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Abstract
Background: T. spiralis establishes an intimate contact with the host erythrocytes during the newborn larvae migration through the bloodstream to their encystment
in the muscle.
Objective: In the present work we study the alterations in the mechanical and aggregation properties of red blood cells produced in vitro by newborn larvae at low
concentrations (100, 250, 500, and 1000 larvae/mL).
Methods: The study was performed by incubating human erythrocytes with an equal volume of different concentrations of newborn larvae for 30 minutes, with
controlled agitation. To evaluate the erythrocyte alterations by the action of the larvae, the Erythrocyte Rheometer, the Optical Chip Aggregometer, and the Digital Image
Analysis were used.
Results: In the treated erythrocyte samples, a decrease in isolated cell numbers and an increase in the aggregates were observed respect to the control at the higher
larval concentration (1000 larvae/mL). The deformability index, the elastic modulus and surface viscosity showed no significant differences with the control; however,
the storage modulus of the erythrocyte membrane decreased significantly with the increase in larval concentration. Erythrocyte aggregation parameters showed that the
aggregation index increased with the larvae concentration present in the incubation, highlighting the presence of larger aggregates and clusters. The time to attain half of
the maximum aggregation diminished, which implies faster aggregation kinetics.
Conclusion: The results observed in vitro describe the red blood cell alterations that could be produced during in vivo infection in the host.

Introduction
Trichinellosis is a major zoonosis in Latin America and
represents a problem both to human and animal health [1].
Despite the high overall prevalence of intestinal worms in
humans, and the economic impact they cause in the production
of livestock, knowledge of the host-parasite relationship is
still incomplete [2]. The biological cycle of Trichinella spiralis

includes the migration of the new-born larvae (NBL) through
the bloodstream, until its encystment in the muscle cell [3].
A key to understanding parasitic infections is the study
of the interactions established between the two organisms
involved: the host and the parasite.
The existence of more than 50 sialic acid structures is
recognized, which are located at the end of the molecules
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of which they are part. Sialic acid present important
biological functions, for it was deduced that some functions
of glycoconjugates are determined, at least partially, by the
participation of sialic acids in their composition. Their study
has allowed us to consider that they will have an important
role in the host-parasite relationship since the cellular
mechanisms of many infectious processes would involve the
surface glycoconjugates of both [4].
Kaneko and Anosa [5], communicated that a decrease in
erythrocyte sialic acid alters the erythrocyte surface, modifying
it antigenically and biochemically. These alterations could
lead to increased phagocytosis of liver cells, contributing to
the anemia status reported in this infection [6]. Moreover,
erythrocyte

desialylation

can

expose

cryptic

antigenic

determinants of the membrane, among which is the T antigen.
It has been reported that T activation may occur in the stage
of larvae circulating through the bloodstream (NBL), with
consequent hemolysis, thrombocytopenia and thrombosis
[7]. It is also important to study the possible hemorheological
alterations produced in the host during infection to understand
the parasite-host relationship that is established.
Red blood cells (RBC, erythrocytes) are the most abundant
cells in the bloodstream and contain hemoglobin, the
compound that carries oxygen through the body [8]. Due to
their abundance and mechanical properties, RBCs are mainly
responsible for blood rheological behavior influencing the
blood viscosity, which depends on erythrocyte deformation and
aggregation [9-11]. Sialic acid is responsible for the negative
charge of the membrane of red blood cells. A decrease in
surface electric charge promotes the erythrocyte aggregation
leading to an increase in blood viscosity, which in turn induces
an increase in flow resistance and could produce obstructions
of microcapillaries, altering microcirculation [12-15].
Previous

experiences

reported

that

the

contact

of

erythrocytes with T. spiralis larvae produces alterations in the
erythrocyte aggregation [16-19].
In previous work, alterations in the viscoelastic and
aggregation properties of human red blood cells by in vitro
action of different concentrations of T. spiralis muscle larvae
(ML) were studied [20]. NBLs have direct contact with the
erythrocytes of the host during the migration, which could lead
to hemorheological alterations affecting the microcirculation.
Also, a study with high concentrations of newborn larvae (3000
NBL/mL) was carried out with 60 and 120 minute incubations,
showing alterations in erythrocyte aggregation. However, at
such larval concentrations, it was not possible to determine
the erythrocyte viscoelastic parameters due to the formation
of large erythrocyte aggregates that introduced noise in the
signal [21]. Therefore, the aim of the present work was to study
the alterations in the mechanical and aggregation properties
of erythrocytes produced in vitro by lower concentrations
of NBL after a 30 min incubation to avoid the interference
of aggregates in the signal. The study was performed using
techniques developed in our laboratory.

