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Abstract

Aims: To characterize the serum complement inmataune system in three species of crocodilians
native to southeast Mexico.

Methodology: Plasma collected from three wild citan species native to southeast Mexico were
exposed to sheep red blood cells (SRBCs) to measunelysis, which is used as an indication of serum
complement immune activity.

Results: Incubation of different volumes of plasinmen Crocodylus acutus, Crocodylus moreetii, and
Caiman crocodilus resulted in a volume-dependent increase in SRBbhesis. However, while
maximum hemolysis fo€. acutus andC. moreletii were both approximately five-fold higher than tbét
Ca. crocodilus. A kinetic study revealed that the hemolysis vegmd, with near-maximum activity
recorded at 30 min fa€. acutus andC. moreletii. HoweverCa. crocodilus activity exhibited a
significant increase (P < .5) only between onetarmdhours. A thermal analysis showed that the SRBC
hemolysis was maximal at temperatures to whichetlspecies thermoregulate. The thermal profiles
were similar for all three species, although thiévig was lower forCa. crocodilus (P < .01). The

SRBC hemolysis was strongly inhibited by mild heaatment (58C, 30 min) and also by EDTA,
indicating that the hemolytic activity was probablye to the presence of crocodilian serum complémen
activity. The EDTA-inhibited activity was restoreg the addition, of a 20 mM excess ofCar Mg,

but not F&" or C*, thus exhibiting the specific need forar Mg?".

Conclusions: The serum complement activitie€ odcutus andC. moreletii are much higher (P < .01)
thanCa. crocodilus, which may be related to the maximum sizes angeaged aggressive naturesCof
acutus andC. moreletii.

Key Words: American crocodile, spectacled caimMdorelet’s crocodile, serum complement, innate
immunity, crocodilian, sheep red blood cellspcodylus acutus, Crocodylus moreletii, Caiman
crocodilus
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1. Introduction

The American crocodiledf ocodylus acutus) primarily inhabits coastal mangrove swamps, tveelr
brackish sections of rivers, and coastal lagoomsagtern Mexico [1]. The Morelet’s crocodile
(Crocodylus moreletii) is found in freshwater lakes, marshes and rivmusjs occasionally found in
brackish areas [2]. The ranges and habitats sktheo species overlap, and interbreeding in Meisico
known to occur [3-4]. The spectacled caim@aifnan crocodilus) is an extremely adaptable species that
lives in a wide variety of habitats and a broadyeaaf salinities, and can be found in practically a
wetlands and riverine systems throughout its ranieMexico, this species is restricted to the exte
southeastern portion of the country.

AlthoughC. acutusis listed as CITES appendix | in Mexico, a@dmoreletii was only recently
down-listed to appendix Il, little is known abobetbiochemistry, physiology, and immunology of #es
apex predators. It is important to understandtheald disease of animals in order to effectiveinage
populations [5-7]. A better understanding of tmeriune systems of these animals will lead to a bette
apprehension of their susceptibilities and resestano diseases. Although many species of croaodil
are critically endangered, there is little inforroatconcerning their immunology and
susceptibility/resistance to disease states. ddutd be due to the fact that crocodilians in cafytiare
chronically stressed, and stress is immunosupmeessivertebrates. Therefore, captive crocodiliares
poor models for immunological studies. In addititiris often difficult to obtain fresh tissue salep
from wild crocodilians and transport them to thiedeatory due to the remote habitats in which tlies, |
the preservation of samples in adverse field camditin which many of these animals must be cagture
and the difficulties in obtaining permits due te faws governing the collection and transfer of
crocodilian tissues. Although there are many detds for the study of crocodilian immunity, thégve
been recent efforts to study their immune systemd,in particular, the crocodilian serum complement
[reviewed in 8]. This study was conducted to cbemaze and compare serum complement innate
immune activity in three different crocodilian sgenative to southeast Mexico.

2. Materialsand Methods

2.1. Reagents — Sheep red blood cells (10% v/v, washed and p.akere purchased from Rockland
Immunochemicals (Gilbertsville, PA, USA). Ethyleti@amine tetraacetate (EDTA) was purchased from
Sigma-Aldrich Chemicals (St. Louis, MO, USA).

