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Abstract: Complement activation is involved in various diseases in which innate immunity plays
a crucial role. However, its pathophysiological relevance is not clearly understood. Experimental
models have been widely used to characterize the role of complement activation under differ-
ent pathological conditions, such as hypoxemia, ischemia and reperfusion, tissue damage, and
polymicrobial invasion. Screening of the complement status and function is, however, strongly
dependent on the laboratory-specific techniques being used to sample and measure complement,
making it difficult to compare the results found in different laboratories. Therefore, we evaluated
complement function by measuring complement hemolytic activity (CH50) in various animal
models of isolated ischemia reperfusion (I/R: kidney, liver, gut), hemorrhagic traumatic shock
(HTS), endotoxic shock (LPS), and sepsis (CLP). Complement activation was less pronounced
in isolated models of ischemia and reperfusion, whereas a strong complement response was
observed early after HTS, CLP, and LPS. In summary, CH50 is a well-established, quick, and
cost-effective screening method of complement function. However, because we obtained different
results in clinically relevant animal models, further differentiation using specific complement
factor analysis is necessary.
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Introduction
Recently, the complement system has regained scientific interest. In addition to the
well-known vital complement functions in pathogen sensing, opsonization, and
clearance,' a second side of the complement system emerged. Upon excessive activation
and depletion, the complement system may also exert harmful effects to host tissue. In
various sepsis models, the complement system appears to be excessively stimulated,
leading to massive generation of inflammatory mediators and systemic inflammatory
response syndrome (SIRS).>” Particularly, the anaphylatoxins C3a, C5a, and membrane
attack complex (MAC) may lead to molecular, cellular, and organ disturbances.¢

In recent studies, we observed an association between the coagulation system
with complement as a “new activation pathway” which appears to be involved in
sepsis or multiple injury.” In experimental and clinical settings involving severe tis-
sue trauma, early excessive activation of complement has been detected.®’ Ganter
et al recently reported that complement activation early after major trauma is cor-
related with clinical outcome.’ Our studies examining blunt thoracic trauma models
demonstrated some harmful effects of the complement activation product C5a in the
local and systemic immune response, which were ameliorated through application
of anti-C5a antibodies.® Overall, complement activation appears to be involved in
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multiple diseases. However, its impact on various underlying
pathophysiological conditions such as hypoxemia, ischemia
and reperfusion, tissue damage, and polymicrobial invasion
are not clearly understood.

Screening of complement status and function is dependent
on the laboratory-specific techniques being used to sample
and measure complement. Techniques for determining
complement activity were first described as early as 1941
by Rutstein and Walker.!° Two decades later, Mayr was the
first to describe a method for measuring complement activity,
defined as the serum titer at which 50% sensitized red blood
cell hemolysis occurs.!!

The CHS0 assay is primarily employed as a screening
method, focusing on the classical pathway for overall func-
tionality of complement components 1-9 to determine sig-
nificant complement activation, depletion, and complement
defects. Although various known complement activation
pathways appear to be differentially involved based on the
underlying inflammatory response model, the CH50 assay
remains an important initial analysis tool because of its
relatively simple handling, validity, and cost-effectiveness.
After initial assessment using classical CH50 analysis, more
distinct methods are necessary to define the specific contri-
bution and impact of other canonical (alternative, mannose-
binding lectin) and non-canonical (thrombin, exogenous
protease) pathways. Despite various laboratory modifications
and availability of newer, ELISA-based and more automated
assays, the CH50 assay is still broadly used.'? Its interpreta-
tion and intergroup comparability is particularly challenging,
primarily due to the numerous existing laboratory-specific
modifications of the original protocol.!!

Therefore, we characterized the impact of classical
complement activation in various clinically relevant experi-
mental conditions using a uniform CHS50 assay allowing
estimation of the amount of classical activation between
different experimental models.

Our results from this comparable study provide insight
for further research examining complement monitoring and
therapeutic modulation of the complement system.

Materials and methods
CH50-assay

To sensitize sheep erythrocytes, sheep red cells (Colorado
Serum Company, Denver, CO, USA) were washed 3 times
using Tris-buffered saline, pH 7.35 (TBS) and centrifuged at
1000 x g for 5 min at 4°C. Total erythrocyte volume was deter-
mined and the cells were diluted 20-fold with TBS. Cell lysis
was performed by diluting 0.5 mL cells with 9.5 mL ddH,O.