Materials and methods
Newborn larvae T. spiralis
Newborn larvae (NBL) were obtained from CBi mice
infected with T. spiralis, which were provided by the animal
research facility of the Experimental Genetics Institute (Faculty
of Medical Sciences, National University of Rosario). CBi is
an inbred mouse strain derived from an outbred population
generated by crossing BALB/c, Rockland, NIH and Swiss
mice. It was generated to be used as a base population of a
broad genetic basis and as the control line of an experiment
of artificial body conformation selection, which has given rise,
among others, to CBi–and CBi/L mice lines [22,23].
Between 6 and 13 post-infection days, gravid females were
obtained by surgery from the small intestine of mice. Females
were incubated in a 100 μL of RPMI-1640 medium (SigmaAldrich) supplemented with Gibco™ Fetal Bovine Serum and
antibiotics for 18 h at 37ºC in an atmosphere of 5% CO2. NBLs
were subsequently separated from adult females and collected
in saline solution. Larvae concentrates were prepared at 24 h,
resulting in 100, 250, 500 and 1000 larvae/mL [24].

Red blood cells
Fresh group O blood samples were collected from healthy
donors (n=3) by venipuncture in sterile vials containing
EDTA as anticoagulant, stored at 4 ºC, and analyzed within
24 hours. The blood was centrifuged at 1,100 g (25 ºC, 5 min).
After removing plasma and buffy-coat, RBCs were washed
three times with saline solution (SS: 0.90% w/v of NaCl, 308
mOsm/L). After the signature of the informed consent from
participants, the collection and processing of samples were
performed within 24 h from extraction time as recommended
for hemorheological laboratory techniques [25]. This study has
the approval of the Bioethical Committee of the Facultad de Cs.
Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario.

Erythrocyte treatment
Treatment involves incubating 100 μL of globular sediment
with an equal volume of NBL concentrate (Treated RBCs).
Control RBCs were incubated with saline solution (SS) in
the same way. To evaluate the effect of NBL on erythrocyte
aggregation, Treated and Control RBCs were incubated for
30 minutes at 37 ºC. Then, RBCs were washed in SS and resuspended in autologous plasma at 0.3% of hematocrit to
obtain aggregation parameters by digital image analysis and
at 40% of hematocrit to be measured in the optical chip. The
erythrocyte treatment and hemorheological tests were carried
out within 4 h after extraction.

Erythrocyte aggregation by digital image analysis
RBCs were suspended in autologous plasma (to induce
rouleaux formation) at 0.3% hematocrit and poured into an
excavated slide, which was placed on the stage of an Optical
Inverted Microscope (Union Optical, Japan). After 5 minutes,
aggregation of cells was attained and microscopic images of
RBCs aggregate populations were registered by triplicate using
008
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a 40x objective and a digital camera (Mikova DCM500 USB2.0).
Each image was instantaneously stored in a computer file. Then,
ImageJ software was used to study alterations in erythrocyte
aggregation by analyzing the distribution of aggregate size and
by determining the Individual Cell Coefficient (CCA) [15,26]. The

on a horizontal plane, and after disaggregation by mechanical

CCA parameter was defined as:

calculate the following parameters:

CCA 

agitation, a LED beam (~ 670 nm) goes vertically through the
sample and a photo-multiplier records variation in the incident
light intensity. Graphics of light intensity as a function of time
were obtained, and the aggregation parameters were used to

CAinitial  CAfinal
CAinitial

AI: indicates the normalized amount of accumulated
aggregation by calculating the integral of the registered curves.

where CAinitial is the percentage of the individual cell number
before larva treatment (Control) and CAfinal is the individual
cell percentage after larva treatment. This coefficient varies
between 0 (no differences in aggregation before and after

light intensity at 400 s, indicating a characteristic time constant

treatment) and 1 (complete aggregation after treatment).

