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Abstract
African trypanosomiasis (AT), caused by Trypanosoma brucei species, results in both neu-

rological and cardiac dysfunction and can be fatal if untreated. Research on the pathogene-

sis and treatment of the disease has centred to date on the characteristic neurological

symptoms, whereas cardiac dysfunction (e.g. ventricular arrhythmias) in AT remains largely

unstudied. Animal models of AT demonstrating cardiac dysfunction similar to that described

in field cases of AT are critically required to transform our understanding of AT-induced car-

diac pathophysiology and identify future treatment strategies. We have previously shown

that T. brucei can interact with heart muscle cells (cardiomyocytes) to induce ventricular ar-

rhythmias in ex vivo adult rat hearts. However, it is unknown whether the arrhythmias ob-

served ex vivo are also present during in vivo infection in experimental animal models. Here

we show for the first time the characterisation of ventricular arrhythmias in vivo in two animal

models of AT infection using electrocardiographic (ECG) monitoring. The first model utilised

a commonly used monomorphic laboratory strain, Trypanosoma brucei brucei Lister 427,
whilst the second model used a pleomorphic laboratory strain, T. b. brucei TREU 927,

which demonstrates a similar chronic infection profile to clinical cases. The frequency of

ventricular arrhythmias and heart rate (HR) was significantly increased at the endpoint of in-

fection in the TREU 927 infection model, but not in the Lister 427 infection model. At the end

of infection, hearts from both models were isolated and Langendorff perfused ex vivo with

increasing concentrations of the β-adrenergic agonist isoproterenol (ISO). Interestingly, the

increased frequency of arrhythmias observed in vivo in the TREU 927 infection model was

lost upon isolation of the heart ex vivo, but re-emerged with the addition of ISO. Our results

demonstrate that TREU 927 infection modifies the substrate of the myocardium in such a

way as to increase the propensity for ventricular arrhythmias in response to a circulating fac-

tor in vivo or β-adrenergic stimulation ex vivo. The TREU 927 infection model provides a
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new opportunity to accelerate our understanding of AT-related cardiac pathophysiology and

importantly has the required sensitivity to monitor adverse cardiac-related electrical dys-

function when testing new therapeutic treatments for AT.

Author Summary

African trypanosomiasis (AT) is a disease caused by the single-celled protozoan parasite
Trypanosoma brucei. In humans, AT causes neurological problems including sleep dis-
turbances, which give the disease its colloquial name of “sleeping sickness”. Much of the
focus of AT research has been on the neurological deficits, but other major organs are
also affected, including the heart. Previous studies in humans and animals with AT have
identified heart abnormalities such as contractile dysfunction, ventricular arrhythmias
and significant cardiac tissue inflammation post-mortem. The need for studies investi-
gating AT-induced cardiac dysfunction is critically important. There is a growing cardio-
vascular disease (CVD) burden in the population of Sub-Saharan Africa and CVD is now
considered the leading cause of death in those aged over 45. AT-induced cardiac dysfunc-
tion has the potential to compound poor outcome in patients with pre-existing CVD and
those being treated with existing AT medications due to their inherent adverse cardiac ef-
fects. As a consequence, new treatments for AT require evaluation in appropriate pre-
clinical animal models to ensure that they do not detrimentally alter cardiac function.
This study established two rat models of AT infection in which an electrocardiogram
(ECG) was used to study cardiac electrical function. The first model utilised a commonly
used laboratory strain, Trypanosoma brucei brucei Lister 427, whilst the second model
used a laboratory strain that demonstrates a similar chronic infection profile to clinical
cases, T. b. brucei TREU 927. The TREU 927 infection model showed a significantly in-
creased frequency of cardiac arrhythmias in vivo. The arrhythmias observed in vivo in
the TREU 927 infection model were lost upon isolation of the heart ex vivo, but returned
with the addition of the β-adrenergic agonist—isoproterenol (ISO). These data suggest
that AT alters the myocardium in such a way as to increase the propensity for ventricular
arrhythmias when in the presence of a circulating factor or β-adrenergic stimulation
(stress). Importantly, this animal model has sufficient sensitivity to measure changes in
the frequency of AT-induced ventricular arrhythmias. Therefore the model is of value for
studies aiming to develop new treatment strategies to specifically minimise AT-related
cardiac dysfunction or to assess the presence of adverse cardiac electrical abnormalities
when testing new trypanocidal-based AT treatments.

Introduction
Human African trypanosomiasis (HAT) is caused by the Trypanosoma brucei sub-species T.
b. gambiense and T. b. rhodesiense, which are transmitted by the tsetse fly vector (Glossina
spp.). Infection with these parasites leads to both neurological and cardiac dysfunction and
can be fatal if untreated. The rate of disease progression and severity of clinical signs is depen-
dent upon a number of factors including parasite species and strain. Whilst the neurological-
related pathogenesis of African Trypanosomiasis (AT) infection has been an understandable
research focus leading to its extensive characterisation [1–3], the pathogenesis associated with
cardiac dysfunction is poorly understood. A better understanding of the cardiac-related
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pathogenesis of the disease is required because it is unknown: 1) how AT infection leads to
cardiac pathology; 2) whether infection level or stage alters the severity and progression of
cardiac dysfunction; 3) if the toxicity of drugs used to treat HAT could be exacerbated by AT-
induced cardiac pathology; and 4) if direct treatment of the cardiac pathology can improve
overall patient outcome.

