Baker and Merchant The Journal of Basic and Applied Zoology (2018) 79:36

https://doi.org/10.1186/541936-018-0050-6

The Journal of Basic
and Applied Zoology

RESEARCH Open Access

Characterization of serum complement

@ CrossMark

immune activity in the prairie rattlesnake

(Crotalus viridis)

Sarah J. Baker' ® and Mark E. Merchant?

Abstract

Background: Reptile populations face a growing number of threats including global climate change and emerging
pathogens. Unfortunately, research investigating the reptile immune system lags behind other taxa groups,
hindering our ability to predict or mitigate species’ response to threats. Baseline studies are critical for our
understanding of reptile immune response and overall health of wild populations.

Results: Treatment of unsensitized sheep red blood cells (SRBCs) with plasma collected from captive prairie
rattlesnakes (Crotalus viridis) resulted in volume-dependent hemolysis, with a CHsq of 0.23 +0.01 mL. Kinetic
analyses at different temperatures revealed that the hemolysis was relatively rapid, with 50% of hemolytic activity
occurring within 15 min (25 °C), 18 min (35 °C), or 23 min (15 °C), and near maximum hemolysis within 60-90 min
at all three temperatures. A comparative thermal profile revealed that complement activity was low at 5 °C, but
increased sharply at 10 and 15 °C, and was maximal at 20-30 °C. A steep decline in activity was noted at
temperatures > 30 °C. Mild heat treatment of the snake plasma (56 °C, 30 min) or treatment with proteases
completely abolished the hemolytic activity. In addition, inclusion of 5 mM EDTA inhibited 90% of the hemolysis,
but the activity could be reconstituted with the addition of 15 mM Ca”* or Mg”*, but not Ba**, Cu?*, or Fe’*.
Furthermore, the hemolysis was unaffected in the presence of 20 mM methylamine, indicating that the alternative
mechanism of complement activation is responsible for the observed activities.

Conclusions: Rattlesnakes show a relatively robust innate immune response as measured by hemolysis of SRBCs.
However, hemolytic activity is reduced at high temperatures, indicating that rising global temperatures may have
immune consequences for snake species, making them more vulnerable to known and emerging pathogens.
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Background

All animals require immune systems to prevent
colonization by potentially pathogenic microorganisms.
Host defense mechanisms can be divided into two
broad divisions, namely innate and adaptive immunity.
Innate immunity is generally nonspecific, does not require
previous exposure, and is very rapid in response. In con-
trast, adaptive immunity requires previous exposure and
contains components of “immunological memory,” is very
specific, but can take several days to develop and launch a
coordinated response. Innate immunity is thought to be a
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more ancient defense, while adaptive immunity involving
hypervariability in immunoglobulins appears to have
developed in the digestive tract of jawed fishes due to a
change in diet and feeding behavior (Flajnik & Du
Pasquier, 2004; Flajnik & Kasahara, 2001; Matsunaga,
1998; Pancer & Cooper, 2006).

One important mechanism of innate host defense is the
serum complement system. Serum complement is thought
to be an important form of immunological defense which
developed in deuterostome invertebrates such as sponges,
sea urchins, and starfish (Smith, Azumi, & Nonaka, 1999).
Serum complement is an ancient mechanism of innate
defense characterized by an activation cascade that culmi-
nates in damage to the outer envelope and nonspecific de-
struction of microbes (Ember & Hugli, 1997). In addition,
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serum complement exhibits a wide array of other func-
tions, such as opsonization, phagocytosis, chemotactic
recruitment of leukocytes, inflammation, and expres-
sion of proinflammatory cytokines, that facilitate a
multifaceted immune response (Ricklin, Hajishegallis,
Yang, & Lambris, 2010). Serum complement compo-
nents are also crucial for coordinating some important
events in adaptive immune response (Nielsen, Fischer,
& Leslie, 2000).