Optical density was measured and targeted between
497 and 505 nm.

Serial dilutions from 1:2 through 1:4096 were prepared.
First, 500 uL TBS was added to all tubes. An additional
500 puL hemolysin was added to the 1:2 tube. An ascend-
ing dilution series was created by transferring 500 uL of
each dilution. Next, 500 uL of the cell suspension was
added to each tube. Tubes were then incubated for 10 min
at room temperature (RT) and centrifuged at 1000 x g for
5 min at 4°C. The first hemolysin dilution in which no or
very little agglutination occurred was considered to be
the optimal dilution of hemolysin. Based on the optimal
dilution (eg, 1:1024), hemolysin (eg, 10 uL) was diluted
with TBS (eg, 10:1024 mL) and an equal part of the cell
suspension (eg, 10:034 mL) was added. The solution was
gently mixed and stored on ice.

Tubes for the CH50 dilution series (1:20—1:480) were
then prepared. First, | mL TBS was added to all tubes, except
the 1:20 (1900 uL) and the 1:30 tube (1930 uL). As a control,
1.25 mL ddH,O was added to 2 tubes for 50% lysis, 1 mL
ddH,O was added to 2 tubes for 100% lysis, and TBS was
added to 2 tubes for 0% lysis.

Next, 100 pL of serum was added to the 1:40 tube and
66.6 UL serum to the 1:30 tube. Serial dilutions were prepared
by transferring 1 mL from the 1:20 through the 1:320 tubes
and 1 mL from 1:30 through the 1:480 tubes. A total of 1 mL
from the final 1:320 as and 1:480 dilutions were discarded.
Sensitized sheep erythrocytes (0.5 mL) were added to each
tube except for the 50% lysis control tube (0.25 mL), and
the tubes were incubated for 60 min at 37°C in a shaking
water bath.

The complement reaction was stopped using 1 mL of
ice-cold TBS (containing 0.05% gelatin), followed by cen-
trifugation (2.500 X g, 5 min). Absorbance of the supernatant
fluid was measured at 541 nm, and the serum concentration
that induced 50% hemolysis (CH50) was determined.

Animal models

The experimental protocols of hemorrhagic shock, endotoxin
shock, CLP-sepsis, and ischemia and reperfusion, were
approved by the Animal Protocol Review Board of the city
government of Vienna, Austria. Protocols were in accor-
dance with the guidelines for the Care and Use of Laboratory
Animals as defined by the National Institutes of Health. As an
inter-group control for the animal studies, healthy untreated
rats were anaesthetized and blood samples were obtained. For
each animal model, blood samples obtained before beginning
the experiment (baseline) served as intra-group controls.
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Hemorrhagic shock

The experiment was performed using male Sprague-Dawley
rats (n = 3; 400-440 g; Animal Research Laboratories,
Himberg, Austria). Anesthesia was induced by intramuscular
injection of 112 mg/kg ketamine and 10 mg/kg xylazine and
maintained by spontaneous respiration of 0.5% isoflurane.
The right femoral artery was cannulated using a polyethylene
catheter (PE-50; Fresenius, Bad Homburg, Germany) and con-
nected to a blood pressure monitor (Cardiosys; Experimetria
Biomedical Research, Budapest, Hungary). Rats were posi-
tioned and kept on a temperature-controlled surgical board
(36°C-37°C) for the duration of the experiment. Hemorrhage
was induced by blood withdrawal via a catheter placed in
the femoral artery until a mean arterial pressure (MAP) of
30-35 mmHg was reached. This pressure was maintained for
2 h until the onset of decompensation, a state characterized by
irreversible blood pressure collapse that can be prevented only
by mandatory and repeated fluid infusion. At this point, the ani-
mals received a bolus dose of 4 mL/kg bodyweight of Ringer
solution. MAP was maintained at 4045 mmHg for 40 min
by infusion of Ringer solution at a rate of 60 mL/kg/h. Pilot
experiments revealed that these rates were required to maintain
MAP values within the 4045 mmHg target range in these
experimental groups. After 40 min of permissive hypotension,
rats were fully resuscitated to baseline blood pressure using
Ringer solution, which required a volume of 2 times the shed
blood volume as well as shed blood. Heparinized (10 IU/mL)
shed blood used for resuscitation was filtered through 5-um
membrane filters (Sterifix, B Braun Melsungen, Melsungen,
Germany) to minimize the risk of thrombosis. Arterial Blood
samples (1 mL) for CH50 analysis were drawn before shock
(baseline), 30 min after shock induction, at the end of the
permissive hypotensive stage (end of low flow), and 3 h after
complete resuscitation with Ringer solution and shed blood
(end of observation). The experiment was terminated 3 h after
resuscitation using an overdose of pentobarbital sodium.

