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Live imaging of microglia during
sleeping sickness reveals early
and heterogeneous
inflammatory responses
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Introduction: Invasion of the central nervous system (CNS) is the most serious
consequence of Trypanosoma brucei infection, which causes sleeping sickness.
Recent experimental data have revealed some more insights into the disease
during the meningoencephalitic stage. However, detailed cellular processes
befalling the CNS during the disease are poorly understood.

Methods: To further address this issue, we implanted a cranial window on the
cortex of B6.129P2(Cg)-Cx3cr1™™/J mice, infected them with Trypanosoma
brucei expressing RFP via intraperitoneal injection, and monitored microglial
cells and parasites longitudinally over 30 days using in vivo 2-photon imaging.
We correlated the observed changes with histological analyses to evaluate the
recruitment of peripheral immune cells.

Results and discussion: We uncovered an early involvement of microglia that
precedes invasion of the CNS by the parasite. We accomplished a detailed
characterization of the progressive sequence of events that correlates with
microglial morphological changes and microgliosis. Our findings unveiled a
heterogeneous microglial response in places of initial homeostatic disruption
near brain barriers and pointed out an exceptional capability of microglia to
hamper parasite proliferation inside the brain. We also found early signs of
inflammation in the meninges, which synchronize with the microglial
response. Moreover, we observed a massive infiltration of peripheral immune
cells into the parenchyma as a signature in the final disease stage. Overall, our
study provides new insights into the host-pathogen immune interactions in the
meningeal and parenchymal compartments of the neocortex.
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1 Introduction

The disease caused by the protozoal extracellular parasite
Trypanosoma brucei, known as sleeping sickness or Human
African trypanosomiasis (HAT), has a devastating impact on
human health, especially in the Democratic Republic of the
Congo and Central Africa (1). After infection, there is a
progressive invasion of the blood and lymphatic systems (disease
early stage, also known as hemolymphatic stage), and later, of the
central nervous system (CNS) (meningo-encephalitic stage or
disease late stage). In the late stage of HAT, when the disease
becomes barely treatable, clinical manifestations include severe
sleep disturbances, neurological and psychiatric disorders, coma,
and eventually, death without therapeutic intervention (2).

An early outgrowth of parasites in the mammalian host is
restricted by the immune response of macrophages and dendritic
cells, which are the primary immune cells involved in the disease (3).
The host-parasite coexistence for months or even years devoid of
encephalitic symptoms indicates an interplay of intricate mechanisms
between the host’s immune response and the parasite’s evasion
strategy, which prevents an early CNS compromise.

The brain is protected from pathogens by different specialized
barriers that include physical, physiological, and immune
components (4). They allow preserving constant conditions of the
interstitial fluid (ISF) inside the parenchyma. These barriers
encompass the blood-brain barrier (BBB) and the epithelial
barrier. The BBB separates the blood from the brain. It is
composed of the vascular endothelium, which fine-tunes a
bidirectional flow of ISF (4), and other cells like pericytes,
astrocytes, and microglia that maintain the barrier integrity and
regulate the transport of nutrients and waste products between the
blood and the brain (5). The epithelial barrier separates CSF from
the brain parenchyma. It comprises the pia/arachnoid brain barrier,
the ependyma lining the ventricle wall, and the choroid plexus
responsible for CSF production and serves as a barrier separating
the blood from the CSF (4). In contrast to these impermeable
barriers some specialized structures in the brain collectively called
the circumventricular organs (CVO) are surrounded by highly
permeable capillaries that allow for the exchange of substances
between the blood and the brain but also make these areas
vulnerable to systemic pathogen invasion. Different subsets of
immune cells present in the choroid plexus and meninges, or
microglia in the parenchyma are responsible for the defense
against pathogens that overcome physical barriers (5).

Microglia are highly dynamic cells (6, 7) and possess a set of
receptors (microglial sensome) (8) that allows them to efficiently
identify changes in the CNS microenvironment. Operating as a
network of vigilant resident immune macrophages, microglia are
capable of sensing pathogen-, disease-, and neurodegeneration-
associated molecular patterns (PAMPs, DAMPs, and NAMPs)
(9-11). The microglial sensome consists of around 100 genes (8,
12), which enable these cells to combat invading microorganisms,
clear potentially harmful debris, foster tissue repair by releasing
growth factors, and ultimately facilitate the restoration of tissue
balance. During development and homeostasis, microglia carry out

Frontiers in Immunology

10.3389/fimmu.2023.1253648

a range of non-immune tasks that are crucial for brain function,
including synaptogenesis and synaptic plasticity (13-17). Under
this specialized status, microglia possess a highly ramified
morphology and are called homeostatic microglia (18, 19).

Despite the predictable involvement of microglia in the disease
caused by Trypanosoma brucei, studies demonstrating their role in
the control and/or progression of HAT have been scarce hitherto.
Post-mortem analysis of brain tissue from patients who died of HAT
revealed diffuse microglial hyperplasia and formation of microglial
nodules (20, 21). In murine models of HAT, histological features of
glial cell activation have also been reported (22-24). Studies
performed in vitro to decipher interactions between microglia and
parasites have shown that the parasite or parasite-derived molecules
promotes microglial responses (25-27). Earlier, we demonstrated
that freshly isolated microglia from C57BL/6 mice responded to the
presence of bloodstream forms of T. brucei, increasing nitric oxide
production and engulfing parasites (26). The impact of this
phenomenon on the parasite’s elimination in vivo seems to be
critical but remains unknown.

Here we develop an experimental model to study long-term in vivo
imaging of individual microglia during Trypanosoma brucei infection.
With this model, we tracked the morphological changes of individual
microglia cells, longitudinally within the mouse’s brain parenchyma in
real-time, alongside the disease progression. The observations obtained
were further supported by immunohistochemical studies and
ultimately associated with the course of the disease. Our findings
unveiled a complex, continuous, and progressive heterogeneous
microglial response that initiates in the hemolymphatic stage of the
disease. We anticipate that this new approach will allow researchers to
further unravel, at the single-cell level, in a highly precise and timely
manner, the evolution of events that define the intricate connection
among pathogenesis, immune response, and even treatment efficacy in
the meningoencephalitis stage of sleeping sickness.

2 Materials and methods
2.1 Experimental animals

In this study, four to six-months-old transgenic mice expressing
the enhanced green fluorescent protein (EGFP) under the Cx3crl
promoter B6.129P2(Cg)—Cx3cr1tmlLi"/] (here referred to as
CX3CR1TP*) were employed. In CX3CR1STP/* mice the
expression of EGFP is achieved by placement of the EGFP
reporter gene into the Cx3crl locus encoding the chemokine
receptor CX;CR1, which is expressed in immune cells such as
macrophages and microglia (28). In addition, a cohort of four to six-
months-old wild type C57BL/6 mice was included to evaluate the
responses against infection using immunohistochemistry. These
wild-type mice also served as controls by comparing all infection
parameters with those observed in CX;CR1°*** mice. Animals
were housed under specific pathogen-free conditions, a 12:12h
light: dark cycle, and ad libitum access to food and water at the
Experimental Core Facility serving the Neurophysiology
Department, University of Tuebingen. Initially, animals were
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group-housed in polycarbonate cages equipped with environmental
enrichment tools. After surgery and during experimental
infection, animals were housed individually in the same
enriched environment.

Anesthesia and euthanasia: In this study, mice were
anesthetized under two circumstances, namely for cranial window
implantation and during imaging sessions. For the former, the 3
components narcosis (fentanyl 0.05 mg kg', midazolam 5.0 mg kg’
', medetomidine 0.5 mg kg') was administered through
intraperitoneal injection. For the latter, isoflurane (induction: 2%,
maintenance: 0.8-1%) was applied. Euthanasia was achieved by
deep anesthesia through intraperitoneal injection of ketamine/
xylazine (200 mg kg™ ketamine/20 mg kg ' xylazine) followed by
transcardial perfusion with ice-cold PBS.

2.2 Parasite strain and infection

Bloodstream forms (BSF) of Trypanosoma brucei brucei strain
GVR/35, expressing the red fluorescent protein mCherry (Tbb
GVR/35-mCherry, kindly provided by Jeremy Mottram and
Elmarie Myburgh, University of York, UK), were used to visualize
the parasite by intravital imaging using two-photon microscopy. In
mice, this strain causes a cyclical infection that develops for up to 35
days post inoculation (dpi) if animals are not treated (29). Infection
was achieved by intraperitoneal (i.p.) injection of 3 x 10* Tbb GVR/
35-mCherry parasites in PBS containing 5 mM glucose. Mock
animals were i.p. injected with the same amount of vehicle (PBS
+ 5 mM glucose).