The serum complement cascade can be activated by
three different mechanisms, the classical, alternative,
and lectin pathways. The classical mechanism involves
the recognition and binding of antigen by antibodies and
thus acts as a bridge between innate and adaptive im-
munity (Porter & Reid, 1979). The alternative mechan-
ism involves activation via cleavage of an internal
thioester in the complement C3 protein (Law & Dodds,
1997; Pangburn & Muller-Eberhard, 1983). The lectin
pathway is activated when a C-type lectin recognizes
and binds to the carbohydrate moiety on the surface of a
microbe (Ma et al.,, 2004; Petersen, Thiel, & Jensenius,
2001). All three modes of activation converge to a com-
mon mechanism and culminate in the formation of a
multiprotein complex in the outer membrane of mi-
crobes (Dalmasso, Falk, & Raij, 1989). These complexes
cause leakage of cellular contents and lysis in a nonspe-
cific manner.

Compared to other taxa, few studies have been con-
ducted quantifying innate immunity in reptiles, and filling
this knowledge gap has been identified as a priority re-
search area (Warr, Smith, & Chapman, 2003). Ectothermic
vertebrates are typically thought to have a more effective
innate immunity and less advanced adaptive immune
responses (Merchant., 2013; Zimmerman, Vogel, & Bow-
den, 2010). Although serum complement has been studied
extensively in crocodylians (Merchant et al., 2013; Mer-
chant & Britton, 2006; Merchant, McFatter, Mead, McA-
don, & Wasilewski, 2010; Merchant, Roche, Sweeney, &
Elsey, 2005; Siroski, Merchant, Parachti Marcé, Pina, &
Ortega, 2010), and less in turtles (Ferronato, Merchant,
Marques, & Verdade, 2009) and Komodo dragons
(Merchant, Henry, Falconi, Muscher, & Bryja, 2012),
limited information is known concerning the details of
complement activity in snakes. The few early studies that
have been conducted show snakes exhibit broad-acting
serum complement activities (Kawaguchi, Muramatsu, &
Mitsuhashi, 1978) have an alternative pathway similar to
that of mammals (Vogel & Miiller-Eberhard, 1985) and
produce a protein similar to that of human complement C3
(da Silva, Calich, Kipnis, & Alper, 1984). More recently,
Sparkman and Palacios (2009) showed that garter
snakes (Thamnophis elegans) exhibit strong innate im-
munity in the form of antibacterial activity of plasma,
high serum complement titer, and natural antibody
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production. Additionally, cottonmouths (Agkistrodon pis-
civorus) show a strong positive correlation between
temperature and complement performance (Graham, Fie-
lamn, & Mendonga, 2017). Here, we provide a detailed
characterization of serum complement activation in the
plasma of the prairie rattlesnake (Crotalus viridis).

Methods

Treatment of animals

Plasma samples were obtained from 21 (9F:12M) adult
long-term captive C. viridis. Rattlesnakes were housed in
plastic enclosures (Neodesha Plastics, Inc.) on news-
paper substrate. Temperature was maintained between
18 and 24 °C and photoperiod on a 12L:12D cycle.
Water was provided ad libitum, and snakes were fed
pre-killed mice biweekly. Blood samples were collected
from the caudal vein and did not exceed 0.08% of total
snake body mass per sampling event. Whole blood was
centrifuged to separate plasma from red blood cells, and
collected plasma was pooled and stored at — 20 °C until
use.