Statistical analysis

t1/2: the time required to reach half of the total transmitted
for the average level of aggregation.

A study of aggregate size distribution was also carried out.

The mean and confidence interval were calculated in each

To do this, erythrocyte aggregates were counted and classified

blood sample measured in quintuplicate (control and treated

into four categories [27]:

with the different concentrations of T. spiralis newborn larvae).

•

individual cells;

•

aggregates of two and three cells;

•

aggregates of four, five, and six cells;

•

aggregates of 7 or more cells.

Viscoelastic parameters of RBCs
Data were obtained with the Erythrocyte Rheometer, which
is an instrument developed in our laboratory based on laser
diffractometry technique [28-30]. The following erythrocyte
stationary and dynamic viscoelastic parameter corresponding

Then, p values based on two-tailed statistical tests were
calculated in each blood sample considering that in cases where
p > 0.05, the difference is not significant [33].

Results
Examples of images of red blood cells untreated and treated
with different concentrations of NBL are presented in Figure 1.
A decrease in the number of isolated cells and an increase of the
aggregates in the RBC treated were observed compared to the
control, the most notable effect is when the concentration of
NBL used in the treatment was higher. RBC untreated showed
a large number of isolated cells and some small aggregates,

to the oscillating shear stress at a cardiac frequency of 60
cycles per minutes (1 Hz) were determined [9,10]:
DI: erythrocyte deformability index
μ: elasticity of erythrocyte membrane

η: surface viscosity of erythrocyte membrane
G’: storage modulus
G”: loss modulus
In order to carry out these measurements, 100 μL of each

Figure 1a: Images obtained by microscopy of erythrocyte suspensions from: (a)
Control;

RBC sample in autologous plasma (40% hematocrit) was
poured in 4.5 mL of a solution of polyvinylpyrrolidone (Sigma
PVP360) at 5% (w/v) in PBS (viscosity of 22.0 cp, pH 7.40 and
295 mOsmol/kg).

Optical-chip aggregometer
Erythrocyte aggregation kinetics was studied by an optical
chip based on the analysis of light transmission through a blood
sample recorded in real-time [31,32]. RBCs were suspended
in autologous plasma at 40 % hematocrit and 15 μL of this
suspension was used to assess erythrocyte aggregation within
400 s. The optical chip is the physical support for the blood
sample and consisted of a 5 mm diameter circular chamber
of 15 μL of volume. The measurement device sets the sample

Figure 1b: Images obtained by microscopy of erythrocyte suspensions from: (b)
RBCs treated with (100±50) larvae/mL.
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whereas large networks of erythrocytes were formed in the
RBCs incubated with 1000 larvae/mL without morphological
cell alterations.
All treated samples show significant alterations in CCA and
aggregate size distribution respect to the control (p < 0.001)
as shown in Table 1, where CCA values were higher with the
increase in NBL concentration. The incubation with 100 larvae/
mL showed a CCA = 0.31, indicating that the aggregation was
moderate, while in the treatment with 1000 larvae/mL the
aggregation was very high (CCA = 0.83).
The mean values of the erythrocyte viscoelastic parameters
from RBC untreated and treated with NBL are shown in Table
2. Unlike the results obtained in previous work with ML, in the
case of NBL the deformability index and the elastic modulus

Table 1: Distribution of erythrocyte aggregate sizes and CCA values for each NBL
concentration. Data shown are mean value ± standard deviation from 3 blood
samples measured in quintuplicate.
Cc
Aggregates of
Individual
larvae/
two and three
cells
mL
cells