2.3 Animal monitoring

Mice were daily monitored starting from day 0 (day of the
injection). The first time point (basal conditions) was acquired
before animals were injected either with vehicle or with the parasite
suspension. To maximize consistency, injections, as well as
temperature and body weight measurements, were scheduled at
the same time each day. Parameters like body temperature, weight,
breathing rate, vigilance, mobility, wound area (for mice with an
implanted cranial window), and general condition were individually
evaluated. A scoring system based on general activity and
physiological parameters, as shown in Supplementary Table SI,
was used to evaluate animal well-being and control endpoint
criteria. Stress severity was scored on a scale from 0 to 6 (normal
score, 0; maximum severity: 6). Animals that showed a score > 6
were euthanized and excluded from the study. After each
observation, points obtained in all categories were added and a
decision was made about the need for a new evaluation within the
next 12 hours or after 24 h (see Supplementary Table S1). To
determine parasite cell density, blood was drawn under isoflurane
anesthesia from the tail vein starting from 4 dpi using
a hemocytometer.
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2.4 C57BL/6 brain dissection
and immunolabelling

Experiments performed with wild type C57BL/6 mice involved
i.p. injection, daily monitoring, parasitemia quantification,
euthanasia after either 10, 20, or 30 dpi, brain dissection, and
preparation for IHC. This cohort was made up by 30 female, 4-6-
months old C57BL/6 wild type animals, divided into 6 groups,
namely, 10, 20, and 30 dpi infected and 10, 20, and 30 dpi mock
(n=5 per group). Briefly, mice were anesthetized at the denoted time
with ketamine/xylazine (200 mg kg™’ ketamine/20 mg kg™
xylazine) and transcardially perfused with ice-cold PBS followed
by 4% formaldehyde 0,1 M phosphate buffer (PFA) (Roti-Histofix,
Roth, Germany). Brains were dissected, olfactory bulbs and
cerebellum were removed, and tissue was incubated for 24 h in
PFA and further 24 h in 25% sucrose in PBS. Fixed brains were
embedded in Tissue Tek (Sakura), frozen on dry ice, and kept at
-80°C until use. Coronal brain cryosections of 50 um were
generated around the lateral ventricle area (Start: bregma 1.10
mm, interaural: 4.90 mm; End: bregma: 0.62 mm, interaural: 4.42
mm). For immunolabeling, brain sections were washed in PBS and
incubated overnight at 4°C with the following primary antibodies
diluted in PBS-plus (containing 5% normal donkey serum and 1%
triton): Iba-1 (1:500, goat; Wako, no. 011-27991), TMEMI119
(1:200, rabbit; Abcam, no. ab209064). In the case of TMEM119
staining, an additional step for antigen retrieval (30 min at 80°C;
citrate buffer pH 6.0) was necessary prior to incubation with the
primary antibody. Next, sections were washed in PBS and incubated
accordingly for 2 h at room temperature with the following
secondary antibodies in 2% Bovine Serum Albumin (Fraction V,
Serva, Germany): Alexa Fluor 488 Donkey-antirabbit-IgG for Iba-1
and TMEM119 (Invitrogen, USA, no. A21206), Alexa Fluor 594
Donkey-anti-goat-IgG for Iba-1 (Invitrogen, USA, no. A11058).
Finally, sections were washed with PBS and mounted on
fluorescence-free Superfrost Plus microscope slides (Langenbrick,
Germany) using Vectashield Mounting Medium (Vector
Laboratories, USA).

2.5 Imaging acquisition of
immunolabeled slides

Imaging was performed using an Olympus FV300 laser
scanning system with a mode-locked laser (MaiTai HP, Spectra
Physics) under either 20x water immersion objective (0.85,
UPlanSApo; Olympus, USA) or 40x water immersion objective
(0.80, NIR ApO; Nikon, Japan). The APT-user and MaiTai software
were utilized to control the laser in terms of light intensity and
excitation wavelength, respectively. Laser power was adjusted
individually to obtain the optimal saturation signal for each
exemplar. The secondary antibodies conjugated with Alexa 488
and 594 were excited at 800 nm wavelength and the emitted signal
was passed through a beam splitter (580 nm). To selectively
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transmit the emission light of the fluorophores, a BP510/84 filter
(for the green channel, Iba-1 or TMEMI119) and LP568 filter (for
the red channel, Iba-1) were used. To determine cell density,
presence of doubles, and soma area, fields of view (FOV) in the
superficial layers of the cortex, the periventricular region, and the
lateral preoptic area were imaged using the 20x objective and the
following parameters: 640 x 480 resolution, 4x digital zoom, 3x
Kalman filter, normal scanning speed, and step size 1 um (26 slides
in total, final depth of 25 pum). For cellular reconstruction and
morphometric analysis of microglia in Imaris, FOVs from the
cortex were imaged using the 40x objective and a higher
resolution: 1024 x 1024 resolution, 4x digital zoom, 3x Kalman
filter, normal scanning speed, and step size 1 pm (26 slides in total,
final depth of 25 um).

2.6 Iba-1" cell density and soma area in
different brain regions

Making use of the Iba-1 signal from the 640 x 480 resolution
images, microglial soma was analyzed by means of the GECIquant
plugin (30) in Fiji ImageJ (imagej.net/Fiji, NIH, v.1.53). Briefly,
background subtraction was performed for each channel separately.
Using the ROI detection module, Iba-1-positive cells (without cell
processes; only soma) were detected as Regions of Interest (ROIs).
Cells without full cell soma or cells on z-stack borders were
excluded from the analysis. Microglial cell number was detected
in the visualized z-stacks per image through “3D object counter”
plugin of Image]. Cells located on the borders without a completed
cell soma acquired inside the FOV were not counted. The total
volume in um?® analyzed per image was calculated by picture size
multiplied by the depth (200.32 um x 150.24 um x 25 pm). Cell
density was expressed in cell/um®. Additionally, these images
underwent further analysis to determine nearest neighbor using
the nearest neighbor distances plugin. The distance between nearest
neighbors was calculated and all values obtained per condition were
plotted as violin graphs.

2.7 Reconstruction of cortical microglia

3D high-resolution registrations of cortical microglia were analyzed
offline using Imaris software (Bitplane, v.9.6). At least 15 cells per
mouse (5 mice per condition, 6 conditions, n=30 mice; at least 450
cells) were reconstructed. First, the surface tool was applied to obtain
microglial soma. Segmentation was made in the region of interest (x-y-
z coordinates containing the soma). Smoothing was run at 0.173 and
the thresholding method was applied with background subtraction
based on local contrast. Volume, sphericity, and surface area data were
exported into separate Excel files and used for statistical analysis and
plotting using GraphPad Software (GraphPad Prism v.8.0.2).
Reconstruction of microglial processes was conducted using the
filament tracer tool. Briefly, a ROI covering the whole processes was
defined and a starting point was settled in the middle of the cell body.
The largest diameter of an extension and the thinnest of the process
were individually specified. For the former, the size of soma’s diameter
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was chosen whilst, for the later, the diameter size at the process end was
used. From this starting point the filament was reconstructed. The
calculation of seed points was performed using the functions “remove
seed points around starting point” and “remove disconnected
segments” (default setting 0.259 um). The absolute intensity and
local contrast were used as thresholds to remove disconnected
segments and to calculate process diameter, respectively. To reduce
calculation time, the image outside the ROI was not analyzed
afterward. After running the algorithm, accuracy was checked and
rectified manually when necessary. The correction was made based on
the visual signal of the respective cell. To eliminate branches calculated
within the cell body, the filament was clipped at the visual intersections
with the surface object (soma) and segments inside the cell body were
deleted. Filament length, branch numbers, terminal points, and the
number of intersections obtained from the reconstructed filaments
were exported into separate Excel files and used for statistical analysis
and plotting in GraphPad Software. Last, to obtain the volume
occupied/surveilled by one microglia, reconstructed processes from
each cell underwent convex hull tracing. The convex hull is a Matlab-
XTension from Imaris that computes the envelope around a filament
and creates a new surface that completely overlaps the filament object.