Chemicals and biochemicals

Ten percent (v/v) of sheep red blood cells (SRBCs) was
purchased from Rockland Immunochemicals (Rockland,
MA, USA). Ethylene diamine tetraacetate was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

SRBC hemolysis assay

The efficiency and mechanism of the serum comple-
ment system of innate defense in the plasma of C. viri-
dis was investigated by utilizing a SRBC hemolysis
assay modified from the method of Mayer (1967).
Plasma collected from C. viridis (200 pL) was incubated
with an equal volume of 2% SRBCs (v/v) for 30 min at
ambient temperature and then centrifuged at 2500xg
for 3 min. The supernatant (150 pL) was removed to a
96-well plate, and the optical density was measured at
540 nm in a BioRad Benchmark Plus microtiter plate
reader. To determine the titer-dependent effects of
snake plasma on hemolysis, 200 pL of different volumes
of plasma (0, 200, 400, 600, 800, and 1000 uL) diluted
in saline was incubated with 200 pL of 2% SRBCs for
30 min at ambient temperature. The SRBCs were cen-
trifuged, and the optical density of the supernatant was
measured as described above. The CHjg, for the
hemolysis was calculated by the method of Costabile
(2010). For the kinetic hemolysis analysis, 7.5 mL of
25% snake plasma, diluted in normal saline, was mixed
with 7.5 mL of 2% SRBCs. Aliquots were removed at
various time points (0, 5,10,15, 20, 30, 60, and 90 min)
and centrifuged at 2500xg for 3 min. The supernatants
(150 uL) were removed to a 96-well plate, and the op-
tical density was measured at 540 nm as described



Baker and Merchant The Journal of Basic and Applied Zoology (2018) 79:36

above. For the thermal profile, equal volumes of 25%
plasma and 2% SRBCs were equilibrated for 10-15 min
from 5 to 40 °C, in 5 °C increments. The SRBCs were
transferred to the plasma, and the resulting mixture
was incubated for 30 min at the respective temperature.
The SRBCs were then centrifuged at 2500xg for 3 min,
the resulting supernatant (150 pL) was removed to a
96-well plate, and the optical density was measured at
540 nm as described above.

Statistics and controls

All experiments were conducted in quadruplicate to en-
able valid statistical evaluation of the results. The results
are presented as the percentage of maximum hemolysis
as compared to a positive control (1% SRBCs) that was
completely lysed with detergent and represent the means
+ standard deviation for four independent determina-
tions. The results were subjected to analysis of variance
using Scheffe’s post hoc comparisons.

Results

The relationship between C. viridis plasma dilution and
SRBC hemolysis was biphasic, with a sharp initial in-
crease in activity at low dilutions followed by a slow
linear increase at higher dilutions (Fig. 1). Addition of
only 6 pL of plasma to a 400 uL reaction resulted in 31%
of maximal hemolytic activity. Increasing the plasma
concentration to 20% resulted in a sharp increase to 69%
activity. There was a slow, linear increase in activity
from 20 to 100 pL plasma, with a maximum activity of
93.6%. The CHsg, or the volume required to hemolyze
50% of 1% SRBCs in a 1 mL reaction, was calculated to
be 0.23 + 0.01 mL.

The kinetic curve for the hemolysis of SRBCs by C. viri-
dis plasma shows the reaction is both time and temperature
dependent (Fig. 2). The activity was measured at three dif-
ferent temperatures (15, 25, and 35 °C). After incubation
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Fig. 1 Concentration-dependent hemolysis of sheep red blood cells
(SRBCs) by plasma derived from Crotalus viridis. The samples were
centrifuged, and the optical densities of the supernatants were
measured at 540 nm and expressed as the % maximum as
compared to a hemolysis positive control. The results represent the
means + standard deviations for four independent determinations
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for 5 min,, low levels of activity were detected at 25 and
35 °C, but none was observed at 15 °C. The hemolytic ac-
tivity was half of the maximum at 15 min (25 °C), 18 min
(35 °C), and 23 min (15 °C). At 60 min, the hemolysis reac-
tions were all at 80—88% of maximum, with little difference
between the three temperatures. Temperature alone has a
significant effect on hemolytic activity, with maximal activ-
ity at 20-30 °C (81.3-82.9%; Fig. 3). Hemolytic activity is
lower at extreme ends of the C. viridis temperature toler-
ance range, with significantly less activity occurring at 5 °C
and the lowest observed activity at 40 °C (Fig. 3).

