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ABSTRACT
The contribution of the lymphatic system
to the absorption and systemic bioavailability
of Micrurus fulvius venom after subcutaneous
(SC) administration was assessed using a
central lymph-cannulated sheep model.
Micrurus fulvius venom was administered
either by intravenous bolus (IV) or
subcutaneous injection (SC) in 12 sheep with
and without thoracic duct cannulation and
drainage. Venom concentration in serum and
lymph was determined by a sandwich enzymelinked immunosorbent assay (ELISA) in
samples collected over a 6-hour period and in
tissues harvested at the end of the experiment.
Pharmacokinetic parameters were determined
by a non-compartmental analysis. In the
lymphatic cannulated group, over the 6 hours
after the venom was administered, 69% of
administered dose was accounted for in blood
(45%) and lymph (25%). Negligible levels of
venom were detected in organs and urine
implying that the steady state observed after
SC administration is maintained by a slow
absorption process. Comparison of kinetics of
the thoracic duct cannulated and noncannulated groups showed that lymphatic

absorption contributed in an important way
to maintenance of this steady state. These
results show that the limiting process in the
pharmacokinetics of Micrurus fulvius venom
following SC administration is absorption,
and that the lymphatic system plays a key role
in this process.
Keywords: Micrurus fulvius, coral snake,
venom, lymphatic absorption,
pharmacokinetics, thoracic duct, sheep
Micrurus fulvius is a coral snake endemic
to the Southeastern United States. Bites are
rare, but they cause local tissue reaction or
pain at the bite site followed by a progressive
paralysis that can evolve to respiratory arrest
and death (1). Symptoms may be delayed for
18 hours after the bite (2) making diagnosis
of severe envenomation challenging.
The venom is a complex mixture of
low and high molecular weight proteins
with different physicochemical properties
and biological activities. Biologically active
components include hyaluronidase (3),
nucleotidase, phosphodiesterase and
aminopeptidase (4). The primary toxins
responsible for envenomation symptoms
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include two groups of neurotoxins (5-10). The
first group, α-neurotoxins, are small proteins
approximately 7 kDa in size which block the
nicotinic acetylcholine receptor (11,12). The
second, ß-neurotoxins, are phospholipases A2
of approximately 13 kDa and these inhibit
presynaptic acetylcholine release (13,14).
Coral snakes have short fixed fangs that
require a chewing action to inject the venom
(2). This feature suggests that injection of
venom is by the SC route. Absorption kinetics
of subcutaneously injected proteins have
been studied extensively since 1963 (15), and
more recently (16-20). Depending largely
on size following SC administration, the
bioavailability of these proteins varies from
20% to 100%, with a relatively slow rate of
absorption evidenced by a prolonged terminal
half-life in comparison to that observed after
IV administration. Maximum plasma concentrations occur from 2 to 20 hrs after SC
dosing (21). These observations are directly
related to the way that proteins are absorbed
from the injection site to the systemic
circulation. When proteins are deposited in
the interstitial space, they diffuse until
reaching a vessel with permeable endothelium
where they can be absorbed. The permeability
of the blood vascular endothelium is
restricted by size of intercellular junctions
which allow exchange of gas and small
molecules. Transport in the blood capillaries
is limited by size and as solute size increases,
permeability decreases (22). In contrast, the
initial capillaries of the lymphatic system can
have large gaps between adjacent endothelial
cells allowing the entrance of larger molecules
and even cells (23). Supersaxo and colleagues
reported a linear relationship between
molecular weight and lymphatic absorption
for molecules of 0.2 to 19.0 kD (24).
While some earlier work has been reported
on venom absorption kinetics in animals
(25, 26), and large animals including sheep
lymphatics have been cannulated in a wide
variety of studies (17- 21,24, 27-29), the
convergence of these approaches to describe
absorption of venom via the lymphatics route

has not been explored, although the venom
absorption via lymphatic system has been
suggested since 1939 (30). Since lymph has a
slow flow and small volume, absorption by
this route should affect residence time in the
body as well as absorption rate. Because
much is unknown about the reservoir depots
and transport of venom in the clinical setting
and these parameters are largely responsible
for the clinical course, a large animal model
is needed to explore these parameters. Our
model of envenomation in sheep offers the
ability to study these depot and transport
parameters as well as to define more closely
the pharmacokinetics. Therefore, the aim of
this study was to establish the pharmacokinetics of coral snake venom when injected
IV and SC, and to assess the contribution
of the lymphatic system to the absorption
and systemic bioavailability of the Micrurus
fulvius venom after SC administration.
MATERIALS AND METHODS
Chemicals and Reagents
Micrurus fulvius venom was obtained
from the Natural Toxins Research Center
(NTRC, TAMUK, Kingsville, Texas).
Antibodies for the immunoassay were
produced and purified from hyperimmunized
rabbits in our laboratory and biotinated using
EZ-link NHS-LC-Biotin (Thermo Fisher
Scientific Inc. Il. USA). StreptavidinPeroxidase (from Streptomyces avidinii) was
purchased from Sigma-Aldrich, México and
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline6-sulphonic acid)) was from Research
Organics Inc. (Cleveland, Ohio). Fine
granular quartz was from Merk (Germany).
Study Design
The study was conducted in SuffolkPelibuey hybrid sheep obtained from a
Cuernavaca farm, and all experimental
procedures were reviewed and approved by
the IBT-UNAM Bioethical Committee.
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Fig. 1. Experimental design to analyze the absorption, distribution and elimination of the venom administrated by
subcutaneous route.