HAT manifests clinically in two stages: Stage I, the haemolymphatic stage; and Stage II, the
meningo-encephalitic stage where the parasites extravasate into organs including the brain
[4–6] and heart [7;8]. Post-mortem studies clearly demonstrate that cardiac pathology occurs
in 70–100% of HAT patients [7;9] and in experimental animal models of the disease [10–14].
The observed cardiac pathologies include myocarditis [9] with mononuclear inflammatory
cell infiltration and fibrosis [7;8], both of which can lead to ventricular dysfunction and heart
failure. In a study of sixteen HAT deaths from T. b. gambiense, Adams et al. (1986) found that
two of the deaths were the result of pulmonary oedema from cardiac failure [7]. Furthermore,
radiographs from two separate studies demonstrated an enlargement of the cardiac silhouette
to>50% of the thoracic diameter (a potential indicator of cardiac failure) in 34% (of 118 [15])
and 44% (of 25 [16]) of patients with HAT (reviewed in Blum et al. 2008 [17]). Echocardiogra-
phy of HAT patients is not commonly assessed, but Tsala et al. (1988) in a study of 25 HAT
patients, identified potential indicators of heart failure including right-ventricular dilatation
in 64% of HAT patients and pericardial effusion in 12% [16]. Fouchet et al. (1968) [18] and
Bertrand et al. (1974) [15] have both reported cardiac conduction abnormalities, including
type I Atrio-Ventricular (AV) block in 3.7% and 14% of patients examined and type II AV
block in 1% and 2.5% of patients, respectively [15;18;19]. Conduction abnormalities can lead
to disturbances in heart rate and rhythm, leading to impaired delivery of blood to the tissues.
Palpitations resulting from ventricular arrhythmias called ventricular premature complexes
(VPCs) are indicators of heart dysfunction. HAT patients have significantly more palpitations
than controls [19]. A number of studies demonstrated a clear involvement of the cardiac pa-
thology in death [7;15;20;21], but because of the logistical difficulties of performing significant
field studies in the regions involved, understanding the true extent to which this occurs in
HAT is currently limited. A more recent large scale study that collected significant quantities
of cardiac data from T. b. gambienseHAT patients observed a high prevalence of cardiac elec-
trical abnormalities in ~55% of 406 stage I HAT patients and ~71% of 60 stage II HAT pa-
tients [19;22]. This study also demonstrated a significant proportion of patients with: (i)
prolonged QT interval which can lead to fatal arrhythmias; and (ii) increased levels of the pep-
tide NT- proBNP, an indicator of left ventricular dysfunction [19]. The extent of electrical ab-
normalities reported in patients with HAT in the study by Blum et el (71%) [19] is in striking
agreement with the proportion of patients with cardiac pathology observed at post-mortem
[7;9]. In addition to T. b. gambienseHAT patients, ECG abnormalities have also been identi-
fied in 55% (22 of 40) of patients with East African trypanosomiasis caused by T. b. rhode-
siense (unclassified for stage I or II disease) [23].

Besides the inevitable inflammatory response to trypanosomes that occurs in heart tissues,
we have previously demonstrated that T. brucei directly interact with heart muscle cells (cardi-
omyocytes) to induce ventricular arrhythmias (VPCs) in ex vivo hearts independent of a sys-
temic immune/inflammatory response [24]. However, it is unknown whether the arrhythmias
observed in rat hearts ex vivo are also present during infection in vivo.

The main aim of the current study was to develop an animal model of AT infection to assess
whether ventricular arrhythmias—in particular VPCs—could be identified in vivo through
electrocardiographic (ECG) assessment. The data suggest for the first time that AT infections
create an arrhythmogenic substrate in the heart, which when triggered by circulating factor/s
associated with β-adrenergic stimulation, increase the propensity for ventricular arrhythmias.

Trypanosoma brucei Infection and Ventricular Arrhythmias
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Methods

Preparation of Trypanosomes
T. b. brucei Lister 427 and T. b. brucei TREU 927 were grown separately for one passage in ICR
mice for 2–3 days to adapt them to in vivo conditions, from being culture adapted in the case
of T. b. brucei Lister 427 [25] and from cryopreservation for T. b. brucei TREU 927. When
parasitaemia reached 1 x 108 parasites.mL-1 [26] the mice were euthanased and blood collected
in Carter’s balanced salt solution (CBSS; mM; 25 HEPES, 120 NaCl, 5.4 KCl, 0.55 CaCl2, 0.4
MgSO4, 5.6 Na2PO4, 11.1 glucose, pH 7.4) containing 100 U/ml heparin. The trypanosomes
were diluted to 1 x 105 parasites in a 200 μL volume of CBSS (approx. 1:200 dilution from 1
x108 parasites.mL-1) under sterile conditions. The 200 μL parasite suspension was prepared in
a 1 mL syringe for injection. Matching volumes of CBSS were prepared as control injections.
All mice and rat animal procedures were approved by the University of Glasgow Ethical Review
Panel and licensed by the Home Office, UK (Project Licence Number 600/4503).

Animals
The care and use of animals was in accordance with the UK government Animals (Scientific
procedures) Act 1986 (ASPA). Animals used were adult male Wistar rats (250–300g) with a 7
day acclimatisation period upon delivery with a 12 hr light/dark cycle. Animals were kept at
the Cardiovascular Research Unit, University of Glasgow in a dedicated room licensed under
the Specified Animal Pathogens (Scotland) Order, 2009 (SAPO).

ECG Acquisition for the Lister 427 Infection Model
Anaesthesia was induced by placing the animal in a pre-filled induction chamber with 5%
isoflurane (Isoflo, Abbot Laboratories, USA) in 100% O2 at 1 L.min-1 until loss of righting
and flexor withdrawal reflexes. The rats were then maintained on isoflurane delivered via
facemask at 1–1.5% isoflurane in 1 L.min-1 O2. The lead II ECG was recorded via the place-
ment of sterile intradermal electrodes. The placement sites on the rat were caudal aspects of
the left and right carpi and the medial aspects of left and right crura. To ensure reproducibili-
ty for the same rats and between rats, all animals were positioned identically. The ECG was
recorded for 15 min with an IWX228 bioamplifier and LabScribe 2 software (iWorx) at a
sampling rate of 2.0 KHz. Rats were then injected via the intraperitoneal route with T. b. bru-
cei Lister 427 or vehicle and then recovered.