Ischemia and reperfusion

Male Sprague-Dawley rats (total number n=11; 400-440 g)
were used. Anesthesia was induced using ketamine hydrochlo-
ride administered intraperitoneally (100 mg/kg; Parke-Davis,
Morris Plains, NJ, USA) and spontaneous respiration was
maintained with 0.5% isoflurane. A polyethylene catheter (PE-
50; Fresenius, Bad Homburg, Germany) was inserted into the
left femoral artery under aseptic conditions and connected to
ablood pressure monitor (Cardiosys Experimentria, Budapest,
Hungary) for continuous MAP monitoring during anesthesia.
A second catheter (PE-50) was inserted into the right jugular

vein for resuscitation. Arterial blood samples (0.5 mL) for
CHS50 analysis were drawn and replaced by saline (1 mL)
before the experiment (baseline) and 5 min before reperfu-
sion as well as 5 and 120 min post ischemia (gut, liver, and
kidney I/R). Laparotomy was closed using 3—0 silk sutures
and resuscitation was carried out by administering 15 mL/kg
of Ringers’ solution per hour for 3 h, commencing at reperfu-
sion onset.!* After the final blood sampling, the animals were
killed using an overdose of pentobarbital sodium.

Liver ischemia and reperfusion was performed in rats
(n = 3) with slight modification of previously described
techniques.'* The liver was exposed using midline laparo-
tomy. Silk ligatures were placed around the right and left
branches of the portal vein and hepatic artery. Aftera 15-min
stabilization period, complete ischemia of the median and left
liver lobes was induced by occluding the left branch of the
portal vein and hepatic artery for 60 min. The right liver lobe
was perfused to prevent intestinal congestion. During liver
ischemia, the abdomen was covered with saline-moistened
gauze and plastic wrap to prevent dehydration. After 60 min
of liver ischemia, ligatures were removed.

For intestinal ischemia and reperfusion, rat guts (n =4) were
exposed using midline laparotomy. The superior mesenteric
artery was isolated from the surrounding connective tissue at
its aortic origin. After a 15-min stabilization period, superior
mesenteric artery occlusion (SMAO) was performed by placing
asilk ligature around the mesenteric root. The gut remained pale
during occlusion and no venous stasis or congestion occurred.
During gut ischemia, the abdomen was covered with saline-
moistened gauze and plastic wrap to prevent dehydration. After
60 min of ischemia, the ligation was removed from the mesen-
teric root to allow reperfusion. Reperfusion was confirmed by
the return of pulsations to the mesenteric vascular arcade.

For kidney ischemia, a midline incision was made in
rats (n = 4) to gain access to the kidneys. After a 15-min
stabilization period, afferent blood vessels to both the left
and the right kidney were ligated at their respective points of
entry into the kidney. During kidney ischemia, the abdomen
was covered with saline-moistened gauze and plastic wrap
to prevent dehydration. After 60 min of kidney ischemia,
ligatures were removed from afferent vessels to the left and
right kidney to allow reperfusion.

Endotoxin shock model (LPS)

The experiment was performed as previously described.!>1¢
Briefly, male Sprague-Dawley rats (n = 3; 240-260 g) were
used. Endotoxin (lipopolysaccharide = LPS) from E. coli
026:B6 (Difco) was dissolved in 0.9% (w/v) NaCl and
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injected intraperitoneally (10 mg/kg). Blood samples for
CHS50 assay were taken 1, 4, and 8 h after endotoxin admin-
istration by orbital puncturing under isoflurane inhalation
anesthesia. After the last blood sampling, animals were killed
using an overdose of pentobarbital sodium.