2.2. Treatment of animals — crocodilians were captured at night, from a a#t the aid of a spotlight
and a stainless steel cable-locking sna@socodylus acutus specimens (n=18, 0.85 - 2.62 m) were
captured from Boca del Cielo on the Pacific co@sbcodylus moreletii (n=12, 0.67 - 2.26 m) were
captured from Laguna de las lllusiones in Villahesan and from the Rio Hondo near Cacdcaiman
crocodilus (n=11, 0.62 - 1.24 m) samples were collected fRararto Arista. After collection of blood
samples, the animals were released at the cagptere All of the methods for the capture, handliaggd
collection of tissues from animals was approvedigyMcNeese State University Animal Care and Use
Committee.

2.3. Collection of blood — Blood was collected from crocodilians via thenapvein [9-10] using a 3.8

cm 18 ga. needle. Approximately 5-7 mL of bloodeveollected from animals with a total length of
0.6-1.2 m, while 20 mL were collected from animgiieater than 1.2 m. All of the activities involgin
handling of the animals used in this study weraaygd by McNeese State University Animal Care and
Use Committee.

2.4. SRBC hemolysis assay — crocodilian plasma was incubated with an eqahklme of 2% SRBCs for
30 min. The samples were centrifuged for 5 miBQt0xg, and 20QuL of supernatant was transferred



111  to a well of a 96-well microtiter plate. The alsance values were measured with a BioRad Benchmark
112 Plus™ microtiter plate reader at 540 nm.

113

114  For experiments in which the effects of differeatumes of plasma were determined, 0-R0Q0of

115  plasma were added to 200 of 2% SRBCs, and the volume was kept constatbhéywddition of 0.7%
116  saline (final concentration of SRBCs was 1%). $amples were allowed to incubate at ambient

117  temperature for 30 min, centrifuged, 300 of supernatant was removed to a microtiter platel the

118  ODs4was measured as described above.

119

120  Time-dependence of SRBC hemolysis was determinethbgcubation of 1.0 mL of 50% plasma

121 (diluted with isotonic saline) with 2.0 mL of 2% BRs. Aliquots were removed, at different times (0,
122 2,5, 10, 15, 30, 60, and 120 min), to 0.05 voluofes M EDTA (pH 8.0). The samples were

123  immediately centrifuged (500@Xor 3 min), and 20QuiL of supernatant were removed to microtiter plates
124  for determination of OB,

125

126  To determine the effects of temperature on the hesisoof SRBCs by crocodilian plasma, 150

127  aliquots of crocodilian plasma and 2% SRBCs wecaliated at different temperatures (S&0for 15

128  min, and then mixed to start the reaction. Aft@mdn, the reactions were stopped by the additfdh o
129 mL of 1 M EDTA (pH 8.0), and then centrifuged imnegdly at 5000g for 3 min at ambient

130 temperature. The supernatants (RQDwere removed to wells of a microtiter plate, ahd OQ4 was
131  determined as described above.

132

133  The effects of mild heat treatment on SRBC hemsly&is determined by incubation of the crocodilian
134  plasma at 5 for 30 min prior to coincubation with 2% SRBC (@ient temp, 30 min). In addition, the
135  contribution of divalent metal ions was probed bglusion of 50 mM EDTA to an incubation of 2%

136  SRBCs and 50% crocodilian plasma. The effects gf MC&*, F€*, and CG* on hemolysis by

137  inclusion a 20 mM excess of the chloride salthete metals with 2% SRBCs and 50% crocodilian
138 plasma. The samples were centrifuged, and thed@D150uL were determined as described above.
139

140 25. Statisticsand controls— For each assay, the results were compareddsitive hemolysis control
141  in which a sample of 1% SRBCs were exposed to 0.068n-X detergent, and vortexed vigorously for
142  one min. The OB for each sample was compared to that of the pesitontrol, and the results are
143 expressed as % maximum hemolysis. Each samplemahgzed in quadruplicate, and the results

144  presented represent the means * standard deviatibhe samples were subjected to analysis of v&ian
145 using Duncan’s post-hoc comparisons [11], vidth 0.05 chosen as the level of significance.

146

147 3. Results

148  The results displayed in Figure 1 show the volumgethdent complement activity for plasma derived
149  from C. acutus, C moreletii, andCa. crocodilus. Hemolysis of SRBCs was measured inu2®f plasma
150 of C. acutus (25.4 £ 1.2%) an€. moreletii (20.4 + 0.1%). In contrast, significant activitgsvnot

151  observed irCa. crocodilus plasma until 4QuL (7.5 £ 1.9%). Hemolytic activities peaked at

152 approximately 7QuL for C. acutus (103.1 + 1.3%)C moreletii (103.6 + 2.0%), an@a. crocodilus (22.8
153 £ 0.4%). The SRBC hemolysis was clearly lower in €acodilus P > .01), relative to the other two

154  species, at all volumes greater than

155
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Figure 1. Volume-dependent hemolysis of SRBCslagma fromC. acutus, C. moreletii, andCa.
crocodilus. Different volumes of crocodilian plasma was ipated with 1% (v/v) SRBCs for 30 min at
ambient temp, and then the hemolysis was measpestrephotometrically at 540 nm as described in
Material and Methods. The data represent the meaddor four independent determinations.