Data Acquisition and Analysis for the Lister 427 Infection Model
The ECG data from the last 1 min of the 15 min period collected on both day 0 and day 4 were
averaged using the advanced ECG analysis module (iWorx) and exported to Origin6.1 (Origi-
nLab) for RR interval, heart rate, PR interval and QT interval measurement, with correction for
heart rate using the Framinghammethod [27]. The whole trace was manually assessed for ven-
tricular premature complexes (VPCs) as defined by the Lambeth Conventions [28]; specifically
complexes that were premature, without a well-defined P wave and had a wide and bizarre shape.

Parasitaemia Measurements
Parasitaemia levels were measured daily by microscopy of blood from superficial venepuncture
of the lateral tail vein, as previously described [26]. A parasitaemia level exceeding 5.0 x 108

parasites.mL-1 for more than two consecutive days was set as a cut-off point for the welfare of
the animals. No animal exceeded this level during the study. Day 4 of the Lister 427 model was
selected as the end point based on prior experience with this trypanosome strain in the rat
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infection model in terms of the level of parasitaemia and its impact on the health of the animals
and in order to avoid sudden deaths.

Telemetry Probe Implantation for the TREU 927 Infection Model
For the longer TREU 927 infection model, CA-F40 biopotential recording devices (Data Sci-
ences International) were implanted into rats to measure the ECG in conscious animals. This
allowed the recording and analysis of ECG data without the potential cardiovascular depressive
effects of isoflurane [29;30]. Briefly, adult male Wistar rats (250–300 g) were anaesthetised
with isoflurane delivered in 100% O2. Animals were positioned in ventral recumbency on a
heated pad. Peri-operative analgesia of 5.0 mg.kg-1 carprofen (Rimadyl, Pfizer Animal Health)
was administered in 5.0 mL of 0.9% sterile saline subcutaneously. The telemetry device was im-
planted subcutaneously in the dorsal thoracic region. Tracts were tunnelled under the skin
from the implant site to the right pectoral and xyphoid regions ventrally. The insulation was re-
moved from the distal 5.0 mm of each ECG lead, which were then affixed to the layer of muscle
at each point under the skin with 1.5 metric nylon suture (Johnson & Johnson). Exposed ends
of the leads were re-covered with the removed insulating material. The surgical incisions were
closed with 1.5 metric polyglactan 910 (Vicryl, Johnson & Johnson).

Trypanosome Infections for TREU 927 Infection Model
The animals were allowed to recover from the surgical procedure for 1 week before they were
infected with 1.0 x 105 T. b. brucei TREU 927 in 200 μL CBSS via intraperitoneal injection.
Control rats were injected with the same volume of CBSS. Parasitaemia levels by superficial tail
venepuncture were assessed as previously described.

Data Acquisition and Analysis for TREU 927 Infection Model
The implanted probes were activated magnetically and data was collected from receiver pads
underneath the animals’ usual cages. Telemetry signals were relayed via a data exchange matrix
to a computer loaded with the acquisition software Dataquest™OpenART v4.2 (Data Sciences
International). Raw ECG data was collected at a 2.0 kHz sampling frequency. Files were ex-
ported to Ponemah v4.8 (Data Sciences International) for analysis. ECG sections of 30 min
were averaged and assessed for RR interval, heart rate, PR intervals, and QT intervals corrected
for heart rate using the Framingham method (QTc = QT + 0.154 x (1-RR)). A one hour section
of trace from day 3, 6, 9 and the end of the final day of the protocol—to enable analysis of time
points corresponding with peak and trough parasitaemias—was assessed for arrhythmias using
the Lambeth Conventions as described above and compared to a one hour section of trace after
recovery but prior to infection (day 0).

Organ Harvest
Both control and infected animals for each model were sacrificed by cervical dislocation
while under a brief exposure of low dose 1% isofluorane. Heart, liver and spleen were re-
moved, organ mass recorded and compared to the tibial length defined as the length from lat-
eral femoral epicondyle proximally to the lateral malleolus distally to control for individual
size and mass.

Langendorff Perfusion of Ex Vivo Hearts
The hearts removed from both groups (Lister 427 infection model and TREU 927 infection
model, plus controls) were immersed in ice-cold Tyrodes solution (mM); 116 NaCl, 20
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cardiomyocytes [24]. However, no significant ECG abnormalities were apparent between the con-
trol and infected animals in vivo. Four explanations may account for this. First is the use of anaes-
thesia in the Lister 427 model compared with conscious ECGmonitoring in the TREU 927 model.
It is possible that the anaesthesia (isofluorane) used in the Lister 427 model reduced the propensity
for arrhythmias, but to the best of our knowledge there is little evidence that isofluorane can re-
duce the incidence of arrhythmias. Secondly, the brevity of the infection period may limit appre-
ciable extravasation of the parasite into the cardiac extracellular matrix. This possibility is

Fig 6. Histology of infected hearts. A) Atrio-ventricular region from (i) control and (ii) TREU 927 infected
hearts (H&E). Higher magnification demonstrating (iii) parasite extravasation (Giemsa) and (iv) inflammation
(H&E). B) Mean ± SEM of semi-quantitative pathological scoring (0–3; see methods) for: (i) parasite
extravasation, (ii) inflammation and (iii) fibrosis.