2.8 Cranial window implantation and in
vivo two-photon imaging

Longitudinal evaluation of CX;CR1“™* transgenic mice
encompassed cranial window implantation, recovery time after
surgery, infection with T. brucei by i.p. injection, daily well-being-
monitoring, parasitemia quantification, as well as in-vivo imaging of
microglia and trypanosomes almost every second day during a
maximum of 30 dpi. For in vivo two-photon imaging studies, a
cranial window was implanted 4 weeks before infection, as
previously described (31). Briefly, mice were anesthetized with 3
components narcosis (fentanyl 0.05 mg kg™', midazolam 5.0 mg kg
!, medetomidine 0.5 mg kg™') and a 3-mm cranial window drilled
on the right parietal bone over the somatosensory cortex between
bregma and lambda sutures. A cover glass was fixed with glue to
close the aperture and further sealed with dental cement. A
stainless-steel head bar was also fixed to the skull with additional
dental cement. After the surgical procedure, mice were woken up by
means of i.p. antidote injection (flumazenil 0.5 mg kg™, atipamezole
2.5 mg kg'!, naloxone 1.2 mg kg) and allowed to recover for 4
weeks before imaging was initiated. For each imaging session, mice
were lightly anesthetized with isoflurane (induction: 2%,
maintenance: 0.8-1%), put on a heating pad to keep body
temperature stable around 37°C (controlled by a rectal
thermometer), and attached to a customized holder by the metal
head bar. The respiratory frequency was also monitored and kept
stable between 80-110 breaths per minute. Using a combination of
window x-y coordinates and the blood vessel pattern, reference
points were chosen to find the same brain area over multiple
sessions to monitor the same microglia during the experiment.
Imaging was accomplished using a two-photon laser-scanning
microscope (Olympus FluoView 300, Olympus, Tokyo, Japan)
coupled to a mode-locked laser operating at 690 to 1040 nm
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wavelength (MaiTaiHP, SpectraPhysics, MountainView, CA, USA)
and equipped with a 20x water immersion objective (0.85,
UPlanSApo; Olympus, USA). EGFP was excited at 900 nm, while
mCherry fluorescence was acquired at the excitation wavelength of
800 nm. Multiple z-plane stack images were acquired at a 2 um z-
step, at a resolution of 0.345 x 0.345 um? per pixel X-Y with a
minimum depth of 120 pum, using the autofluorescence of the dura
as a guide for the setting of the upper boundary of the z-stack (0 um
depth). Time-series images for parasites visualization were obtained
with a frequency of 0.56 or 1.12 Hz.

2.9 In vivo longitudinal assessment of
microglia morphology and number

In vivo images were analyzed using Fiji Image] (imagej.net/Fiji,
NIH, v.1.53). Firstly, 3D images were normalized across time points
and z-planes to obtain the same volume over time. This was
necessary because of the engrossment of the meninges observed
in infected mice. Normalization implied the creation of 80 pm sub-
stacks (178.76 x 178.76 x 80 um) encompassing the volume of the
day 0. Next, all microglia were identified by comparing them with
the same area image on the previous day image, which allowed their
follow-up individually. Thereafter, using the GECI Quant plugin,
sub-stacks were background subtracted, and microglial soma was
selected with the ROI detection tool adjusting the threshold
accordingly. Soma size was calculated and plotted. To determine
microglia number, the plugin object counter was applied. Cells
located on the borders of the FOV were excluded from the analysis.
Cell density was expressed as a normalized value, taken as 100% the
cell density of each mouse at 0 dpi. To illustrate the development of
the heterogeneous morphological phenotype, for a selection of
microglia, merely the soma was reconstructed using the Imaris
software (Bitplane, v.9.6) as described above. Volume and sphericity
were calculated at the different time points and exported as Excel
files. Graphs were plotted using GraphPad.

Due to meningitis caused by the trypanosome infection, the
separation of the meninges can reach 100 um after 20 dpi and
impair imaging. Therefore, a microscope with a depth penetration
capacity of around 500 pm may be required for long-term in vivo
imaging of the parenchyma after 20 dpi.

2.10 Parasite load inside the meninges

The rapid movement of trypanosomes in the CSF did allow
their tracking by means of 3D imaging. Therefore, to estimate
approximate values for parasite burden inside the meninges, FOV's
of meninges were chosen for time series recordings at a frequency of
1.12 Hz. Areas and depths with the maximum trypanosome density
were selected and video recorded. For each animal, all
trypanosomes that appeared in two FOVs were manually
counted. Results are expressed as trypanosomes/mm®. The
average per animal per day was plotted on a heat-map.
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2.11 Meningeal thickness

Using the dura surface as a guide for the upper border (0 um) of
the meninges, the distance between 0 pum and the parenchyma
border was measured. The parenchyma border was recognized by
the appearance on the FOV of the first microglia. Images were
analyzed using Fiji Image]. Two 3D images per mouse were
quantified. The difference between the distance (um) measured at
every single experimental day and at day 0 was calculated. Results
are expressed as the average per mouse per day. With the purpose of
illustrating a visualization of the meningeal thickness, 3D images
were processed in Imaris. The orientation of the images was
horizontally rotated 90° to get the lateral view of the tissue and
the distance between the upper border and the parenchyma labeled.

2.12 Statistical analysis

Using power analysis, the minimum sample size was
determined a priori. Experimental groups were comprised of five
(5) animals each. For post hoc analysis of microglia and infiltrate,
three-time points (10 dpi, 20 dpi, and 30 dpi) were evaluated. To
determine microglial cell density, three brain slides per mouse were
stained. From each slide, three different fields of view were imaged
per every brain region evaluated (cortex, LPA, and PVR). At least
fifteen (14) cortical microglia per mouse were reconstructed for
morphometric analysis. For in vivo longitudinal imaging of
microglia, each mouse was imaged thrice per week for 4 weeks.
For parenchyma image acquisition, at least 3 FOVs per mouse were
recorded. For meninges measurements, two areas per mouse were
assessed. To determine parasite load inside meninges, at least two
time-lapsed recordings of two different FOVs were counted.
Statistical analysis was performed using GraphPad Prism software
v.8.0.2 (www.graphpad.com). First, normal distribution of data was
evaluated with Shapiro-Wilk, D’Agostino and Pearson normality
tests. Distributions were considered normal if p < 0.05. For two-
group comparisons with normal distribution, unpaired Student’s t-
test was performed. Samples with non-normally distributed data
were analyzed with the unpaired Mann-Whitney test. For all
statistical tests, values of p > 0.05 were defined as non-significant,
and p < 0.05 were defined as significant. Unless otherwise stated,
data are given as median + minimum and maximum (whiskers).
Lines plots represent the mean + SD.

2.13 Ethical statement

All procedures undertaken in mice were performed in
accordance with the Directive 2010/63/EU of the European
Parliament and the Council of the European Union and approved
by the Regional Council Office (Regierungsprasidum, Tiibingen)
under the project number PY17/05 to KF. Every effort was executed
to minimize animal suffering and to follow the 3Rs principle,
without compromising the validity of the research.
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3 Results

3.1 T. brucei infection induces mild to
moderate distress signs in C57BL/6
wild-type mice

Tbb GVR/35 strain causes a chronic CNS pathology in mice (29);
the disease develops for up to 35 days post inoculation (dpi) if animals
are not treated. To correlate histopathological changes in the brain
during experimental trypanosomiasis with disease progression, we
established an experimental setup that included: infection of wild-type
C57BL/6 mice by i.p. injection, daily well-being monitoring,
parasitemia quantification, euthanasia, and tissue preparation for
IHC (Figure 1A). Parasitemia displayed the oscillating behavior
characteristic for trypanosome strains developing chronic infection
(Figure 1B). Mock animals kept their body temperature within the
physiological range (36.8 + 0.7°C), with intra-animal variations from
0.5°C to 1°C. On the contrary, infected animals showed higher intra-
animal fluctuations in the range from 1.2°C to 2.1°C throughout the

10.3389/fimmu.2023.1253648

30 days of observation (Figure 1C). During this time, mock animals
increased their body weight on average by 4.7% concerning that on
day 0. Between 6-8 dpi and 28-30 dpi, infected mice showed a
significant body weight loss when compared with mock mice
(Figure 1D); on average the body weight of infected mice by the
end of the experimental infection decreased by 4.5% when compared
to the start values. All animals included in this study went into
experiments with a normal body weight within the range for strain,
age, and gender (24.7 £ 2.5 g). Clinical symptoms of the disease like
piloerection, slowed mobility, or somnolence were observed alongside
disease progression. The highest stress score obtained was 4 (<12h)
(moderate stress) and was found in some mice either by the first
parasitemia peak (5-7 dpi) or by the end of the experimental infection
> 26 dpi. A similar behavior was observed in infections performed in
CX;CRI™"" mice (Supplementary Figure 1). In this case, intra-
animal variations in body temperature were between 0.8-1.4°C and
1.4-2.6°C in mock and infected mice, respectively. While body weight
in mock animals remained fairly constant, infected animals lost an
average of 9.5% from the start weight (0 dpi) by day 30. Overall, the