The hemolytic activity of the plasma from C. viridis is
heat labile and sensitive to treatment with protease
(Table 1). Pretreatment of the plasma at 56 °C for 30 min
resulted in reduction of SRBC hemolysis by 98.7 + 0.7%
(Table 1). Treatment of the plasma with 5 mM EDTA re-
duced the activity by 90.4 + 1.2% (Table 1). The inhibition
of C. virdis hemolytic activity by EDTA can be restored by
the addition of excess Ca>* and Mg®" (10 mM), but not
Ba®*, Fe?*, or Cu®* (Table 2).

Discussion

Snake populations are declining worldwide (Reading et
al, 2010), and some threats to their persistence,
including disease, environmental pollution, and global
climate change (Gibbons et al., 2000) may interact with
immune function. Unfortunately, limited information is
available regarding the immune systems of snakes,
hindering our ability to understand species or commu-
nity response to emerging threats. Most work on snake
complement proteins has been related to their role as a
component of venom, rather than immune function.
Therefore, studies such as this quantifying and describ-
ing the complement system in a common, wide-ranging
snake species are important for increasing our under-
standing of innate immunity in snakes and provide a
baseline to compare with future studies.

Compared to most other reptile and amphibian spe-
cies, hemolytic activity of C. viridis is relatively high. We
calculated a CHj, of 0.23 mL at 25 °C. The CHg, for the
American alligator (Alligator mississippiensis) and the
estuarine crocodile (Crocodylus porosus) were 0.539 and
0.473 mlL, respectively (Merchant & Britton, 2006). The
activities for the toad-headed turtle (Phrynops geoffroa-
nus) and the three-toed amphiuma (Amphiuma tridacty-
lum) were so high that they could not be calculated
(Ferronato et al., 2009; Major, Fontenot Jr, Pojman, &
Merchant, 2011). Therefore, the comparatively low CHsq
for plasma from C. viridis indicates that it has relatively
high complement activity. This complement activity is
likely responsible for the potent antibacterial activity of
C. viridis plasma that we also documented (Baker &
Merchant, 2018). In addition, Kawaguchi et al. (1978) re-
ported that the serum complement activities of five
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Fig. 2 Kinetic analysis of hemolysis of sheep red blood cells (SRBCs) by Crotalus viridis plasma at different temperatures. SRBCs (1%, v/v) were
incubated with an equal volume of 25% plasma of C. viridis for different amounts of time and at different temperatures. The samples were
centrifuged, and the optical densities of the supernatants were measured at 540 nm and expressed as the % maximum as compared to a

hemolysis positive control. The results represent the means + standard deviations for four independent determinations

colubrid snake species were higher than a bullfrog
(Rana catesbiana), a tortoise (Clemmys japonica), and
a lizard (Eumeces latiscutatus). However, the evolu-
tionary pressure driving snakes to develop a stronger
system of innate immunological defense than other
herpetofauna remains unknown.

Experiments with hemolytic inhibitors showed that the
hemolytic activity we observed was due to enzymatic ac-
tivity in the plasma. Components of human serum com-
plement require divalent cations to function correctly
(Mayer, Osler, Bier, & Heidelberger, 1946). The alterna-
tive mechanism of serum complement activation is
inhibited by EDTA because Mg>" ions are required for
the interaction of C3b with factor B (Gotze, Medicus,
Schreiber, & Muller-Eberhard, 1977). This sensitivity to
mild heat treatment and specific dependence on Mg**