doi:10.1371/journal.pntd.0003811.g006
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supported by histological examination of Lister 427 infected hearts, in which no parasites could be
identified in the interstitium, suggesting that extravasation had not occurred with this strain—at
least within the limits of detection. Connected to the brevity of the infection period, exposure time
of cardiomyocytes to parasites and parasite products in the Lister 427 model is clearly much less
than that of the TREU 927 model. However, it is important to note that the parasite burden within
Lister 427 infected animals is much greater than the TREU 927 model (2.51 x 108 ± 1.02 x 108 par-
asites.mL-1 compared to 3.56 x 107 ± 1.62 x 107 parasites.mL-1, respectively, at peak parasitaemia).
On balance therefore it is difficult to conclude that the brevity of infection period leading to re-
duced exposure time of cardiomyocytes to parasites and parasite products exclusively explains an
absence of arrhythmias in the 427 infection model. Thirdly, Lister 427 does not readily extravasate
without existing tissue damage from an inflammatory processes [36]. In the current study, histo-
logical examination confirmed that the level of inflammation in Lister 427 hearts was not signifi-
cantly different from that in control hearts. Finally, it is probable that the amount of TbCatL
produced by Lister 427 is significantly lower than that produced by pleomorphic trypanosomes
such as TREU 927. Caffrey et al. (2001) demonstrated that short-stumpy form trypanosomes pro-
duce almost five times the amount of TbCatL compared to long-slender forms [37]. Since the List-
er 427 strain does not differentiate and remains as a long-slender form, the quantity of TbCatL
produced is very likely to be lower and contribute to the lack of response observed.

HR Changes in Ex Vivo Hearts from T. b. brucei Lister 427 Infected
Animals
During pathophysiological stress, there are increased levels of circulating catecholamines
(adrenaline and noradrenaline). In a previous study, ex vivo hearts demonstrated a significantly
higher frequency of ventricular arrhythmias (ventricular premature complexes, VPCs) in re-
sponse to trypanosome culture supernatant and isoproterenol (ISO; a β-adrenergic agonist)
[24]. This effect was mediated by a CaMKII-dependent increase of spontaneous sarcoplasmic
reticulum (SR)-mediated Ca2+ release events (Ca2+ waves) [24;38]. In the current study, ex vivo
hearts from the Lister 427 infection model demonstrated no increase in arrhythmic events but
a significantly increased HR in response to ISO. HR is dictated by the rate that sinoatrial nodal
pacemaker cells (SANC) in the heart fire spontaneous action potentials. It is possible that the
Lister 427 infection model induces a higher HR due to: 1) a greater sensitivity of the sinoatrial
nodal pacemaker cells (SANC) to β-adrenergic stimulation as can happen in heart failure [39];
2) altered expression/heterodimerisation/polymorphisms of β1 adrenergic receptors [40;41] in
SANC; 3) altered expression of ion channels governing SANC pace making such as hyperpolar-
isation and cyclic nucleotide (HCN) channels [42], G-protein-activated inwardly rectifying po-
tassium (GIRK) channels [43] or calcium channels [44]; 4) altered rate of SANC action
potential firing due to changes in Ca2+ handling protein activity [44;45]. CaMKII-mediated
phosphorylation of Ca2+ handling proteins may alter HR via modulation of the rate of action
potential firing from SANCs [45]. The possibility that the observed HR change in the current
study may be a CaMKII-mediated effect on Ca2+ handling in SANCs in response to trypano-
somes warrants future investigation. The implications of a stress-induced increased HR during
trypanosome infection are important as this may in turn lead to an increased metabolic de-
mand on the heart at the expense of the other organs [46;47]. Given that patients with AT can
die from multiple organ failure [32] this increased metabolic demand is potentially significant.

Ex Vivo ECG Parameters for T. b. brucei Lister 427 Infections
The PR interval was not significantly altered by infection with Lister 427, but tended to de-
crease at 1 μM ISO in control animals while remaining unchanged in infected animals. A
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failure for the PR interval to shorten under β-adrenergic stimulation may reflect a decreased
ability of atrio-ventricular (AV) node conduction velocity to respond to β-adrenergic stimula-
tion (1st degree AV block) [48]. A PR interval of>200 ms has been reported in 3.7–14% of
HAT patients and was defined as 1st degree AV block [15;18]. However, a separate study Blum
et al. (2007) did not observe a significant change in PR interval in patients with HAT [19]. It is
therefore unclear whether trypanosome infection consistently results in altered AV node
conduction velocity.

The QTc was not significantly affected by infection with Lister 427. A prolongation of QTc
during clinical infection may be attributed to myocardial inflammatory infiltration leading to
altered electrical conductivity [9;12]. The cause of the QTc prolongation identified by Blum
et al. (2007) was not investigated but ascribed to the historical observation of myocardial in-
flammatory infiltration in patients with HAT [19].

In Vivo ECG Parameters for T. b. brucei TREU 927 Infections
The pleomorphic strain T. b. brucei TREU 927 was used to more closely approximate a natural
infection. This TREU 927 infection model demonstrated the classical undulating parasitaemia
phenotype (Fig 3B) and was sustainable over a longer time period (up to 11 days) compared to
the four-day infection model of Lister 427. Implanted biopotential recording devices had the
additional advantage of avoiding any cardio-depressive effect of anaesthesia while assessing
ECG parameters. In parallel with the Lister 427 infection model, the PR and QTc interval was
not significantly altered in the TREU 927 infection model. However, the normalised HR of the
TREU 927 infected animals in vivo was significantly increased. It is unknown whether the
anaesthetic regime used during ECG assessment in the Lister 427 infection model masked an
increased HR. Interestingly, a significant increase in the frequency of ventricular arrhythmias
(VPCs) with the TREU 927 infection model was also observed in vivo. The change in arrhyth-
mia frequency increased over the course of the model independent of the parasitaemia level
since the arrhythmia frequency remained increased when the parasitaemia reduced after the
first peak. This provides further evidence that African trypanosomes increase the propensity
for ventricular arrhythmias in vivo.

HR Changes in Ex Vivo Hearts from T. b. brucei TREU 927 Infections
As with the Lister 427 infection model, increasing concentrations of ISO elevated HR to a
greater degree in TREU 927 infected hearts. This supports an effect of trypanosome infection
on the response of the SANCs to ISO. Interestingly, HR in vivo was significantly increased in
the TREU 927 infection model (Fig 3C(i)), an effect lost upon removal of the heart ex vivo, but
reintroduced with the addition of ISO. It is possible that a circulating factor (which ISO simu-
lates) underlies the effect on HR observed in the TREU 927 infection model in vivo.