A B
1.0x10% =
1.0x107 4
E
C57BL/6 mice (4-6 months old, female) e
- _ - 1.0x0%
l w4 |
: 1.0x102
1.0:0° — T T —T—
l\-i 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
n fec\tion days post infection
Daily monitoring up to 30 days C
- mock e infected mice
R w
0 10* 20* 30* dpi g
e
v v L
H
2
B T S
o 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
/ I N days post infection
GGy D
*IHC (Iba-1, TMEM119) \\ — //
N8/
Brain regions assessed: cortex (1), 2
Coronal cryo-sections periventricular region (2), and lateral ;5 100
preoptic area (3) =
Parameters by day 0 C57BL/6 mock C57BL/6 infected 2
n=15 n=1s £ ttt ttt
body temperature (°C) 36.50 +0.41 36.56 +0.49 =
body weight (g) 24.51+2.50 24.80 +2.54

FIGURE 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
days post infection

Mild to moderate distress signs in T.brucei-infected C57BL/6 mice. (A) Experimental design applied to C57BL/6 wild type mice. Basal parameters were first
assessed before animals were injected with either PBS (mock) or a parasite suspension (Tbb GVR/35-mCherry) (inserted table). Every day throughout the 30
days infection, well-being was documented using a scoring system to monitor movement, vigilance, breathing rate, parasitemia, and weight. Created using
BioRender. (B) Parasitemia course in C57BL/6 wild type mice monitored by direct counting using a hemocytometer. (C) Body temperature and (D) body
weight of mock and Trypanosoma-infected mice. Body temperature was measured using a rectal thermometer. Body weight is represented as the
percentage of the starting weight right before infection (n=5 mice per condition). Shadow areas in plots correspond to times where infected animals
exhibited the highest stress score. Arrows represent statistically significant differences. Statistical analysis was performed by False Discovery Rate (FDR)
determined using the Two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with Q = 1%.
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most evident changes correlated with the first peak of parasitemia or
the late meningo-encephalitic stage.

3.2 Microgliosis emerges right after the
first parasitemia peak

Microglia are long-lived cells that proliferate through self-
renewal during the organism’s lifetime. Under physiological
conditions, the microglial cell number remains relatively steady
because proliferation is balanced by intrinsic apoptosis (32). To
determine changes in microglia distribution, coronal cryo-slides
were stained with an antibody against the ionized calcium-binding
adaptor molecule 1 (Iba-1), which, in the healthy brain
parenchyma, is selectively expressed in microglia (33) and is
widely used in neuroscience to label microglia (34). As
trypanosomiasis may affect brain regions differently, three areas
were included in this analysis. Maximum projection images from
the cortex (Figure 2A), periventricular region (PVR) (Figure 2B),
and lateral preoptic area (LPA) (Figure 2C) showed significant
changes in the distribution and microglial morphology in all areas.
The distribution pattern of Iba-17 cells, given by the distance to the
nearest neighbor (dnn), showed a significantly reduced distance
between cells as early as 10 dpi in the cortex and LPA (Figures 2A, C
violin plots). In the PVR, a significant decrease in the cell-to-cell
distance was found after 20 dpi (Figure 2B, violin plot). By the end
of the experimental infection, the dnn lowered by 32.5%, 47.7%, and
47.4% in the cortex, PVR, and LPA, respectively. The fact that Iba-
1" cells come closer to each other is likely linked to a proliferation
increase of Iba-1" cells in the denoted regions in infected animals.
To determine whether microglia are proliferating the number of
dividing cells was assessed by direct counting of cells undergoing
cytokinesis before final cell division, i.e., still sharing the cytoplasm
(Supplementary Figure 2). An augment of dividing Iba-1" cells was
observed first in the cortex and LPA at 10 dpi and became most
pronounced with disease progression in all studied areas
(Figures 2A-C, upper whisker plot) thereafter. The highest
numbers of dividing cells in infected mice were found in the PVR
(3.20 + 1.09 cells per um® x 10°) and LPA (3.53 + 1.51 cells per um’
x 10°) after 30 dpi. In contrast, mock animals displayed lower and
steady numbers (a maximum of 0.47 + 0.19 cells per um® x 10°). In
line with these results, the total number of Iba-1" cells increased in
infected animals as early as 10 dpi in all regions analyzed in an even
proportion of ~30% (Figures 2A-C, right whisker plots on the
bottom). At 20 dpi, no major changes were found in the cortex (i.e.,
the observed 30% increase after 10 dpi was maintained), but in the
PVR and LPA the number of Iba-1" cells increased further, reaching
47% and 120%, respectively, when compared with the values of
mock mice. However, a massive rise in cell numbers happened after
30 dpi, more than doubling in the cortex and more than three-fold
in PVR and LPA. Beyond distribution and proliferation, an obvious
enlargement of the soma size was also detected. Significant
differences were found after 10 dpi in the cortex. After 20 dpi,
changes were discernible in all three areas. Furthermore, at 30 dpi
soma area was doubled in infected animals as compared to mock
mice (Figures 2A-C, left whisker plots on the bottom). Taken
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together, the infection caused changes in microglial number and
morphology after the first parasitemia wave. Alterations regarding
microglial proliferation were more marked in the deeper brain
regions PVR and LPA than in the cortex, but changes in soma size
became earlier visible in the cortex.

3.3 Infiltration of immune cells follows
microgliosis in infected mice

It is known that Iba-1 is not exclusively expressed in microglia
but also other immune cells like peripheral monocytes and
macrophages (35). As response to inflammation or infection,
circulating monocytes may infiltrate the brain. To evaluate a
potential migration of peripheral immune cells into the brain in
our experimental infection model, a more specific marker for
microglia, the transmembrane protein 119 (TMEM119) (36), was
used in double staining experiments together with Iba-1. Mock mice
did not show signs of infiltration, as nearly all cells displayed
positive staining for Iba-1 and TMEMI119. In trypanosome-
infected mice, however, cells exclusively stained by Iba-1 were
found only at 30 dpi (Figure 2D), but absent at 10 and 20 dpi.
This result clearly supports microglial proliferation during
trypanosomiasis but also demonstrates infiltration of peripheral
immune cells towards the end of the infection. Unlike the robust
Iba-1 staining, where microglial soma and processes are plainly
labeled, TMEM119 staining showed immunoreactivity in processes
and soma’s plasma membrane (Figure 2E). As judged from our
immunostaining results obtained after 30 dpi, from the total
amount of Iba-1 positive cells, representing microglia/
macrophages, roughly 40% in the cortex and LPA and more than
half in the PVR were identified as not microglia because they failed
to stain with TMEM119 antibody (Figure 2D, pie charts). On the
contrary, only a negligible number of Iba-1"/TMEM119 cells was
detected in a few mock animals (Figure 2D). These observations
indicate a substantial increase of microglia from 10 dpi onwards
in all evaluated areas of infected animals, which is strengthened by
the recruitment of immune cells at the end of the infection,
i.e., between 20 and 30 dpi, especially in the PVR. It is worth
mentioning that although TMEMI119 represents a reliable
homeostatic marker for microglia, its downregulation has
been reported in neurodegenerative diseases and models for
demyelination (37-39). Therefore, we cannot rule out that during
the late stage of the disease in our model, some microglia cells are
downregulating TMEM119.

