng/ml,
IL-6 < 12.5 pg/ml,
C5b-9 < 200 ng/ml and
IL-8 < 30 pg/ml

nervous activation and any of the pro-inflammatory mark-
ers measured.

At 48 h after the SAH the correlation between NE
spillover and IL-6 was (r = 0.16, p = 0.59), C3a (r = 0.34,
p = 0.24), IL-8 (r = 0.28, p = 0.33) and C5b-9 (r = 0.28,
p = 0.34). At 72 h after the SAH the correlation between
NA spillover and IL-6 was (r = 0.28, p = 0.34), C3a
(r = 0.14, p = 0.63), IL-8 (r = 0.34, p = 0.23) and C5b-9
(r = 0.27, p = 0.35). Seven to ten days after the SAH the
correlation between NA spillover and IL-6 was (r = 0.22,
p = 0.54), C3a (r = 0.08, p = 0.83), IL-8 (r = 0.27, p = 0.45)
and C5b-9 (r = 0.28, p = 0.43).

Patient NE spillover, Vasopressor support NE spillover, Vasopressor support
nmol/min nmol/min
48 h 72 h

1 13.8 11.8
2 7.9 6.3
3 13.8 17.8
4 9.6 12.9
5 20.8 8.8
6 1.6 DA 0.8 mg/kg 9.1
7 11.4 DA 5 mg/kg 13.6 DA 5 mg/kg
8 6.9 DA 2 mg/kg 6.8 DA 2 mg/kg
9 23.5 12.6

10 3.8 4.9
11 6.6 8.5
12 14.1 11.8
13 12.3 8.0
14 7.1 3.5

Three patients received dopamine (DA) at the measurement 48 h after the SAH and two patients received
DA at the measurement 72 h after the SAH.

Table 2 Total-body
norepinephrine (NE) spillover
rate and the administration of
vasopressor drugs

Median CRP was 11 (5–180) mg/ml at 48 h, 64
(8–220) mg/ml at 72 h and 22 (8–60) mg/ml 7–10 days
after SAH. There was a statistically significant correlation
between CRP and IL-6 at 72 h after the SAH (r = 0.59,
p < 0.05). There was no statistically significant correlation
between CRP and IL-6 at 48 h and 7–10 days after the
SAH. There was no statistically significant correlation
between CRP and C3a, C5b-9 or IL-8 at any time-point
after the SAH.

No patients received NE or EPI for pressure sup-
port. Three patients received dopamine on the days the
measurements were performed, in doses from 0.8 mg/kg
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to 5 mg/kg. No patient received dopamine at the meas-
urement 7–10 days after the SAH (Table 2).

Discussion

Emerging evidence indicates that the sympathetic nervous
system, through its innervation of lymphoid organs, can
modulate the inflammatory response [1, 2, 3, 4, 5, 6, 7].

In this study we investigated the release of NE from
sympathetic nerves, measured with a radiotracer tech-
nique, and simultaneously measured pro-inflammatory
markers in patients following SAH, a condition charac-
terized by both sympathetic activation [16, 17, 18, 19]
and elevated circulating levels of inflammatory mark-
ers [23, 24, 25, 26, 27]. While a number of studies
indicate that catecholamines participate in cytokine pro-
duction [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12], we found
no evidence of a quantitative link between the degree of
sympathetic nervous activation and the magnitude of the
inflammatory response during a period of 10 days after
SAH.

Catecholamines enter plasma principally by overflow
of released neurotransmitter to the circulation. Almost all
NE in plasma is derived from sympathetic nerves, but the
plasma concentration of NE represents the result of two
concurrent processes, spillover of NE into plasma after
release from sympathetic nerves and subsequent removal
(clearance) of NE from the circulation. Both removal
and release processes must be considered if one is to
adequately assess the release of NE into plasma, because
changes in the former may alter plasma concentrations
of NE, irrespectively of any change in NE release from
sympathetic nerves [30, 31, 32]. We believe that previous
investigations in SAH patients using only endogenous
measurements of NE did not give a full picture of NE
handling. Thus infusion of tritiated NE, as in the present
study, provides more complete knowledge of sympathetic
neuronal activity.