Ex Vivo ECG Parameters for T. b. brucei TREU 927 Infections
In parallel with the Lister 427 infection model, the PR interval tended to decrease in control an-
imals with a significant decrease in control animals at 1 μM ISO compared to no ISO, and was
significantly reduced compared to PR intervals in infected animals at 0.1, 1 and 10 μM ISO. Al-
though this suggests an effect on AV node conduction velocity similar to that reported in a pro-
portion of HAT cases [15;18], the lack of PR interval effect in rats in vivo suggests that
alteration of AV node conduction velocity may not be a significant feature in the rat in vivo
model of trypanosome infection. The QTc was not significantly altered despite an increase in
the level of inflammation (Fig 6B(ii)). It may be possible that the levels of inflammation in the
TREU 927 infection model were insufficient to induce a prolongation of the QTc interval as
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observed in patients with HAT, which is understandable given that HAT is a chronic disease of
months to years. However, it should be noted that direct comparison of QT intervals between
rats and humans should be interpreted with care since different channels are responsible for
QT interval control in these species [49].

T. b. brucei TREU 927 Infected Ex Vivo Hearts Show an Increased
Frequency of Arrhythmias
Increased VPC frequency was observed in the TREU 927 infection model in vivo in parallel
with increased levels of inflammation and the presence of extravasated parasites. However,
VPCs were absent when the same hearts were isolated ex vivo, only re-emerging in the pres-
ence of ISO. These novel data suggest that African trypanosomes create an arrhythmogenic
substrate in the heart, which when triggered by circulating factor(s) increases the propensity
for ventricular arrhythmias. The generation of an arrhythmogenic substrate in the current
study is not caused by a significant increase of fibrosis (a known arrhythmogenic factor) in the
TREU 927 infection model (Fig 6). However, the increased levels of inflammation observed
and the ability of T. b. brucei TREU 927 to extravasate into the myocardium—both of which
occur despite the parasitaemia levels being approximately 7 fold lower than with T. b. brucei
Lister 427—are likely contributors to the arrhythmogenic substrate. Importantly, the ex vivo
data reveal that these two factors by themselves are not able to lead to arrhythmias without an
additional circulating trigger. It is possible that β-adrenergic stimulation such as circulating
adrenaline/noradrenaline in vivo is the trigger for ventricular arrhythmias during trypano-
some infection and is mimicked by ISO when applied to ex vivo hearts from infected animals.
Whether the expected elevated levels of trypanosome-secreted TbCatL (compared with the
Lister 427 infection model) in vivo contribute to the trigger via increased CaMKII activity (as
would occur with β-adrenergic stimulation [50]) remains unknown and warrants further in-
vestigation in future studies.

Study Limitations
There are key differences in the infection profiles of the monomorphic and pleomorphic infec-
tion models that make direct comparison between the models difficult. The exponential nature
of parasite multiplication in the monomorphic Lister 427 model removes the ability to examine
infections beyond the first peak of parasitaemia. This biological limitation also results in a lack
of representation of parasite life cycle stages (i.e. short stumpy trypanosomes) relevant to infec-
tions in the field, resulting in restricted utility of the monomorphic model for exploring cardiac
pathogenesis in a meaningful manner. The novel data therefore highlight the requirement for
infection models that are capable of reflecting the chronic infection profiles of HAT and AAT
infections (e.g. pleomorphic TREU 927) to study HAT-induced cardiac pathophysiology.

Conclusion
The current study has successfully characterised in vivo cardiac electrical dysfunction in two in-
fection models of African trypanosomes. We have demonstrated for the first time that infection
with a pleomorphic strain of African trypanosome produces an increased frequency of ventric-
ular arrhythmias and provide evidence that this phenomenon requires a circulating factor in
combination with trypanosome infection. This novel animal model of African trypanosomiasis
provides a highly attractive platform to further study the cardiac/other organ-related patho-
physiology of African trypanosomiasis and the efficacy of therapeutic strategies to treat this
neglected disease.
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Supporting Information
S1 Fig. Organ mass data for T. b. brucei Lister 427 infection model. (A(i)) Mean ± SEM for
body mass (302.7 ± 4.1 vs. 301.0 ± 3.1 g; control (n = 24) vs. infected (n = 21); P>0.05). (ii-iv)
Mean ± SEM for organ mass to tibial length ratio for heart (29.3 ± 2.7 vs. 27.8 ± 4.8 mg.mm-1;
control vs. infected; P>0.05), liver (226.5 ± 5.7 vs. 246.2 ± 8.7 mg.mm-1; control vs. infected;
P>0.05), lung (33.1 ± 2.6 vs. 31.4 ± 1.9 mg.mm-1; control vs. infected; P>0.05) and spleen
(13.3 ± 0.4 vs. 26.5 ± 3.4 mg.mm-1; control vs. infected; P<0.05). (B) Photograph of
splenic enlargement.
(TIF)

S2 Fig. Organ mass data for T. b. brucei TREU 927 infection model. (A(i)) Mean ± SEM for
body mass (344.0 ± 8.5 vs. 314.7 ± 15.3 g; control (n = 5) vs. infected (n = 5); P>0.05). (ii-iv)
Mean ± SEM for organ mass to tibial length ratio for heart (34.1 ± 3.4 vs. 31.8 ± 5.6 mg.mm-1;
control vs. infected; P>0.05), liver (253.3 ± 8.9 vs. 244.7 ± 17.6 mg.mm-1; control vs. infected;
P>0.05) and spleen (17.2 ± 1.6 vs. 50.2 ± 7.5 mg.mm-1; control vs. infected; P<0.05).
(TIF)

Acknowledgments
We would like to thank Mrs. Anne-Marie Donachie for technical assistance in T. b. brucei pas-
saging in mice and the assistance of the histopathology technicians at Easter Bush Pathology,
Royal (Dick) School of Veterinary Studies.