3.4 Infection triggers a decrease in
microglial complexity

For diverse kinds of CNS pathology, it has been described that
microglia become less complex (shortening processes length and
number) and, under certain circumstances, may acquire an
ameboid shape (9, 40). For a comprehensive 3D quantitative
morphometric analysis of microglial cells in infected and mock
mice, high-resolution images of brain slices labeled by the Iba-1
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FIGURE 2

Microgliosis and subsequent infiltration of immune cells in different brain regions of T.brucei-infected C57BL/6 mice. After 10, 20, or 30 dpi, mice
were euthanized, and brains of vehicle-treated and infected mice were used for immunohistochemical studies. Three brain areas namely the cortex
(A), the periventricular region (PV) (B), and the lateral preoptic area (LPA) (C) were imaged and analyzed in mock and infected mice. On the left of
each figure part, representative MIP images of Iba-1* cells are shown. Violin plots show the distance to the near neighbor determined using Imaris
Whisker plots close to violin plots indicate the number of dividing cells per volume of tissue, estimated by direct counting of cells undergoing
mitosis before final cell division. Whisker plots in the bottom illustrate soma area of Iba-1* cells in the denoted regions (left), and Iba-1* cell density
(right). Data were analyzed using non-parametric Mann-Whitney test (distance to the near neighbor, dividing cells, and cell density) or parametric
unpaired t-test with Welch's correction (microglial soma area). *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001; ns, non-significant. Violin
plots show the median and the interquartile range of at least 85 cells. Whisker graphs display individual values per mouse (n=5 mice per condition)
and represent the median (non-parametric) or mean (+, parametric) with maximum and minimum. (D) Recruitment of immune cells at 30 dpi in
infected mice. Iba-1"/TMEM119" double-labeled cells and Iba-1"/TMEM119" cells were analyzed using the GEClquant plugin of ImageJ in
background subtracted 3D images (25 pm depth) and manually counted. On the top, absolute number of Iba-1" cells present in the cortex, PVR, and
LPA at 30 dpi. On the bottom, absolute number of Iba-1*/TMEM119" per region. On the side, pie charts showing percentage of immune cells
recruited (rose-colored), and microglia (green-colored). Data were analyzed using unpaired t-test with Welch's correction (cortex). **, p < 0.01; ***,
p < 0.001. (E) Representative MIP images (25 um depth, step 1 um) showing the labeling pattern for TMEM119 in a microglial cell in a mock mouse
(top) and absence of TMEM119 labeling in immune cells recruited, found in infected mice (bottom). Iba-1 signal in red. TMEM119 signal in green
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antibody were acquired and analyzed using the surface and filament
tracer tools of the Imaris software. Morphometric alterations of the
microglial soma over time included a significant volume and surface
area increase as of 10 dpi (Figure 3A, Supplementary Figure 3). Both
parameters in infected animals reached more than three times the
volume and surface area of mock mice at 30 dpi. Moreover, a
decrease in soma sphericity was another recurrent microglial
feature in infected animals (Figure 3A, Supplementary Figure 3).
As shown in the Figure 3C, when comparing individual
reconstructed cells from mock and infected mice, it becomes self-
apparent that microglia’s soma in infected animals (green dots)
blossoms into first less spheric (10 dpi), later turns bigger (20 dpi),
and, finally, develops into an oversized soma with short and thick
side extensions (30 dpi). Furthermore, microglial complexity,
expressed by the filament length, the number of branches, and
the filament terminals, significantly decreased in infected mice
compared with microglia from mock mice after the denoted
infection times (Figure 3A; see also Figure 3B). Even on 10 dpi,
these parameters were reduced on average by more than 10%
compared to the respective data obtained from mock animals
(Figure 3A, Supplementary Figure 3). Infection also caused a
decrease in the number of intersections and filament radius in
microglia, represented by a smaller AUC (Figure 3D), which was
significantly different as of 20 dpi. Microglial processes are very
dynamic and are constantly monitoring the area they occupy (6, 7);
therefore, the efficiency of individual microglial cells for surveying
the tissue is proportional to the volume they conquer with their
processes. Using the convex hull algorithm of Imaris, the surveilled
tissue volume per reconstructed cell was calculated. The convex
hull/soma volume ratio was plotted, it allows amending the increase
of soma volume that may overestimate the factual surveilled tissue
volume. A significant reduction of this parameter was found even at
10 dpi (Figure 3E).

3.5 Longitudinal in vivo analysis of
microglia reveals early responses during
the hemolymphatic stage of the disease

To characterize the timeline of events occurring during
trypanosomiasis in the microglial population at the single-cell
scale, CX;CR1°"™" transgenic mice were imaged before and
regularly after infection. Mice were subjected to craniotomy for
window implantation on the somatosensory cortex four weeks
before they were infected with the parasite and imaged nearly
every second day to visualize microglia and parasites. Our
experimental setup also included daily well-being monitoring and
quantification of parasites in blood (Figure 4A).

Circumventing big blood vessels, three to four cortical volumes
were selected at 0 dpi in each mouse. Individual microglia in those
cortical volumes were longitudinally tracked three times per week
until 30 dpi. Representative images of mock and infected mice
acquired using A 900 nm as excitation to stimulate GFP are shown
in Figure 4B; mock mice displayed few changes over time such as
few cell divisions and tiny migration of some cells (Figure 4B, left
panel). In contrast, microglia in infected mice showed a highly
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dynamic behavior (Figure 4B, right panel). Up to 5 dpi, cells in the
regions of interest were stable in terms of location. From 7 dpi
onward, a significant increase in cell number and changes in soma
shape were evident (Figure 4B, right panel; Figure 4C). To
quantitatively compare microglial morphology in both the control
and the experimental group, soma size was calculated using the ROI
detection plugin of GECI Quant. In mock mice, soma size remained
stable until 30 dpi (averagesoqpi: 48.97 + 1.97 pmz). Interestingly, in
infected mice, the microglial population behaved dissimilarly.
Starting from 7 dpi, a wider amplitude in the soma size range was
noticed, i.e., from the minimum to maximum value for a given day
(mockyqpi: 84.13 vs. infected;qpi: 175.5) (Figure 4D). For further
analysis, the 95™ percentile of the microglial soma size in mock
animals was calculated to obtain a reliable cut-off value of what can
be considered a physiological variation (doted-red line Figure 4D).
Remarkably, the proportion of cells in infected mice that showed a
size above the 95™ percentile from mock mice, considered to be
non-physiological, indicated a bi-phasic reaction with an initial
microglial response between 5-9 dpi followed by a second reboot
from 12 dpi onwards (Figure 4E). When results were expressed not
per cell, but per individuum (i.e., per mouse), significant differences
in the microglial area were found as early as 5 dpi (Supplementary
Figure 4). Furthermore, in infected mice at least three sets of
microglia were distinguished: one group stayed without
significant changes in size (Figures 5A, B, D yellow arrows),
another group was characterized by enlarging cell size without
cell division and the cells did typically die (Figures 5A, B, D blue
arrows), and a third population that enlarged volume, changed its
shape, and at the end generated two daughter cells (Figure 5A, B, D
pink arrows). Figures 5C illustrates fluctuations in the soma area of
each microglia tracked individually during 21 dpi in mock and
infected mice. The heatmap exposes the heterogeneous behavior of
individual microglia during the disease. Although a clear response
to the infection is observed, some microglia did not change their
size at all during the observed infection period, while others started
to respond even 2 days post-infection. Most microglial cells begin to
respond between 5-7 dpi, and although more cells become reactive
during the progression of the disease, no pattern in the soma
variations can be defined, apart from those described in
Figure 5B. It is important to mention that likely due to
inflammation, imaging quality in infected mice decreased with
disease progression and turned a reliable quantification of
morphological parameters after 21 dpi unviable. By contrast,
imaging of mock mice went straightforward through the
established experimental time of 30 days.

3.6 Parasite’s arrival into the CNS
intensifies microglial response

To evaluate the parasite’s onset in the CNS, and correlate observed
changes in microglia with parasite location, imaging was also
performed at A 800 nm to excite the mCherry protein constitutively
expressed in trypanosomes. As expected, parasites were first detected
inside blood vessels as red flash signals swimming with the bloodstream
at 5 dpi (Figure 6A). Parasite burden in the blood (as detected by direct
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FIGURE 3

Decrease of microglial complexity in T.brucei-infected mice. (A) Morphometric analysis of cortical microglia from infected and mock C57BL/6 mice
3D-images were acquired at high resolution (1024x1024) from 50 pym slides labeled with anti-lIbal antibody. At least 15 microglial somas per mouse
were reconstructed using the surfaces and filament tracer tools from Imaris. Lines represent the progression of each parameter normalized to time-
matched values from mock animals. Each value denotes the mean plus SD of 5 animals (See Figure S2 for absolute values of each parameter over
the time). (B) Representative examples of reconstructed microglia from mock (left panel) and infected (right panel) mice. Morphological
heterogeneity is evident at 30 dpi. Bars scale denote 5 pm. (C) Dot plot charts showing the distribution of soma volume vs. sphericity in mock and
infected mice. Percentages on plots denote proportion of infected cells above 95" percentile for volume (blue-dashed line) and below 5" percentile
for sphericity (red-dashed line) of time-matched mock mice. (D) Area under the curve (AUC) obtained plotting number of intersections relative to
the distance from the microglial soma in a radius of 50 pm (step 1 ym) in mock and infected mice. (E) Ratio convex hull volume vs. soma volume
For each reconstructed microglia, the volume obtained for the convex hull was divided by the soma volume of the corresponding cell to obtain a V
(convex hull)/V(soma) ratio per mouse. Graphs show the median with minimum and maximum. Data were analyzed using non-parametric Mann-
Whitney test. *, p<0.05; ***, p<0.001; **** p < 0.0001. (F) Representative reconstructed microglia (30 dpi) from mock (left panel) and infected
(right panel) showing the convex hull. Bar scale, 10 pm
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transgenic mice. (A) Experimental setup to visualize by two-photon microscopy