Figure 2 exhibits the kinetic analysis of serum ptament activities for all three crocodilian specie
studied. The hemolytic activity increased rapiiiiyboth C. acutus andC. moréeletii, and peaked
between 30 and 60 min.  Hemolytic activity €@a. crocodilus exhibited no significant increase from
time zero for up to 30 mirP(> .05), and showed only a small increase to 21ai8® min. The
maximum activity observed fa2a. crocodilus (36.6 £ 0.8%) was approximately three-fold lowrg
.01) than for the other two species (98.8 - 99.286) still increased only slightly between 60 2@
min.
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Figure 2. Kinetic analysis of the hemolysis of SERy plasma fror€. acutus, C. moreletii, andCa.
crocodilus. Crocodilian plasma was incubated with 1% (v/RBEs for different amounts of time at
ambient temp, and then the hemolysis was measpestrephotometrically at 540 nm as described in
Material and Methods. The data represent the meaddor four independent determinations.

The results shown in Figure 3 demonstrate the thigpnofile of the serum complement activity of all
three crocodilian species. The plasma from aéie¢tspecies exhibited relatively low activities at
temperatures below 20. The hemolysis activities increased in a lirfaghion from 5-38C for plasma
from bothC. acutus andC. moreletii. The hemolytic activity peaked at°8Dfor C. acutus (89 + 1.5%),
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and then decreased € .05) to 81 + 1.3 and 74 + 1.1% at 35 an8C}@espectively. Likewise, the
activities forC. moreletii also peaked at 30 (88 + 1.4), and then decreased &C3&/3 + 2.3) and 4T
(71 £ 1.6). Although the activities were lower fdasma fronCa. crocodilus at all temperature$?(<
0.01), the same pattern of activities were obserasdhe activity peaked at%®8D(40 + 0.4%) and
decreased at 35 (35 + 0.7%) and 4C (33 + 1.2%).
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Figure 3. Temperature-dependent hemolysis of SRBGdasma fronC. acutus, C. mordetii, andCa.
crocodilus. Crocodilian plasma was incubated with 1% (v/IRBEs at different at different temps for
30 min, and then the hemolysis was measured spécti@metrically at 540 nm as described in Material
and Methods. The data represent the means + $duoindependent determinations.

The results of a mechanistic study on the effecctsilol heat treatment and divalent metal ions an th
hemolytic activity of crocodile plasma toward SRB&® shown in Figure 4. Incubation of plasma at
56°C for 30 min, prior to incubation with SRBCs, redddP < .01) the hemolytic activity to 5.6-9.6% of
the untreated plasma. Treatment of plasma withnBODEDTA produced an 86.2, 91.7, or 93.7%
reduction P < .01) in SRBC hemolysis b9. acutus, C. moreletii, or Ca. crocodilus plasma, respectively.
However, the inhibitory effects of EDTA were almeasimpletely overcomeP(< .01) by the addition of
50 mM Mdf* (89.9-103.6%) or C4(96.8-108.6%). The addition of #er Cif* exhibited no effectR

> .05) on the inhibition of SRBC hemolysis by crddi@an plasma.

EDTA + 50 mM CuClI2
EDTA + 50 mM FeClL2
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Figure 4. Effects of EDTA and mild heat treatmentthe hemolysis of SRBCs by plasma frém
acutus, C. moreletii, andCa. crocodilus. Crocodilian plasma was heated t6G@or 30 min, or treated
with 30 mM EDTA, and then incubated with 1% (VARBCSs at different at different temps for 30 min.
The hemolysis was measured spectrophotometricei@nm as described in Material and Methods.
The data represent the means + sd for four indeggrtbterminations.