Experimental sepsis induced by cecal
ligation and puncture (CLP)

Experimental CLP sepsis has been described in detail
elsewhere.!” Briefly, male Sprague-Dawley rats (n = 5;
240-260 g) were anesthetized by intraperitoneal administra-
tion of ketamine hydrochloride (100 mg/kg) and spontaneous
respiration was maintained using 0.5% isoflurane. After a
midline incision, the cecum was tightly ligated below the
ileocecal valve, carefully avoiding bowel obstruction. The
cecum was then punctured through using a 21-gauge needle.
After repositioning of the bowel, the abdominal incision was
closed in layers (4—0 silk suture and skin clips; Ethicon). Arte-
rial blood samples from the femoral catheter (0.5 mL) for the
CHS50 assay were taken before and 3, 7, 24, and 48 h post CLP
induction by orbital puncturing under isoflurane inhalation
anesthesia and immediately replaced by subcutaneous saline
infusion. After the last blood sampling, animals were killed
using an overdose of pentobarbital sodium.

Results

Ischemia and reperfusion (I/R)

Renal I/R

In the renal I/R model, CH50 determination revealed no
significant changes between control and I/R groups, indi-
cating no significant classical complement activation or
consumption of complement factors 1-9 occurred in this
model (Figures 1 and 2A).

Liver I/R

In comparison to the unaltered complement function in
renal ischemia and reperfusion, the liver I/R model revealed
some changes in CH50. Five minutes before the end of isch-
emia, CH50 decreased by 12% compared to control values.
Throughout the experiment, CH50 decreased to 48% (5 min
after end of I/R) and 72% (120 min after end of I/R) compared
to values of the control group (Figures 1 and 2B).

Intestinal I/R

In the intestinal ischemia model, only minor changes in
CHS50 were observed. During the time course of the experi-
ment, CH50 increased by 2% (5 min post I/R) and decreased
by 14% (120 min post I/R) compared to baseline values
(Figures 1 and 2C).
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Figure | Serum hemolytic complement activity (CH50) of rats undergoing various clinically relevant experimental procedures. Displayed are mean values of CH50 data

during the time course of the experiments compared to the control.

Abbreviations: CLP, cecal ligation and puncture; I/R, ischemia/reperfusion; LPS, lipopolysaccharide.
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Note: Displayed are means +/— SEM.

Abbreviations: CLP, cecal ligation and puncture; I/R, ischemia/reperfusion; LPS, lipopolysaccharide.

Hemorrhagic shock

In striking contrast to the ischemia and reperfusion mod-
els, significant complement activation was observed in the
hemorrhagic shock model. Early after induction of hemor-
rhagic shock (30 min after injury), CH50 dropped to 44%
compared to the values of the control littermates. At the end
of the low flow period, CH50 was only 20% of the control
value. At the end of observation, CH50 was minimal, with
a reduction of nearly 94% compared to control animals
(Figures 1 and 2D). The difference between all time points
reached significance.

CLP-sepsis (cecal ligation and puncture)

In the well-established model of CLP-induced sepsis, the
extent of complement activation was comparable to that dur-
ing hemorrhagic shock. Early after induction of sepsis (3 h
after CLP), CH50 dropped significantly to 18% and further
declined to 8% (after 7 h and 24 h) compared to baseline
values. At the last blood sampling time point, which was
48 h after CLP, CH50 had recovered to approximately 70%
of the control values (Figures 1 and 2E).

Endotoxin shock model (LPS)

In an endotoxin shock model induced by intraperitoneal LPS-
injection, activation of the complement system as assessed by
reduced CH50 values was remarkable. However, activation
did not occur to the same extent observed in the CLP-sepsis
or hemorrhagic shock models. CH50 dropped to 68% after
1 h and decreased additionally after 4 h, reaching a plateau
of approximately 20% after the last blood sampling at 8 h
post LPS (Figures 1 and 2F).

Discussion
Studies focusing on the complement system and its potential
role in the pathogenesis of inflammatory response for surgi-
cally relevant diseases have been widely performed and have
employed various animal models.®!*!"2” However, the ability
to compare values found in these studies is difficult since
most experimental studies involve different study designs and
varying methods for assessing complement activation.

Our study provides comparable data for complement activa-
tion/depletion for various rodent models postulated to involve
complement and to mimic clinical relevant surgical diseases.
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In ischemia/reperfusion experiments, conflicting results
were observed between our results and those of other
reports. After I/R of the kidneys, CH50 values were nearly
unchanged for the entire observation period. This was
somewhat unexpected, as it had been proposed by previous
existing studies that kidney ischemia and reperfusion results
in enhanced tubular deposition rates of C3 and MAC, and
that an antibody treatment against C5% or the C5a receptor®
significantly protects against kidney dysfunction. However,
since systemic complement activation was not observed in
those studies, it can be speculated that kidney I/R primarily
leads to local complement activation without a systemic
effect. Notably, CH50 predominantly involves classical
complement pathway activation. Thus, in the unlikely case
of exclusive alternative pathway or “extrinsic protease path-
way”*? activation in kidney I/R injury, would not be observed.
Recently, a new ELISA-based complement analyzing kit has
been developed,'? which may differentiate between all three
established pathways in one setting. Unfortunately, these
tests are limited to humans and pigs and are not applicable
to rodents.