After 4 weeks recovery, mice were imaged (O dpi) to record basal conditions before infection and then injected intraperitoneally with either a parasite
suspension (3x10% parasites) or with the vehicle (PBS containing 5 mM glucose). Thereafter, imaging was performed three times per week over 4 weeks. 3-5
field of views (FOV) with up to 200 um depth were selected at O dpi and acquired at each imaging session over complete time. Animal well-being and
parasitemia were monitored during disease progression as well. (B) MIP images of the same area in the cortical region showing microglial cells expressing
eGFP. Images on the left are from a mock mouse (36-86 um depth, step 2 pm). Images on the right belong to an infected mouse (38-88 pm depth; step 2
pum). Bar scale: 10 um. (C) Microglial cell density in mock and infected animals. Cell numbers were obtained using the 3D object counter plugin of ImageJ in
a fixed tissue volume (2.5x10° um?). Cell density obtained was normalized to that of day 0. Gray shadow indicates a significant difference, (unpaired t-test
analysis at 7 dpi, p = 0.0018). (D) Microglial soma area from mock and infected mice. Soma area calculations were performed using GECI-Quant in ImageJ.
Dots represent somas of individual cells, red-dashed line denote 95" percentile of all analyzed microglia from mock animals. (E) Portion of cells categorized
as non-physiological in infected mice. The percentage of cells above the 95 percentile for each particular time is represented in green and black for

infected and mock mice, respectively
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transgenic mice. (A) Changes in volume (red line) and sphericity (grey line) in

three representative microglial cells that behaved differently during infection namely, cell showing non-significant changes in size and shape (yellow
arrow), overgrowing cell (blue arrow), and proliferative cell (pink arrow). The last generated a daughter cell, whose volume and sphericity are also
shown. Microglial volume and sphericity were obtained from reconstructed somas using Imaris Cell Imaging Software. Dotted lines indicate values at
0 dpi for volume (red) and sphericity (gray) to enable easy tracing. (B) Snapshots of reconstructed somas represented in A (identified with the
colored arrows). Numbers denoted days post infection. Bar scale: 10 pm. (C) Heatmap showing volume of single microglia during a maximum of 21
days. In the upper part of the heatmap are represented microglia from 5 mock animals (n=58). In the inferior part, are displayed single microglia
from 5 infected animals (n=57). Only cells that were visualized at O dpi but not those that appeared later in the region evaluated were considered
Cells were tracked for 21 days or until they either disappeared or migrated outside the region of interest under evaluation. Scale denotes volume
(um?®). Microglia that are not fully represented in the heatmap till 21 dpi, are the ones that either disappeared or divided. (D) MIP images of two areas
in the cortical region of infected mice where the reconstructed microglia were localized (see colored arrows), before parasite injection and until 19
dpi (superior panel, 42-92 pm depth; inferior panel, 18-68 pm depth; step 2 pm). Bars denote 10 um.

counting in blood samples) showed a direct relationship with lightning
signals frequency. Surprisingly, the first wave of parasites in blood
positively correlated with the first signs of microglial response to
infection like migration, soma size increase, and later, proliferation
(Figure 4). Extravascular parasites were visible inside the meninges
usually around 12 dpi (Figure 6B), in few cases, they showed up as early
as 7 dpi. These results are in accordance with an early study using the
parasite strain GVR35 and another transgenic mouse with similar
genetic background (41). By this time (12 dpi), a reboot of the
microglial response was obvious as evidenced by a further increase of
soma size and proliferation, which were stable after the first reaction (5-
7 dpi) (Figure 4). To estimate (semi-quantify) the parasite load inside
the meninges and because trypanosomes move extremely fast, high-
frequency time-lapse recordings were acquired and parasites in the field
of view were manually counted (Figure 6C). The highest parasite load
was observed between 12-14 dpi. After this time, in all mice evaluated
in this study, the trypanosome burden inside the meninges decreased
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but never disappeared. The maximum density of trypanosomes was
found in the area just above the pia mater. However, parasites were also
seen swimming freely in the CSF when imaging was displaced in the z-
axis (Suppl. Video 1). As judged by their active movement and their
capacity to proliferate in the CSF (Suppl. Video 2), it seems that the
meninges are at least in part a permissive environment for the parasite.
On the contrary, the brain parenchyma appears to be extremely
restrictive to parasite permanency. Despite an intensive search for
parasites inside the parenchyma, we did not observe free-moving
trypanosomes. Remarkably, microglia containing red signal inside
their cytoplasm (indicative for the mCherry protein) were often
found in areas where morphological features of microglial response
to infection were obvious (Figure 6D). In addition, another remarked
feature during disease progression was the increase of CX;CR1-positive
cells inside the meninges (Figure 6E, Suppl. Video 3). Diapedesis of
CX;CRI1-positive cells was a frequent phenomenon observed around
14 dpi and onwards (Suppl. Video 4).
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FIGURE 6
Parasite invasion and increase of the thickness of the meningeal space in infected CXsCR1°F”* transgenic mice. (A) Intravascular parasites (arrows)

were detected at 5 dpi in infected mice. MIP of a cortical plane located 12 pm below the parenchyma border. The projection was made from a time
series acquired at a frequency of 0.452 s; three frames are represented (40x magnification, 256x256 resolution). Blood vessels are delineated with
dashed lines. Scale bar: 20 pm. (B) Upper panel: Extravascular parasites in the meningeal space expressing mCherry were observed at 12 dpi. MIP
images showing the meningeal space close to the parenchyma border (thickness 4 um; scale bar 50 um). The acquisition was performed
longitudinally for 19 days. Dotted square in the image 12 dpi projects an amplified image to exhibit parasite morphology (scale bar: 20 um). Lower
panel: Changes in the blood vessels pattern were visible throughout the implanted window. Clouding of the window as of 9 dpi indicative for
development of oedema was noted. (C) Estimated parasite burden inside the meninges. Extravascular parasites swimming in a z-plane close to the
pia mater were counted from time series acquired at 1.12s frequency (n = 5 mice). (D) Images suggestive for microglial phagocytic activity. The
yellow fluorescent signal represents a merge which derives from GFP (microglia) and mCherry (expressed by trypanosomes). mCherry fluorescence
was found intracellular or in the microglial processes. MIP displayed, from left to right, as follow: infected 28 dpi, lower magnification (20x, Zoom1),
depth 22-34 pm:; scale bar 40 um. Amplification of the first image (20x, Zoom4) showing red cytoplasmatic material, depth 26-40 pm. Infected 12
dpi, (20x, Zoom3), showing red material in the processes, depth 26-76 pm. Mock 30 dpi (20x, Zoom4), typical image demonstrating clean processes
and cytoplasm in mock animals, depth 44-80 pm. Scale bars 10 um unless otherwise indicated. (E) CX3CR1-positive cells inside the meninges.
Average intensity image from a time series acquired at 8 ym above the parenchyma border. Frequency: 1.12s per frame, 43 frames. Scale bar 10 pm.
(F) Cortical area of an infected mouse at O dpi and the same area at 12 dpi (40x, Zoom4, Kalman filter 4). Single z-frames images from O dpi and 12
dpi are displayed to show displacement in the vertical (z-direction) of the view. On the right a schematic representation of the different frames
showed. Scale bar: 10 um. (G) Lateral view of the same tissue volume of an infected mouse imaged at O dpi, and 14 dpi. Meningeal space
engrossment is indicated by the white brackets on the left of each image (8 ym at O dpi, and 58 um at 14 dpi). (H) Schematic representation of the
observed increase in the meningeal space. Created using BioRender. () Changes over the time of the meningeal space thickness in Trypanosoma-
infected and mock mice. Variations with respect to the distance at basal conditions (0 dpi) were measured using ImageJ. The basal distance was
subtracted from the distance measured at each experimental day. Graph display the mean + SD from 5 mice in each condition. Gray shadow
denotes statistical significance. Data were analyzed using the multiple unpaired t-test and discovery determined using the Two-stage linear step-up
procedure of Benjamini, Krieger and Yekutieli, with Q = 1%. (Significance at 7 dpi, p = 0.003669).
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3.7 Signs of meningitis correlate with initial
microglial changes and precede parasite
entry in this compartment