Animals were assigned to three treatment
groups consisting of four sheep (Fig. 1).
Group 1 received venom as an intravenous
bolus and had blood sampled at intervals over
6 hours. Group 2 received venom SC and had
blood sampled at the same intervals over 6
hours. Group 3 received venom SC and had
blood sampled over 6 hours and in addition
had lymph continuously collected from the
thoracic duct for the 6 hours.
Surgical Techniques
Male and female adult sheep, weighing
36-60 kg were anesthetized. Anesthesia was
induced with xylazine, butorphanol, and
tiletamine/zolazepam and maintained with
propofol and isofluorane in 100% O2. Heart
rate, blood pressure and respiration were
monitored and hydration in all 3 groups was
maintained with a continuous IV infusion of
isotonic saline. In addition, Group 3 animals
received replacement volume of saline equal
to that of thoracic duct lymph removed.

The jugular vein was cannulated for blood
samples, and rumenotomy was performed to
avoid pasture bloat. In Group 3, Evans blue
dye was injected SC in the left hindlimb to
assist visualization and cannulation of the
thoracic duct. Cannulation was achieved by
an incision into the left neck with the head
recumbent to identify the thoracic duct at
termination into the venous system. The duct
was ligated just before entry into the vein to
distend the vessel and a 22 gauge angiocath
(Becton, Dickinson and Company, México)
was inserted and secured with suture for
collection. After 6 hours, all animals were
sacrificed with an overdose of pentobarbital.
Micrurus fulvius Venom Administration
Solutions of Micrurus fulvius venom
were prepared by reconstitution of lyophilized
material with sterile saline to provide a final
concentration of 0.5, 1.0 or 5.0 mg/ml.
Intravenous injections were administered as
a bolus into the saphenous vein of the right
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hindlimb. In Group 1, two sheep received 1.0
mg of venom IV, and two received 0.5 mg of
venom IV, in 1 ml. For Groups 2 and 3, we
administered 5.0 mg SC to the left hindlimb
of each sheep. The injected hindlimb was
gently flexed and stretched for 30 seconds
every 15 minutes throughout the 6 hours to
promote lymph flow.
Serum, Lymph, Urine and Organ Sampling
After venom administration (time=0),
blood samples were taken at 2, 5, 7, and 10
min, then at 5 min intervals for the next 50
min, then at 15 min intervals during the
second hour, and finally every 20 min for the
next four hours. Serum was separated, frozen,
and maintained at -20°C until assayed.
All thoracic duct lymph was drained
externally during the 6 hours and continuously collected into 15 ml tubes to measure
flow for rate determination. Lymph fluid
samples were centrifuged and the clear
supernatant frozen, then maintained at
-20°C until assayed.
All urine was collected via indwelling
bladder catheter. The collecting tube was
changed at 15 minute intervals and the flow
recorded to calculate rate. Urine samples
were centrifuged, frozen, and maintained
at -20°C until assayed.
Skin samples, including subdermis, were
excised from around the injection site and the
corresponding contralateral site post-mortem.
Skin samples were homogenized with mortar
and quartz crystal technique, then extracted
in 5 ml of immunoassay vehicle solution (100
mM NaCl, 0.1% gelatin, 0.05% Tween 20, in
50 mM Tris/HCl buffer at pH 8) per gram of
tissue for immunoassay.
Lungs, liver, kidneys, heart and spleen
were removed post-mortem, mixed in a
mechanical blender and a representative
sample was homogenized using an PotterElvehjem tissue grinder. One gram of tissue
was extracted in 5 ml of immunoassay
vehicle solution.