In contrast to kidney I/R, a remarkable decline of CH50
values was observed in liver I/R. Only 5 min after ischemia,
CHS50 fell by nearly 50% with a nadir of 72% after 2 h versus
baseline levels. However, CH50-sensitive activation in this
experimental setting is relatively modest when compared to
the results after hemorrhage or during CLP-sepsis. One pos-
sible explanation for this could be the strong compensational
and regenerative capacity of the liver after applied I/R stress.
Contrary to the paradigm that complement activation prod-
ucts cause host tissue damage, it has recently been shown
that C3a and C5a are essential factors for liver regeneration,
with C3a and C5a diminishing the rate of liver apoptosis and
acting as pro-survival factors.!

In the model of I/R of the gut, a modest CH50 response
was detected. A maximal decrease of CH50 of approximately
10% occurred 120 min post-I/R. It must be emphasized that
changes in CH50 of approximately 10% reflect a systemic
activation. Therefore, the present findings seem to be in
agreement with some reports showing that gut I/R induces
not only a local but also a systemic inflammatory response
with C5a-dependent remote tissue injuries.*

In contrast to the models of local I/R, hemorrhagic shock-
induced systemic hypotension was associated with robust
changes (up to 94%) in CH50, indicating massive comple-
ment activation and depletion. These results are consistent
with the findings of Younger et al who also described massive
consumption of complement products with serum hemolytic

activity reduction by 33% 50 min after induction of hemor-
rhagic shock in rodents.** The CH50 reduction in our experi-
ments exceeded that of Younger et al, strongly supporting
their findings of complement-induced progressive hypoten-
sion and contribution to metabolic acidosis after resuscita-
tion procedures.** CH50 values at the end of the experiment
could not have resulted from dilution because significant
changes were observed at the early blood-drawings with no
or minimal blood dilution. Hemorrhagic shock is associated
with high mortality,** and understanding the pathophysiol-
ogy will advance the development of treatment, particularly
specific immunomodulatory drugs. Whether specific immune
modulation of complement is beneficial during hemorrhagic
shock remains to be elucidated.

For two well-known models of endotoxemia and sepsis,
a remarkable right shift of CH50 curves compared to con-
trol groups was observed. A maximum decrease in CH50
was observed 7 h after CLP-sepsis (92% reduction) and 8 h
after LPS challenge (78% reduction). Notably, in the CLP-
sepsis model, CH50 values increased after 48 h to values
approximately 30% below baseline, indicating some recovery
of complement function in surviving animals. Systemic
inflammation and complement activation in CLP- and LPS-
models has been extensively examined. The possibility
of therapeutic complement modulation was successfully
demonstrated by protection of septic animals treated with
C5a antibodies® or C5a receptor antagonists.?! Flierl et al
recently described CLP-sepsis systemic complement activa-
tion with similar CH50 values.*® Our results corroborate the
strong pathogenetic role of complement activation during
sepsis.” Both models of endotoxemia and sepsis induced
massive complement activation, but the decline in CH50 was
more distinct in the CLP-model than in the LPS-model. CLP
mimics the clinical conditions of sepsis much more closely
than LPS-injection, primarily because LPS-intoxication can
result in the LPS-model.*

Conclusion

We compared classical complement activation in various
clinically relevant rodent models which have been proposed
to be highly complement-dependent. In ischemia and reper-
fusion injuries, an overall (classical) complement activation
appears to be relatively limited, whereas a strong complement
response is evident early after CLP-induced sepsis and during
hemorrhagic/traumatic shock. Although CH50 assays are
quick and cost-efficient, they are only a general screening
tool and further, more specific differentiation is required.
Due to the small number of animals and the basic screening
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method for complement activation, our data provides a global

estimation of complement activation in the described disease

conditions and is the first inter-group comparison between

various clinical relevant animal models.

Subsequent translational studies are needed to verify the

role of complement and its therapeutic potential in tissue

hypoxia, infection, and trauma.
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