Inflammation of the meninges develops in response to the
presence of pathogenic microorganisms that target the CNS, but
also in response to several systemic diseases (42). To unveil the
timepoint by which signs of meningitis appear, and uncover
possible associations with the observed microglial response, the
space between the upper part of the meninges and the brain
parenchyma was measured in mock and infected mice. A clear
indication of inflammation was a patent increase of window
cloudiness in infected animals starting from 9 dpi (Figure 6B).
Likewise, the displacement of the field of view in the z direction
from the initial 0 um plane at day 0 (zerogqi), which was settled
focusing the dura mater, was another evidence that the meningeal
space was progressively swelling. Figure 6F illustrates typical images
of infected mice; four different cortical depths of a unique field of
view before (0 dpi, upper panel) and after infection (12 dpi, inferior
panel) are shown. In this case, microglial cells that were located at
54 um below zerogqp; during the initial imaging at 0 dpi were found
at 12 dpi in 90 pm depth instead. Images obtained at 12 dpi also
showed the presence of extravascular parasites inside meninges with
higher parasite densities close to the parenchyma border, as
previously mentioned. Lateral views of 3D images from infected
animals clearly evidenced meningeal space swelling (Figures 6G, H-
schematic representation). Noteworthy, meningeal space in mock
mice was constant. Statistical analysis revealed significant changes
between mock and infected mice from 7 dpi onwards (Figure 6I),
i.e., 2 days after the first rise of parasites in the blood. Thus, the
displacement of the field of view in the z-direction is a valuable
parameter to appraise meningitis in this sleeping sickness animal
model as it is a sensitive and quantifiable parameter.

4 Discussion

As microglia are the primary immune cells in the brain
parenchyma, it has been assumed that they may take part during the
meningo-encephalitic stage of the sleeping sickness (23). Nevertheless,
microglia’s involvement in HAT has not been characterized so far, and
their study has remained a challenging task (43).

To our knowledge, this is the first study describing detailed
morphological spatio-temporal changes of the microglial response to
the infection caused by the protozoan parasite Trypanosoma brucei.
These morphological changes were associated with events underlying
disease progression like parasite burden in blood, animal condition,
parasite location in the CNS, and meninges inflammation (Figure 7).
Contrary to belief, we uncovered that in vivo cortical microglia start
responding to the disease already during the hemolymphatic stage (5
dpi), before the parasite has reached the CNS (typically at 12 dpi). This
initial microglial response (evidenced by soma size increase and
microglial processes length shortening) might work as a priming
phase for later, when the parasite arrives in the CNS, making these
immune cells poised to attack intruders efficiently. In addition to
cortical microglia, microglia in deeper regions of the brain (like those
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surrounding the lateral preoptic area, CVOs) also respond early to the
infection. In line with these findings, reports have shown that
trypanosomes were found in CVOs early upon infection, suggesting
that CVOs may serve as a gateway for parasite entry into the CNS (44,
45). Afterward, microglia located around the PVR started displaying
changes in number and shape. It is well established that the periphery
communicates with the brain by several routes, including the vagal
nerve or through cytokines, which in turn reach microglia in CVOs or
stimulate BBB’s endothelial cells to produce lipophilic messengers such
as prostaglandins that diffuse through the BBB, spreading the signal in
the parenchyma (reviewed in refs (46, 47).). Peripheral injection of LPS,
known to induce the expression of proinflammatory mediators like
TNF-o and IL-1fB, causes a microglial response (48, 49). Primary
humoral responses against T. brucei infection involve the production of
proinflammatory molecules such as TNF-o. and INF-y (50-52). Thus,
seems reasonable that a peripheral humoral response to trypanosome
infection can be sensed by microglia adjacent to the BBB. Therefore,
microglial changes around CVOs and perivascular areas appear earlier
than those near PVR, which has direct contact with the CSF rather than
with the blood.

Moreover, in our experimental model, parasites relocated from
the local inoculation site to the bloodstream (4-5 dpi) and
subsequently to the CSF (12 dpi). Therefore, anatomical niches
where these two fluids communicate with the brain (BBB and pial-
CNS barrier) may account for the time-dependent diversity in the
microglial response during infection. Indeed, we found that the
initial microglial response to the infection (5 dpi) stabilized after a
couple of days (~9 dpi) but rebooted right after parasites appeared
in the CSF (12 dpi). Remarkably, we found a shift in the maximum
microglia response of circa 48 hours after parasitemia reached the
highest level but a faster reaction when parasite burden in the CSF
increased. It may be due to a priming effect after the first infection
stimulus that allowed microglia to respond adeptly to a second
stimulus, as it has been seen in an infection model using
lipopolysaccharide (LPS) (53).

The response of microglial cells to infection is evident through
observable changes in their morphology. These changes were
heterogeneous, distinguishing at least three distinct types:
proliferative microglia, overgrowing microglia, and no responding
microglia. While determining the precise microglial function requires
multidimensional integration of transcriptomic, metabolomic,
proteomic, epigenetic, and phenotypic (morphology) data (54), some
microglial morphology and density alterations can be associated with
different roles. The local proliferation of microglia observed in
trypanosome-infected mice can lead to the formation of innate
immune barriers, which restrict the pathogen spread within the CNS.
This is of particular relevance in areas where physical barriers are
“weaker” (e.g., nearby CVO). In this scenario, the distance to nearest
neighbor (dnn) of microglia will be reduced to ensure a thicker and
more efficient network. Indeed, our data show diminished dnn around
CVO but also in the cortex. The last may be due to abundance of the
BBB in this area (high capillary density with more endothelial cells) that
enable enhanced interchange/communication with the periphery (55).
In the context of trypanosome-infected mice, microglia tended to
increase the volume of their cell bodies and thicken their processes,
adopting amoeboid forms commonly associated with phagocytosis.
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Synopsis of events during disease progression. After parasite inoculation there is an initial phase of local infection without visible symptoms of
disease. Around the day 4 parasites start to appear in blood. Typically, there is a peak of parasitemia at day 5, which is accompanied by significant
decrease of body weight (1). By this time microglia start responding to the infection. Mainly traits of microglial reaction here comprehend soma
volume enlargement, shortening of the total filament length and filament complexity decrease, and an augmented proliferation. These signs of
inflammation inside the parenchyma are paralleled in the meninges, where a significant increase of the meningeal thickness appears, however

without parasite invasion (2). Then, likely due to decline in parasitemia, the inflammatory response may become weaker; animals recover weight and
microglia remain in a steady state without further response (3). Normally by day 12, parasites arrive at the meninges and thus the microglial response
restarts devoid of significant delay. After a few days, meningeal parasite burden reaches a ceiling and microglia changes become pronounced and

widespread. Although by that time a significant number of immune cells have already infiltrate the meninges, recruitment into the parenchyma is not

a palpable feature yet (4). Next, meningeal thickness hits a maximum and meningeal parasite density drops (5). In the final stage of the disease,
around day 30, the well-being status of the host declines. Animals experiment weight loss, microglial processes length and complexity plummet,
microglia proliferation escalates, and by day 30 a massive infiltration of immune cells into the parenchyma is unmistakable (6). Illustration created

using BioRender.

Experimental evidence supports the occurrence of phagocytosis in vivo
during infection. We observed microglia containing mCherry-labeled
material (expressed by trypanosomes) within their cell bodies.
Remarkably, trypanosomes directly injected into the parenchyma
were unable to survive (56). We previously demonstrated that
microglia in vitro respond to the presence of the parasite by
engulfing and eliminating it through phagocytosis (26). Notably, in
the absence of peripheral immune cells infiltrate, microglia are the
primary immune cells responsible for phagocytosis in the parenchyma.
Microglia containing mCherry were observed from 12 dpi upwards,
before the infiltration of inflammatory peripheral cells occurred (after
20 dpi). Furthermore, microglial upregulation of genes associated with
antigen presentation were reported in a murine model of chronic
human African trypanosomiasis (HAT) (57).