Determination of Micrurus fulvius Venom
Concentration by Sandwich Immunoassay
Venom concentrations in lymph,
serum, urine, and tissues were determined
using a sandwich immunoassay as previously
described (31). Briefly, 96 well plates
Maxiscorp (NUNC Inc., USA) were coated
with polyclonal inmunopurified antibodies
from hyperimmunized rabbit serum against
Micrurus fulvius venom. A 0.5% gelatin
solution was applied as blocking solution.
For detection, we used biotinated rabbit
antibodies, revealed with StreptavidinPeroxidase and ABTS. For quantification,
a standard curve was established using 1:2
serial dilutions, starting with a venom
concentration of 300 ng/ml. The standard
curve had a lower limit of quantification of
1.3 ± 0.4 ng/ml.
Pharmacokinetic Analysis
Pharmacokinetic parameters for
Micrurus fulvius venom in serum after IV
administration were generated by fitting the
serum concentration (Cs) versus time data,
to a mono-exponential decay. The maximum
concentration in serum (Csmax) was estimated
by extrapolation when t=0 (32).
The pharmacokinetic parameters after SC
were estimated using a non-compartmental
model. The AUC0-t and AUMC0-t for all the
experimental groups were estimated using
the trapezoidal rule. Extrapolation to infinity
was estimated using the last Cs measured
at the time t and the terminal rate constant
(λ z) (33).
The times taken to reach the maximum
concentration (tmax), the serum concentrations
at the end of the experiment (Cz), and Csmax
were taken directly from analytical data.
Statistical comparisons for all parameters
between treatment groups were conducted
using a one-way ANOVA test and Tukey’s
post test in Graph Pad prism 4.0.
The fraction of the venom dose recovered
in lymph was calculated as the product of the
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Fig. 2. Serum venom concentrations (Group 1) after the values of concentration have been corrected to 1 mg IV
injection (x), and SC administration to non-cannulated sheep (Group 2) after SC injection of 5 mg of M. fulvius
venom (▲). Symbols represent the mean ± SEM for n = 4 per treatment group.

concentration in the sample and the sample
volume and was expressed as a percentage of
administered dose. The cumulative percentage
transported via the lymph was obtained by
adding together the values of each interval.
The total recovery of venom in group 3 was
calculated by the sum of the amount of
venom calculated in blood circulation and
the cumulative fraction of dose recovered
in lymph.
RESULTS
Table 1 details the pharmacokinetic
parameters calculated for venom in each
group. Fig. 2 illustrates the serum venom
levels, over time, in Groups 1 (IV venom
injection) and 2 (SC venom injection).
Fig. 3 shows the mean serum concentrations
over time following SC administration in
lymph-cannulated (Group 3) and noncannulated (Group 2) sheep. Fig. 4 shows
the cumulative percentage of venom dose
collected in central lymph in Group 3, as a
function of time. Fig. 4 also illustrates a lag

phase (21.9 ± 3.4 min), consistent with a
delay during lymphatic flow from collecting
vessels to the thoracic duct. The fraction of
the injected venom that was recovered in
lymph was 25 ± 3%, representing 36 ± 7%
of the total accounted for in blood, lymph
and urine. The highest concentration of
venom found in lymph was 3,943 ± 604 ng/ml
at 108 ± 25 min after venom injection. The
average venom concentration in lymph
during the six-hour experiment, without
taking into consideration the lag phase, was
1,157 ± 327 ng/ml.
Analysis of the injection site in groups
2 and 3 confirmed the presence of 22 (± 12)
µg of venom per mg of skin. Skin from
the contralateral side contained negligible
(0.34 ± 0.15 µg/mg). Venom in heart, lungs,
spleen, and kidneys was similarly low (data
not shown). The liver had the highest organ
level with a total venom content of 87 ± 24
µg. Since all the organ and skin values were
found to be in µg quantities, the recovered
venom levels were not used in calculating the
total absorbed amount.
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Fig. 3. Serum venom concentration following SC administration in non-cannulated [Group 2 (▲ )] and lymphcannulated sheep (Group 3 (o)) after SC injection of 5.0 mg of M. fulvius venom. Symbols represent the mean ±
SEM for n = 4 animals per treatment group.

Fig. 4. Cumulative percentage of the venom dose collected in lymph-cannulated sheep (Group 3) after SC injection
of 5 mg of M. fulvius venom. Symbols represent the mean ± SEM for n = 4 animals per treatment group.