and Ca®* are characteristic of the alternative mechanism
of serum complement activity. It is unlikely that the
complement activity from the plasma of C. viridis is due
to a classical complement pathway that requires presence
of natural antibodies. Previous results in our laboratory
showed strong antimicrobial activities of plasma from C.
viridis toward a broad spectrum of bacterial species,
which appeared to be mediated by complement (Baker &
Merchant, 2018). It is improbable that C. viridis harbors
natural antibodies to all of these bacteria, and also to
SRBCs, and thus it is likely that the complement activity is
mediated by the alternative mechanism. Furthermore, the
treatment with 20 mM methylamine or ammonium
hydroxide did not affect the plasma-mediated hemolysis
(Table 1), as the classical complement mechanism is
known to be sensitive to these treatments because amines
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Fig. 3 Temperature-dependent hemolysis of sheep red blood cells (SRBCs) by plasma from Crotalus viridis. SRBCs (1%, v/v) were incubated with
an equal volume of 25% plasma of C. viridis for 1 h and at different temperatures. The samples were centrifuged, and the optical densities of the
supernatants were measured at 540 nm and expressed as the % maximum as compared to a hemolysis positive control. The results represent the
means + standard deviations for four independent determinations
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Table 1 Effects of heat, protease, and specific serum
complement inhibitors on the hemolysis of sheep red blood
cells (SRBCs) by plasma from Crotalus viridis

Treatment SRBC hemolysis
(% maximum)
Snake plasma 947 £12
Snake plasma (56 °C, 30 min) 1.1 +03%
Snake plasma + 20 mM ammonium hydroxide 919+ 26
Snake plasma + 20 mM methylamine R1+17
Snake plasma + 20 mM salicylaldoxime 6.5+ 3.1*
Snake plasma + 5 mM EDTA 7.7 +24%

Plasma from C. viridis was heat-treated, or treated with protease, EDTA,
ammonium hydroxide, methylamine, or salicylaldoxime, and then incubated
with 1% SRBCs for 30 min at room temperature. The samples were then
centrifuged at 2000xg, and the optical densities were measured at 540 nm.
The results represent the means + standard deviations for four independent
determinations and expressed as the % maximum as compared to a hemolysis
positive control

*Statistically less than SRBCs treated with plasma alone (p < 0.01)

inhibit the action of complement C4 (Blom, Villoutreix, &
Dahlback, 2003; Gordon, Whitehead, & Wormall, 1926;
Gorski & Howard, 1980). Furthermore, the inclusion of
20 mM salicylaldoxime, a compound known to inhibit the
alternative mechanism of complement activation (Austen
& Brocklhurst, 1961) resulted in substantial inhibition of
hemolytic activity. It is also unlikely that the lectin path-
way of complement activation is responsible for the ob-
served hemolytic activities. Although C. viridis express a
C-type lectin with specificity toward mannose (Baker and
Merchant, unpublished data), this protein serves as pat-
tern recognition for prokaryotic cells, and not eukaryotic
erythrocytes as used in this study. The incomplete inhib-
ition of SRBC hemolysis by EDTA suggests the possibility
that other mechanisms of immunity might also play a role
in hemolysis by the plasma of C. viridis. Additional mech-
anisms such as hemolysis by lytic peptides (Zasloff, 2002)

Table 2 Effects of divalent metal ions on the reconstitution of
EDTA-inhibited sheep red blood cell (SRBC) hemolysis

Treatment SRBC hemolysis
(% maximum)
Snake plasma 947 £12
Snake plasma + 5 mM EDTA 9.1+ 16
Snake plasma + 5 mM EDTA + 10 mM MgCl, 91.7 £36
Snake plasma + 5 mM EDTA + 10 mM CaCl, 933+ 14
Snake plasma + 5 mM EDTA + 10 mM BaCl, 37 £08*
Snake plasma + 5 mM EDTA + 10 mM CuCl, 6.9 + 14*
Snake plasma + 5 mM EDTA + 10 mM FeCl, 8.7 +19*

Plasma from Crotalus viridis was treated EDTA, or EDTA plus and excess of Ca?
* Mg?*, Cu**, Ba**, or Fe?", and then incubated with 1% SRBCs for 30 min at
room temperature. The samples were then centrifuged at 2000xg, and the
optical densities were measured at 540 nm and expressed as the % maximum
as compared to a hemolysis positive control. The results represent the means
+ standard deviations for four independent determinations

*Statistically less than SRBCs treated with plasma alone (p < 0.01)
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or other enzyme systems such as phospholipase A, (Green
et al,, 1991) or lysozyme (Zimmerman et al., 2010) could
also contribute to SRBC hemolysis.