Author Contributions
Conceived and designed the experiments: CSM LJM CML. Performed the experiments: CSM
CLR LRM. Analyzed the data: CSM CLR LRM. Wrote the paper: CSM LJM CML LRM.

References
1. Grab D, Kennedy P. Traversal of human and animal trypanosomes across the blood-brain barrier. J

Neurovirol. 2008; 14(5):344–51. doi: 10.1080/13550280802282934 PMID: 19016378

2. Kennedy PGE. Human African trypanosomiasis-neurological aspects. J Neurol. 2006; 253(4):411–6.
PMID: 16541214

3. Sternberg JM, Rodgers J, Bradley B, MacLean L, Murray M, Kennedy PGE. Meningoencephalitic Afri-
can trypanosomiasis: Brain IL-10 and IL-6 are associated with protection from neuro-inflammatory pa-
thology. J Neuroimmunol. 2005; 167(1–2):81–9. PMID: 16112751

4. MasochaW, Rottenberg ME, Kristensson K. Migration of African trypanosomes across the blood-brain
barrier. Physiol Behav. 2007; 92(1–2):110–4.

5. Mulenga C, Mhlanga JDM, Kristensson K, Robertson B. Trypanosoma brucei brucei crosses the blood-
brain barrier while tight junction proteins are preserved in a rat chronic disease model. Neuropathol
Appl Neurobiol. 2001; 27(1):77–85. PMID: 11299005

6. Nikolskaia OV, de AL, Kim YV, Lonsdale-Eccles JD, Fukuma T, Scharfstein J, et al. Blood-brain barrier
traversal by African trypanosomes requires calcium signaling induced by parasite cysteine protease. J
Clin Invest. 2006; 116(10):2739–2747. Erratum in J Clin Invest. 2008;118(5):1974. PMID: 16998589

7. Adams JH, Haller L, Boa FY. Human African Trypanosomiasis (T. b. gambiense): a study of 16 fatal
cases of sleeping sickness with some observations on acute reactive arsenical encephalopathy. Neu-
ropathol Appl Neurobiol. 1986; 12:81–94. PMID: 3703156

8. Poltera AA, Owor R, Cox JN. Pathological aspects of human African trypanosomiasis (HAT) in Uganda.
A post-mortem survey of fourteen cases. Virchows Arch A Pathol Anat Histopathol. 1977; 373(3):249–
65. PMID: 140506

9. Bertrand E, Serie F, Kone I. Symtomatologie generale de la trypanosomiase humaine africaine au mo-
ment du depistage. Med Afr Noire. 1973; 20:303–14.

10. MorrisonWI, Murray M, Sayer PD, Preston JM. The pathogenesis of experimentally induced Trypano-
soma brucei infection in the dog. Am J Pathol. 1981; 102:168–81. PMID: 6110340

Trypanosoma brucei Infection and Ventricular Arrhythmias

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003811 May 29, 2015 19 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003811.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003811.s002
http://dx.doi.org/10.1080/13550280802282934
http://www.ncbi.nlm.nih.gov/pubmed/19016378
http://www.ncbi.nlm.nih.gov/pubmed/16541214
http://www.ncbi.nlm.nih.gov/pubmed/16112751
http://www.ncbi.nlm.nih.gov/pubmed/11299005
http://www.ncbi.nlm.nih.gov/pubmed/16998589
http://www.ncbi.nlm.nih.gov/pubmed/3703156
http://www.ncbi.nlm.nih.gov/pubmed/140506
http://www.ncbi.nlm.nih.gov/pubmed/6110340


11. MorrisonWI, Murray M, Whitelaw DD, Sayer PD. Pathology of infection with Trypanosoma brucei: dis-
ease syndromes in dogs and cattle resulting from severe tissue damage. Contrib Microbiol Immunol.
1983; 7:103–19. PMID: 6825434

12. Poltera AA, Hochmann A, Lambert PH. A model for cardiopathy induced by Trypanosoma brucei brucei
in mice. A histologic and immunopatholic study. Am J Pathol. 1980; 99:325–51. PMID: 6990771

13. Poltera AA, Sayer PD, Rudin W, Bovell D. Trypanosomal cardiac valvulitis in vervet monkeys. Trop
Med Parasitol. 1985; 36:77–80. PMID: 4023556

14. Poltera AA. Pathology of human African trypanosomiasis with reference to experimental African try-
panosomiasis and infections of the central nervous system. Br Med Bull. 1985; 41(2):169–74. PMID:
3896375

15. Bertrand E, Serie F, Rive J, Compaore P, Sentilhes L, Baudin L, et al. Current features of cardiac symp-
toms in African trypanosomiasis in humans due to Trypanosoma gambiense (194 cases). Acta Cardiol.
1974; 29(5):363–81. PMID: 4548789

16. Tsala MP, Blackett K, Mbonifor CL, Leke R, Etoundi J. Functional and immunologic involvement in
human African trypanosomiasis caused by Trypanosoma gambiense. Bull Soc Pathol Exot Filiales.
1988; 81(3 Pt 2):490–501. PMID: 3197247

17. Blum JA, Zellweger MJ, Burri C, Hatz C. Cardiac involvement in African and American trypanosomiasis.
Lancet Infect Dis. 2008; 8(10):631–41. doi: 10.1016/S1473-3099(08)70230-5 PMID: 18922485

18. Fouchet M, Gateff C. Development of cardiovascular involvement in African trypanosomiasis due to
Trypanosoma gambiense. Med Trop (Mars). 1968; 28(5):583–90. PMID: 5706203

19. Blum JA, Burri C, Hatz C, Kazumba L, Mangoni P, Zellweger MJ. Sleeping hearts: the role of the heart
in sleeping sickness (human African trypanosomiasis). Trop Med Int Health. 2007; 12(12):1422–32.
PMID: 18076548