Aggregates of
four, five and six
cells

Aggregates
of seven and
more cells

CCA

0

39.1 ± 1.0

20.4 ± 1.6

23.4 ± 0.8

16.9 ± 1.7

0

100

27.2 ± 1.7

27.2 ± 0.9

26.8 ± 1.2

19.7 ± 1.8

0.31 ± 0.02

250

20.5 ± 1.5

24.3 ± 0.8

16.8 ± 1.7

38.3 ± 3.9

0.46 ± 0.03

500

16.1 ± 1.8

21.0 ± 0.9

16.6 ± 1.3

45.4 ± 1.6

0.59 ± 0.04

1000

6.7 ± 2.0

6.8 ± 0.9

11.4 ± 1.7

74.9 ± 2.8

0.83 ± 0.04

p-values from two-tailed statistical tests: p < 0.001 for all parameters

Table 2: Stationary and dynamic viscoelastic parameters of erythrocytes for each
NBL concentration. Data shown are mean value ± standard deviation from 3 blood
samples measured in quintuplicate.
Cc
larvae/mL

DI

μ
10-6 N/m

η
10-7 N.s/m

G’
10-6 N/m

G”
10-6 N/m

0

0.64 ± 0.01

5.09 ± 0.01

1.74 ± 0.30

4.73 ± 0.09

1.9 ± 0.1

100

0.64 ± 0.04

4.98 ± 0.08

1.85 ± 0.59

4.62 ± 0.08**

1.9 ± 0.1

250

0.69 ± 0.05

5.02 ± 0.03

1.75 ± 0.30

4.61 ± 0.09**

2.0 ± 0.2

500

0.59 ± 0.10

5.02 ± 0.04

1.89 ± 0.18*

4.59 ± 0.08**

2.0 ± 0.2

1000

0.69 ± 0.05

5.10 ± 0.06

1.89 ± 1.03

4.69 ± 0.10*

2.0 ± 0.2

p-values from two-tailed statistical intra-sample tests: *p<0.05 ; **p<0.001

Figure 1c: Images obtained by microscopy of erythrocyte suspensions from: (c)
RBCs treated with (250±50) larvae/mL

Figure 1d: Images obtained by microscopy of erythrocyte suspensions from: (d)
RBCs treated with (500±50) larvae/mL.

showed no significant alterations (p > 0.05). As with ML
treatment, an increase in the values of the surface viscosity
of the membrane is observed in some measurements, but the
averages did not show significant differences with the Control.
Also, very high noise in the signal was observed at the higher
concentration of larvae (1000 larvae/mL), probably due to the
presence of micro-aggregates (as can be seen in the images
of Figure 1), which interfere with the diffractometric readings
of the Erythrocyte Rheometer. The storage modulus of the
erythrocyte membrane (G’) decreased significantly with the
larvae concentration in the treated samples (p < 0.001).
Erythrocyte aggregation parameters presented in Table
3 show that the AI increased with the number of larvae per
mL present in the incubation process. This result evidences
the presence of larger and more globular aggregates, while t1/2
diminished, which implies faster aggregation kinetics. A higher
concentration of larvae in the incubation presents kinetic
curves with greater slopes at the beginning of the phenomenon,
which gives shorter t1/2. This could be attributed to a decrease
in the surface charge of the cells, favoring the formation of
aggregates due to decreased electrostatic repulsion among
erythrocytes. Also, it contributes to the formation of globular
aggregates, which allows greater transmission of light through
the blood sample.

Discussion

Figure 1e: Images obtained by microscopy of erythrocyte suspensions from: RBCs
treated with (1000±50) larvae/mL.

Previous work with ML [20], showed a change in the
viscoelastic and aggregation properties of the erythrocyte
membrane, suggesting that the greater erythrocyte alteration
by the action of the larvae occurs in the cytoskeleton and
glycocalyx. Besides, in other parasitoses such as Trypanosoma
cruzi [34] and Ascaris lumbricoides [15], the authors suggested
010
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Table 3: Aggregation parameters of erythrocytes for each NBL concentration. Data
shown are mean value ± standard deviation from 3 blood samples measured.
Cc
larvae/mL

t½
s

AI

0

88 ± 2

0.67 ± 0.02

100

87 ± 2

0.68 ± 0.02

250

80 ± 2

0.70 ± 0.01

500

48 ± 2

0.77 ± 0.02

1000

47 ± 2

0.78 ± 0.01

importance of this type of researches is that the interdisciplinary
study enriches the knowledge of the parasite-host relationship
and the clinical implications of this parasitosis.
The results observed in vitro with new-born larvae
Trichinella spiralis suggest that hemorheological alterations in
the host could be produced during in vivo infection.
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