4. Discussion

Serum complement evolved as an early form of imragical host defense, and can be found in
virtually all vertebrates, and many ancient invieréges [12-14]. Serum complement is known to be a
critical component of innate immunity, and humatigrds that exhibit complement deficiencies are
prone to recurring infections [15-16]. It has mamgtein components, and three primary componeéhnts o
activation: classical [17], alternative [18], diedtin-mediated [19]. Recent studies have showh th
crocodilians exhibit potent and broad-acting secamplement activities [20-23]. Studies with the
American alligator Alligator mississippiensis) have shown that the alternative [24] and lectiediated

[25] activation pathways of complement activity &ractional. The CH, or the volume of plasma that
will cause the lysis of 50% of SRBCs, is similathose measured in other crocodilian species (Eigur

The kinetic efficiencies with which the serum coempkent proteins hemolyzed the SRBCs is similar to
other crocodilian species. For instance, SRBC Ingioa@ctivities were maximal at approximately
30-45 min forCaiman latirostris[23]. However, other crocodilians exhibit mor@ichcomplement
action, as maximal activity is achieved in the plasofAlligator mississippiensis at 20 min [24], and at
15 -20 min forC. porosus andC. johnstoni [21].

Because crocodilians are ectothermic vertebrdies, biochemical and physiological processes are
largely affected by external temperatures. In 2@fpul and coworkers [26] reported that f@ur

acutus individuals showed thermal preferences from 288°€. In additionC. moreletii exhibits a
thermal preference of approximately’@QMarco Lopez, personal communication), &ad crocodilus
thermoregulates to 29.9-34G8 depending on the size of the animal [27]. Thes®erature preferences
are in the range of the maximum serum complemeniitaes observed in this study (Figure 3). Itis
reasonable to expect that optimal temperaturesiégor physiological functions (digestion, respioati
immunity, etc.) would fall within the temperatui@nges to which these animals thermoregulate. The
maximum serum complement activity observed fotralkte species occurred af@Qalthough the

activity for Ca. crocodilus was substantially loweP(< .01) than folC. acutus andC. moreletii. In
addition, the complement activities are noticeahlgpressed at lower temperatures (%)5and thus
during the colder winter months, the depressed ¢eatpres would potentially lead to reduced abdlitie
fight infection, However, these crocodilians aed active during these months, and thus few to no
territorial disputes occur during this time. Irdétbn, microbial growth occurs much more slowly at
lower temperatures, and thus the need for a higttiye immune system during the winters becomes les
important.

The hemolysis of SRBC be crocodilian plasma coeldibe to a variety of proteins that exhibit acibgt
that can compromise the integrity of plasma celinineanes. For instance, phospholipaseafs enzyme
that cleaves fatty acids from tbe-2 position of membrane phospholipids, is knowbeexpressed in
crocodilian serum [28-30]. This enzyme is knowinéwe the ability to compromise the integrity and
function of plasma membranes. To determine thedtahility of the molecules responsible for the
hemolytic activity, the plasma was subjected tadrhgat treatment. Serum complement proteins are
known to be very heat labile. This heat sensiytigiigure 4) rules out the possibility that the lodytic
activity was due to the presence of antimicrob&gtjgles expressed by crocodilian leukocytes [31h].
addition, it is known that several serum complenggttyme components require divalent metal ions
[32-33], and thus the sensitivity to EDTA (Figurep#ovides further evidence of an active crocodilia
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serum complement system. The specific requirefieergither Mg+ or C&*, but not both, is a
characteristic of complement activity observedtimeo crocodilian species [21-24].

5. Conclusions

Crocodilians exhibit territorial aggression, andnetimes cause severe injuries. Because theselanima
live in aqueous environments in which a rich diitgrsf potentially infectious microbes live, thegve

put an enormous evolutionary pressure on themsevasvelop an immune defense that can prevent
serious infection in these wounds. Some adaptivaline components of crocodilians seems less
developed relative to other higher vertebrates33}- However, the complement activity is potent
compared to other vertebrates. In addition, tlheadilian complement system exhibits a broader
spectrum of activities than those of higher verigds [20]. This phenomenon has also been observed
teleost fish [36-37]. Thus, it reasonable to plaseuthat crocodilians followed the evolutionarytpaf a
well-developed innate immunity, potentially at #mpense of adaptive immunity. The results of this
study show that. acutus andC. moreletti exhibit potent, rapid, and temperature-dependening
complement activities. However, the hemolyticattidisplayed byCa. crocodilus is much less active
than that of the aforementioned. Several stucd®e kdocumented the aggressive natures of @oth
acutus [38] andC. moreletii [39-41]. HoweverCa. crocodilus does not grow as large as the other two
species [42], and also is not as aggressive, as ttacts might account for the lower serum comgigm
innate immunity of this species.
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