The kinetics of SRBC hemolysis by C. viridis plasma is
similar to the kinetics of antibacterial activity of C.
viridis (Baker & Merchant, 2018). This strengthens the
hypothesis that the antibacterial activities observed were
due primarily to serum complement activities. Com-
pared to other species, the kinetics of SRBC disruption
by the plasma of C. viridis is somewhat slow. We found
half of maximal activity was reached in 18 min at 25 °C;
however, half maximal activity was achieved at 25 °C in
only 8 min and was maximal in 15 min by plasma from
the American alligator (Merchant et al., 2005).

Since rattlesnakes are ectothermic vertebrates that ex-
hibit both daily and seasonal thermal variation, we inves-
tigated the effects of a broad range of temperatures on
the serum complement system of these animals. These
data show that the area of maximal serum complement
efficiency fall within the preferred temperature range of
C. viridis (28-32 °C) (Gannon & Secoy, 1985). Similar
results have been noted in cottonmouths (A. piscivorus;
Graham et al, 2017) and corn snakes (Pantherophis
guttatus; Stahlschmidt, French, Ahn, Webb, & Butler,
2017). It is interesting to note the wide thermal range at
which maximum activity was observed. Since C. viridis
have arguably the largest latitudinal distribution among
all species of rattlesnakes, ranging from western Canada
to Mexico (Ernst & Ernst, 2012), it may have been
necessary to develop an innate immunity with a wide
temperature tolerance. Low activity was observed when
the plasma was incubated with SRBCs at 5 °C, as the ac-
tivity was reduced by 46.3% (Fig. 3). This might indicate
that C. viridis are immunologically compromised during
the winter months, as their internal body temperatures
are known to drop as low 6 °C in hibernacula (Jacob &
Painter, 1980). Many rattlesnake species participate in
communal hibernation, where 10s to 100s of snakes hi-
bernate in the same den in very close contact. This
might seem to indicate that these animals are subject to
spread of contagious disease during times of hibernation.
However, as bacterial growth slows substantially at re-
duced temperatures, a strong host defense might not be
necessary under these thermal conditions. Rattlesnakes
are generally inactive during winter hibernation months
and exhibit metabolic rates that are from 20 to 50% of
the average metabolic rates measured in other snake
species during the same period (Beaupre & Duvall,
1998). They spend most of their time in hibernation with
minimal movement, and thus, the probability of contract-
ing infection may be lower. The hemolytic activity of C.
viridis plasma was also reduced at temperatures above
30 °C, as hemolytic activities fell by 14.9% (67.9 + 1.7%)
and 52.7%(29.6 + 1.7%) at 35 °C and 40 °C, respectively.
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However, since these temperatures approach or exceed
the critical thermal maximum of 38 °C for C. viridis
(Brattstrom, 1965), it is not surprising the activities are re-
duced at these elevated temperatures.

Conclusions

Given the growing number of threats faced by reptile spe-
cies including global climate change and emerging patho-
gens, studies such as this provide important baseline data
on immune function of these taxa. Worldwide declines in
snake populations have already been noted (Reading et al.,
2010), and an emerging fungal pathogen (snake fungal
disease) has shown the potential to cause high rates of
mortality in sensitive species (Allender et al., 2016). A
more complete understanding of immune function in
snakes is therefore critical to their conservation. Future
studies should build off this baseline data to develop a
more complete understanding of snake immune function,
especially as related to pathogen susceptibility and global
climate change.

Abbreviations
C. viridis: Crotalus viridis (prairie rattlesnake); SRBC: Sheep red blood cells
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