DISCUSSION
Past models of venom pharmacokinetics
have relied primarily on measurement of
blood venom levels, occasionally supplemented

by urine and/or selected organ venom levels.
The missing parameter which we now have
available is the analysis of how the venom
enters, transverses, and is retained in the
lymphatic system. This multi-compartment
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combination approach with measurement of
venom in lymph enhances our understanding
of the dynamic process of how venom passes
from the site of injection into the systemic
circulation. The kinetic analysis of lymphatic
venom absorption also enables, for the first
time, an explanation of sustained venom
levels in blood following envenomation.
Group 1 enabled the calculation of
conventional pharmacokinetic parameters
following intravenous administration. The
volume of distribution (VD = 3.2 ± 0.5 l) was
very close to reported estimates of blood
volume in sheep (34); and the VSS (6 ± 0.9 l)
remained close to VD, implying minimal
distribution from blood circulation to deep
tissues (Shargel et al 2005). The short half life
time (t1/2) of 25 (± 3.2) minutes, mean
residence time (MRT) of 75 ± 7 minutes, and
low levels detected in urine suggest that coral
snake venom undergoes rapid systemic
metabolism or renal degradation.
With SC administration in Group 2,
conventional calculations demonstrate a more
prolonged kinetic profile than following IV
bolus, as expected. Rapid absorption during
the first hour was followed by a steady state
of venom in blood, lasting at least 5 hours
following injection (Fig. 2). The Vss (27 ± 2l)
was greater after SC than after IV administration (6 ± 0.9 l) and this finding suggests
that some subcutaneously injected venom
remains at the site of injection for at least
several hours. This observation is in accordance with mean absorption time (MAT) of
393 ± 58 min. Together, these findings
suggest that absorption from SC tissue is the
limiting step for venom bioavailability, and
they support the notion that the bite site
serves as an ongoing venom depot (35).
The addition of a thoracic duct lymphcannulated experimental group (Group 3)
served two major purposes: first, to discover
how much venom was absorbed via the
lymphatic system; and second, to learn about
the relative contribution of lymphatic
absorption to blood venom levels. In Group 3,
all lymph reaching the thoracic duct was

diverted before entering the blood circulation.
During the first 60 minutes after venom
injection, serum levels in cannulated and
non-cannulated sheep were nearly identical
(Fig. 3), suggesting that components of venom
reaching the blood stream during this time
did so primarily via direct absorption into
blood (or possibly with some transfer to the
blood stream at the lymph-blood interface in
the first draining lymph nodes). Peak serum
venom levels (Csmax) were comparable in the
two groups (Table 1), but the levels diverged
after the first 60 minutes, demonstrating that
the impact of venom delivered by lymph to
blood may include maintenance of steady
state levels during the first 5 hours.
Bioavailability (F, Table 1) was 45 ± 8% in
Group 3 and 60 ± 5% in Group 2, but with
the small sample size this did not reach
statistical significance. Total venom
recovered in blood and lymph following SC
administration remained incomplete at the
end of the 6-hour observation period, at 60%
and 69% for Groups 2 and 3 respectively.
The total amount of venom measured from
all organs and urine was approximately 3%
of administered dose. Because the total tissue
was not recoverable from the injection site,
an estimate of total remaining venom could
not be obtained. The majority of the
remaining venom is likely retained at or near
the injection site (recovered levels at 22 µg/mg)
with much smaller levels possibly remaining
in the lymphatic vessels and nodes as well as
a very low level in the systemic circulation
prior to metabolism and elimination.
The highest concentration of venom
found in lymph was more than 25 fold the
highest venom concentration reached in
blood. This can be explained considering the
differences between lymph and blood flow
rates. Since blood flow is 5,950 ± 343 ml/min
(34), the venom levels are almost immediately
diluted in the whole bloodstream; in contrast
lymph flow rate was 3 ± 0.2 ml/min.
Consequently, we can estimate an average
contribution by lymph, during the course of
the experiment, of 1.2 ± 0.23 ng of venom/ml
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of blood/min, operating as a continuous
mechanism venom supply into blood.
The immunoassay used in this study
detects many different venom components,
including low α-neurotoxins (around 7 kDa),
neurotoxic phospholipases (13 kDa), and high
molecular weight (above 13 kDa) proteins.
We acknowledge that pharmacokinetics of
individual venom components must vary;
however, this distinction could not be
demonstrated in our study. The analysis of
both lymph and blood in this model suggests
that the lymph pool provides a sustained
inoculum of venom and associated high
molecular weight products destined for entry
into the bloodstream while also percolating
through regional lymph nodes involved in the
continuing local immune response. This
highlights the unexplored importance of the
lymphatic system in examining different
“envenomation syndromes”.
We have demonstrated that lymphatic
absorption at the envenomation site plays a
major role in the availability and kinetics of
subcutaneously injected coral snake venom
and its multiple components. Use of this
combined blood and lymphatic sampling in a
large animal model with the developed 3-part
experimental design should provide insights
into the absorption and distribution of other
venoms, as well as the interaction of venoms
and antivenoms and thereby shed further
light on the varying clinical course of a wide
variety of envenomation and also provide
guidance in designing therapeutic strategies.
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