20. Bertrand E. [Cardiac involvement in human African trypanosomiasis]. Med Trop (Mars). 1987; 47
(1):91–3. PMID: 3586976

21. Collomb H, Bartoli D. The heart in human African trypanosomiasis caused by Trypanosoma gam-
biense. Bull Soc Pathol Exot Filiales. 1967; 60(2):142–56. PMID: 5632553

22. Blum JA, Schmid C, Burri C, Hatz C, Olson C, Fungula B, et al. Cardiac alterations in human African try-
panosomiasis (T.b. gambiense) with respect to the disease stage and antiparasitic treatment. Plos
Negl Trop Dis. 2009; 3(2). doi: 10.1371/journal.pntd.0000320 PMID: 19238218

23. Jones IG, Lowenthal MN, Buyst H. Electrocardiographic changes in African trypanosomiasis caused by
Trypanosoma brucei rhodesiense. Trans R Soc Trop Med Hyg. 1975; 69(4):388–95. PMID: 1216299

24. Elliott EB, McCarroll D, Hasumi H, Welsh CE, Panissidi AA, Jones NG, et al. Trypanosoma brucei ca-
thepsin-L increases arrhythmogenic sarcoplasmic reticulum-mediated calcium release in rat cardio-
myocytes. Cardiovasc Res. 2013; 100(2):325–35. doi: 10.1093/cvr/cvt187 PMID: 23892734

25. Robinson NP, Burman N, Melville SE, Barry JD. Predominance of duplicative VSG gene conversion in
antigenic variation in African trypanosomes. Mol Cell Biol 1999; 19(9):5839–46. PMID: 10454531

26. Herbert WJ, LumsdenWHR. Trypanosoma brucei: A rapid "matching" method for estimating the host's
parasitemia. Exp Parasitol. 1976; 40(3):427–31. PMID: 976425

27. Sagie A, Larson M, Goldberg R, Bengtson J, Levy D. An improved method for adjusting the QT interval
for heart rate (the Framingham Heart Study). Am J Cardiol. 1992; 70(7):797–801. PMID: 1519533

28. Walker MJA, Curtis MJ, Hearse DJ, Campbell RWF, Janse MJ, Yellon DM, et al. The Lambeth Conven-
tions: guidelines for the study of arrhythmias in ischaemia, infarction, and reperfusion. Cardiovasc Res.
1988; 22(7):447–55. PMID: 3252968

29. Bosnjak ZJ, Kampine JP. Effects of halothane, enflurane, and isoflurane on the SA node. Anesthesiol.
1983; 58:314–21.

30. Graves CL, McDermott RW, Bidwai A. Cardiovascular effects of isoflurane in surgical patients.
Anesthesiol. 1974; 41(5):486–9.

31. Hirumi H, Hirumi K, Doyle JJ, Cross GAM. In vitro cloning of animal-infective bloodstream forms of Try-
panosoma brucei. Parasitol. 1980; 80(02):371–82.

32. Kennedy PG. Clinical features, diagnosis, and treatment of human African trypanosomiasis (sleeping
sickness). Lancet Neurol. 2013; 12(2):186–94. doi: 10.1016/S1474-4422(12)70296-X PMID: 23260189

33. Reuner B, Vassella E, Yutzy B, Boshart M. Cell density triggers slender to stumpy differentiation of Try-
panosoma brucei bloodstream forms in culture. Mol Biochem Parasitol. 1997; 90(1):269–80. PMID:
9497048

34. Breidbach T, Ngazoa E, Steverding D. Trypanosoma brucei: in vitro slender-to-stumpy differentiation of
culture-adapted, monomorphic bloodstream forms. Exp Parasitol. 2002; 101(4):223–30. PMID:
12594963

Trypanosoma brucei Infection and Ventricular Arrhythmias

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003811 May 29, 2015 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/6825434
http://www.ncbi.nlm.nih.gov/pubmed/6990771
http://www.ncbi.nlm.nih.gov/pubmed/4023556
http://www.ncbi.nlm.nih.gov/pubmed/3896375
http://www.ncbi.nlm.nih.gov/pubmed/4548789
http://www.ncbi.nlm.nih.gov/pubmed/3197247
http://dx.doi.org/10.1016/S1473-3099(08)70230-5
http://www.ncbi.nlm.nih.gov/pubmed/18922485
http://www.ncbi.nlm.nih.gov/pubmed/5706203
http://www.ncbi.nlm.nih.gov/pubmed/18076548
http://www.ncbi.nlm.nih.gov/pubmed/3586976
http://www.ncbi.nlm.nih.gov/pubmed/5632553
http://dx.doi.org/10.1371/journal.pntd.0000320
http://www.ncbi.nlm.nih.gov/pubmed/19238218
http://www.ncbi.nlm.nih.gov/pubmed/1216299
http://dx.doi.org/10.1093/cvr/cvt187
http://www.ncbi.nlm.nih.gov/pubmed/23892734
http://www.ncbi.nlm.nih.gov/pubmed/10454531
http://www.ncbi.nlm.nih.gov/pubmed/976425
http://www.ncbi.nlm.nih.gov/pubmed/1519533
http://www.ncbi.nlm.nih.gov/pubmed/3252968
http://dx.doi.org/10.1016/S1474-4422(12)70296-X
http://www.ncbi.nlm.nih.gov/pubmed/23260189
http://www.ncbi.nlm.nih.gov/pubmed/9497048
http://www.ncbi.nlm.nih.gov/pubmed/12594963


35. van Deursen FJ, Shahi SK, Turner R, Hartmann C, Matthews KR, Clayton CE, et al. Characterisation of
the growth and differentiation in vivo and in vitro-of bloodstream-form Trypanosoma brucei strain TREU
927. Mol Biochem Parasitol. 2001; 112(2):163–71. PMID: 11223123