Mast cells resemble nerve cells in many respects,
and there is ample evidence to indicate that stress can
activate mast cells to degranulate. Indeed, this is the
presumed basis of psychogenic urticaria [7]. There
are conflicting data as to whether NE enhances or
suppresses the immune response. In this context the
duration of stress exposure may account for the disparate
results [1, 7, 8, 9, 10, 11, 12, 13, 14]. Acute stress is an evo-
lutionary adaptation for survival. In a situation of an acute
threat to the organism, stress hormones and transmitters
are released. Under such conditions immunoenhancement,
rather than immunosuppression, would be of value [14].
Chronic stress, on the contrary, could put individuals at
greater risk for illness by immunosuppression [12, 14, 33].

We earlier reported that SAH patients have a doc-
umented high spillover of NE to the peripheral circu-
lation [19]. Systemic inflammatory response syndrome

(SIRS) is also well documented after SAH, and the
incidence has been reported to be as high as 30%.

Patients with SAH have inflammatory symptoms
such as fever and increased CRP, which was present
also in our patients [23]. In this study we examined the
pro-inflammatory markers Il-6, IL-8, C3a and C5b-9.
There was a significant increase in plasma levels of IL-6,
C3a and C5b-9 throughout the experimental period. There
was, however, no significant increase in plasma levels of
IL-8 at any time point after SAH. The receptors for IL-6
have a lower total capacity than the receptors for IL-8
which could be an explanation why IL-6 but not IL-8
increased.

No patients received NE and only three patients re-
ceived dopamine on the days the measurements were per-
formed. There is no indication that therapeutically admin-
istered vasopressor drugs influenced the NE spillover, as
shown in Table 2. The IL-6 levels significantly decreased
1 week after the SAH, even though the sympathetic activa-
tion was still prominent.

In an experimental study of pulmonary oedema in
NE-stimulated rats, NE stimulation increased the IL-6
concentration to 6 times of the control value after 8 h, but
after 16 h of stimulation the level of IL-6 had decreased
to almost zero, and it did not rise again by 48 h [34].
Consistent with the present report, in a clinical study of
pro-inflammatory cytokines in serum of patients with
acute cerebral ischaemia, significantly increased levels of
IL-6 was detected after a few h, the levels of IL-6 stayed
elevated until day 3 and then returned to baseline by
day 7 [35].

The levels of C3a and C5b-9, markers of activation
of the complement system, were significantly increased
throughout the study period. C5b-9 signifies that the
complement process has been completed. Increased levels
of C3a have been found in plasma and cerebrospinal
fluid after SAH [24, 25, 26, 27]. Brain cells can produce
complement proteins [36]. One may speculate that the
persistent high levels of the complement markers C3a and
C5b-9 could emerge from two processes: peripheral
inflammatory activation and production within the central
nervous system.

In this study we investigated the possible associa-
tion between the sympathetic nervous system and the
inflammatory response over time in patients following
non-traumatic SAH. Sympathetic activation and elevated
levels of complement markers and pro-inflammatory
cytokines were both evident following SAH. There was
no quantitative correlation between the degree of total-
body NE spillover, as measured with the state-of-the-art
technique reflecting general sympathetic activity, and the
magnitude of the inflammatory response. An interesting
observation was that the initially increased level of IL-6
was significantly decreased 1 week after the SAH, in
spite of a persistent high level of sympathetic activation.
Even though there were a limited number of patients in
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this study, to our knowledge it is the first clinical study
in which the sympathetic activation was measured with
a radiotracer technique simultaneously with markers of
inflammation over a longer period of time. The clinical
results of this study could support the hypothesis that
sympathetic activation can both stimulate and suppress
inflammation if followed over a longer period of time.

In conclusion, elevated levels of pro-inflammatory
markers and increased levels of NE were both evident up
to 1 week following SAH. In spite of a persistent high level

of sympathetic activation, IL-6 was significantly decreased
1 week after SAH. Suffice to say, the interaction between
the sympathetic nervous system and immunomodulatory
mechanisms in SAH is complex and needs further study.
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