36. Myburgh E, Coles JA, Ritchie R, Kennedy PGE, McLatchie AP, Rodgers J, et al. In Vivo Imaging of Try-
panosome-Brain Interactions and Development of a Rapid Screening Test for Drugs against CNS
Stage Trypanosomiasis. PLoS Negl Trop Dis 2013; 7(8):e2384. doi: 10.1371/journal.pntd.0002384
PMID: 23991236

37. Caffrey CR, Hansell E, Lucas KD, Brinen LS, Hernandez AA, Cheng JN, et al. Active site mapping, bio-
chemical properties and subcellular localization of rhodesain, the major cysteine protease of Trypano-
some brucei rhodesiensei. Mol Biochem Parasitol. 2001; 118(1):61–73. PMID: 11704274

38. Elliott EB, Hasumi H, Otani N, Matsuda T, Matsuda R, Kaneko N, et al. K201 (JTV-519) alters the spa-
tiotemporal properties of diastolic Ca2+ release and the associated diastolic contraction during β-adren-
ergic stimulation in rat ventricular cardiomyocytes. Basic Res Cardiol. 2011; 106(6):1009–22. doi: 10.
1007/s00395-011-0218-4 PMID: 21901290

39. El-Armouche A, Rau T, Zolk O, Ditz D, Pamminger T, ZimmermannWH, et al. Evidence for protein
phosphatase inhibitor-1 playing an amplifier role in β-adrenergic signaling in cardiac myocytes. FASEB
J. 2003; 17(3):437–439. PMID: 12514122

40. Leineweber K, Heusch G. β1- and β2-Adrenoceptor polymorphisms and cardiovascular diseases. Br J
Pharmacol. 2009; 158(1):61–9. doi: 10.1111/j.1476-5381.2009.00187.x PMID: 19422376

41. ZhuWZ, Chakir K, Zhang S, Yang D, Lavoie C, Bouvier M, et al. Heterodimerization of β1- and β2-ad-
renergic receptor subtypes optimizes β-adrenergic modulation of cardiac contractility. Circ Res. 2005;
97(3):244–51. PMID: 16002745

42. Ludwig A, Zong X, Jeglitsch M, Hofmann F, Biel M. A family of hyperpolarization-activated mammalian
cation channels. Nat. 1998; 393(6685):587–91. PMID: 9634236

43. Kubo Y, Baldwin TJ, Nung Jan Y, Jan LY. Primary structure and functional expression of a mouse in-
ward rectifier potassium channel. Nat. 1993; 362(6416):127–33. PMID: 7680768

44. Lakatta EG, Maltsev VA, Vinogradova TM. A coupled SYSTEM of intracellular Ca2+ clocks and surface
membrane voltage clocks controls the timekeeping mechanism of the heart's pacemaker. Circ Res.
2010; 106(4):659–73. doi: 10.1161/CIRCRESAHA.109.206078 PMID: 20203315

45. Yaniv Y, Spurgeon HA, Ziman BD, Lakatta EG. Ca2+/calmodulin-dependent protein kinase II (CaMKII)
activity and sinoatrial nodal pacemaker cell energetics. PLoS One. 2013; 8(2):e57079. doi: 10.1371/
journal.pone.0057079 PMID: 23459256

46. Herbertson MJ, Russell JA, Walley KR. Myocardial oxygen consumption during dobutamine infusion in
endotoxemic pigs. J Crit Care. 1999; 14(3):125–32. PMID: 10527250

47. Hayes MA, Timmins AC, Yau E, Palazzo M, Hinds CJ, Watson D. Elevation of systemic oxygen delivery
in the treatment of critically ill patients. N Engl J Med. 1994; 330(24):1717–22. PMID: 7993413

48. Bexton RS, Camm AJ. First degree atrioventricular block. Eur Heart J. 1984; 5(suppl A):107–9. PMID:
6373267

49. Salama G, London B. Mouse models of long QT syndrome. J Physiol. 2007; 578(1):43–53.

50. Fischer TH, Herting J, Tirilomis T, Renner A, Neef S, Toischer K, et al. Ca2+/calmodulin-dependent pro-
tein kinase II and protein kinase A differentially regulate sarcoplasmic reticulum Ca2+ leak in human car-
diac pathology. Circ. 2013; 128(9):970–81. doi: 10.1161/CIRCULATIONAHA.113.001746 PMID:
23877259

Trypanosoma brucei Infection and Ventricular Arrhythmias

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003811 May 29, 2015 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11223123
http://dx.doi.org/10.1371/journal.pntd.0002384
http://www.ncbi.nlm.nih.gov/pubmed/23991236
http://www.ncbi.nlm.nih.gov/pubmed/11704274
http://dx.doi.org/10.1007/s00395-011-0218-4
http://dx.doi.org/10.1007/s00395-011-0218-4
http://www.ncbi.nlm.nih.gov/pubmed/21901290
http://www.ncbi.nlm.nih.gov/pubmed/12514122
http://dx.doi.org/10.1111/j.1476-5381.2009.00187.x
http://www.ncbi.nlm.nih.gov/pubmed/19422376
http://www.ncbi.nlm.nih.gov/pubmed/16002745
http://www.ncbi.nlm.nih.gov/pubmed/9634236
http://www.ncbi.nlm.nih.gov/pubmed/7680768
http://dx.doi.org/10.1161/CIRCRESAHA.109.206078
http://www.ncbi.nlm.nih.gov/pubmed/20203315
http://dx.doi.org/10.1371/journal.pone.0057079
http://dx.doi.org/10.1371/journal.pone.0057079
http://www.ncbi.nlm.nih.gov/pubmed/23459256
http://www.ncbi.nlm.nih.gov/pubmed/10527250
http://www.ncbi.nlm.nih.gov/pubmed/7993413
http://www.ncbi.nlm.nih.gov/pubmed/6373267
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.001746
http://www.ncbi.nlm.nih.gov/pubmed/23877259