The presence of parasites in the CSF has been extensively
demonstrated, and it is a marker for disease staging (58). However,
whether this anatomical environment is favorable or not for the
parasite’s survival has remained a matter of debate. Earlier studies on
the pathogenesis of trypanosome infection showed that, after the first
occurrence in the CSF, parasites persist there for weeks until animals
die (59). On the contrary, attempts to cultivate trypanosomes in vitro in
CSF failed, suggesting that the CSF contains trypanotoxic molecules
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(60). Some neuropeptides were shown to kill trypanosomes in vitro
(61), although at high concentrations. Interestingly, in our in vivo
observations, we visualized in all infected mice healthy trypanosomes
swimming in the CSF within the subarachnoid space, even conjoined
parasites (i.e., parasites undergoing cell division) were detected. It
cannot be ruled out that under conditions where the host immune
response causes an increase in the concentration of trypanotoxic
neuropeptides, the CSF becomes a less permissive environment but
is still not fully restrictive. The last assumption is sustained by the fact
that the parasite burden in the meninges, despite fluctuations,
never disappeared.

In addition to the CSF, parasites were found at the highest
density in the CSF-parenchyma border, i.e., directly on the pial cell
layer. Microglia located at this proximity showed heightened
responses, reflected by increased morphological changes. It might
be due to the diffusion of PAMPs through the CSF/ISF system (62)
and then into the parenchyma, ultimately sensed by microglia.

During the recordings of the meninges, we detected a significant
increase of other immune cells that express CX;CRI in the
leptomeninges in the course of the disease progression. A 47-fold
increase of T cells inside the meninges at 12 dpi was reported in a
similar experimental model as the one used in this study (41).
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Likewise, in another murine model of HAT a moderate
inflammatory cell infiltration into the meninges and the
perivascular space of some blood vessels was described (63). We
raised the question whether and when inflammatory cells can be
recruited into the neuropil. In infected animals, we found a
significant immune cell infiltration during the late meningo-
encephalitic stage (30 dpi), which was not present or negligible at
least up to 20 dpi. These findings are consistent with other studies
using mouse models of HAT that showed T cell infiltration after 27-
30 dpi (64, 65). In addition, earlier recruitment of T cells was
reported in T. brucei-infected mice and rats, however, in brain areas
not assessed in our study (66, 67). It was demonstrated that the
brain has its own system to manage immune responses, i.e., a local
immune cell supply chain that bypasses the systemic circulation (68,
69). This CNS-exclusive immune system involves CSF outflow
through the glymphatic system to the skull bone marrow and
leukocyte migration back toward the meninges (reviewed in ref
(70).). This fact may account for the early signs of inflammation
detected in the meninges after the first microglial response but
before parasite invasion in this compartment. Whether or not the
source of the parenchymal immune infiltration is skull bone
marrow, systemic circulation, or both and the impact of that on
the disease pathology needs to be investigated.

Overall, we conducted long-term in vivo phenomics studies of
microglia at the single-cell level, monitoring them in intact brains
during the progression of sleeping sickness. We achieved this powerful
approach by developing an animal model using two-photon
microscopy. We were able to observe the individual behavior of
microglia and chronologically associate it with the events that occur
in real-time in the animal model during the evolution of the entire
disease. Altogether, our comprehensive study shows the progressively
strong heterogeneous response of microglia during the progression of
sleeping sickness and demonstrates an unpredictable early involvement
of these cells during the hemolymphatic stage of the disease. This
investigation sets the stage for further evaluations to decipher the role
of microglia and other immune cells inside the CNS in neurotropic
infections before pathogens invade the brain. Combining the long-term
in vivo model developed here with omics approaches such as
epigenomic, proteomic, metabolomic, and transcriptomic will allow
researchers to define the state and function of microglia in the
progression of neuroinfectious diseases in a spatio-temporal context.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by the Regional Council Office
(Regierungsprasidum, Tiibingen) under the project number PY17/

Frontiers in Immunology

16

10.3389/fimmu.2023.1253648

05. The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

NU: Formal Analysis, Investigation, Methodology, Supervision,
Visualization, Writing — original draft, Writing - review & editing.
SG: Formal Analysis, Investigation, Visualization, Writing — review
& editing. CR: Formal Analysis, Investigation, Visualization,
Writing - review & editing. AS: Investigation, Visualization,
Writing - review & editing. EZ: Investigation, Writing — review &
editing. MD: Supervision, Writing - review & editing. OG:
Conceptualization, Resources, Writing - review & editing. KF:
Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Resources, Supervision,
Visualization, Writing — original draft, Writing - review & editing.

Funding

This work was financially supported by the faculty of medicine
from the University of Tibingen through its Fortiine program
(grant number: 2465-0-0 to KF).

Acknowledgments

We thank Prof. Jeremy Mottram and Dr. Elmarie Myburgh for
providing the Trypanosoma brucei strain used in this study (Tbb
GVR/35-mCherry).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1253648/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1253648/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1253648/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1253648
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Uzcategui et al.

References

1. World Health Organization. Control of Neglected Tropical Diseases (2022).
Available at: https://www.who.int/teams/control-of-neglected-tropical-diseases/
human-african-trypanosomiasis/atlas-of-hat (Accessed August 1, 2022).

2. Kennedy PG. Clinical features, diagnosis, and treatment of human African
trypanosomiasis (sleeping sickness). Lancet Neurol (2013) 12:186-94. doi: 10.1016/
$1474-4422(12)70296-X

3. Alfituri OA, Quintana JF, MacLeod A, Garside P, Benson RA, Brewer JM, et al. To
the skin and beyond: the immune response to african trypanosomes as they enter and
exit the vertebrate host. Front Immunol (2020) 11:1250. doi: 10.3389/
fimmu.2020.01250

4. Forrester JV, McMenamin PG, Dando SJ. CNS infection and immune privilege.
Nat Rev Neurosci (2018) 19:655-71. doi: 10.1038/s41583-018-0070-8

5. Joost E, Jordio MJC, Mages B, Prinz M, Bechmann I, Krueger M. Microglia
contribute to the glia limitans around arteries, capillaries and veins under physiological
conditions, in a model of neuroinflammation and in human brain tissue. Brain Struct
Funct (2019) 224:1301-14. doi: 10.1007/s00429-019-01834-8

6. Davalos D, Grutzendler ], Yang G, Kim JV, Zuo Y, Jung S, et al. ATP mediates
rapid microglial response to local brain injury. Vivo Nat Neurosci (2005) 8:752-8.
doi: 10.1038/nn1472

7. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Neuroforum (2005) 11:95-6.
doi: 10.1126/science.1110647

8. Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang L, Means TK, et al.
The microglial sensome revealed by direct RNA sequencing. Nat Neurosci (2013)
16:1896-905. doi: 10.1038/nn.3554

9. Prinz M, Jung S, Priller J. Microglia biology: one century of evolving concepts. Cell
(2019) 179:292-311. doi: 10.1016/j.cell.2019.08.053

10. Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I.
Disease-associated microglia: A universal immune sensor of neurodegeneration. Cell
(2018) 173:1073-1081. doi: 10.1016/j.cell.2018.05.003

11. Kreutzberg GW. Microglia: A sensor for pathological events in the CNS. Trends
Neurosci (1996) 19:312-8. doi: 10.1016/0166-2236(96)10049-7

12. Hickman SE, El Khoury J. Analysis of the microglial sensome. Methods Mol Biol
(2019) 2034:305-323. doi: 10.1007/978-1-4939-9658-2_23

13. Li Q, Barres BA. Microglia and macrophages in brain homeostasis and disease.
Nat Rev Immunol (2018) 18:225-42. doi: 10.1038/nri.2017.125

14. Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, et al.
Microglia modulate wiring of the embryonic forebrain. Cell Rep (2014) 8:1271-9.
doi: 10.1016/j.celrep.2014.07.042

15. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R,
et al. Microglia sculpt postnatal neural circuits in an activity and complement-
dependent manner. Neuron (2012) 74:691-705. doi: 10.1016/j.neuron.2012.03.026

16. Fourgeaud L, Traves PG, Tufail Y, Leal-Bailey H, Lew ED, Burrola PG, et al.
TAM receptors regulate multiple features of microglial physiology. Nature (2016)
532:240-4. doi: 10.1038/nature17630

17. Tremblay ME, Lowery RL, Majewska AK. Microglial interactions with synapses
are modulated by visual experience. PloS Biol (2010) 8:1000527. doi: 10.1371/
journal.pbio.1000527

18. Matcovitch-Natan O, Winter DR, Giladi A, Aguilar SV, Spinrad A, Sarrazin S,
et al. Microglia development follows a stepwise program to regulate brain homeostasis.
Science (80-) (2016) 353:aad8670. doi: 10.1126/science.aad8670

19. Woodburn SC, Bollinger JL, Wohleb ES. The semantics of microglia activation:
neuroinflammation, homeostasis, and stress. J Neuroinflamm (2021) 18:258.
doi: 10.1186/s12974-021-02309-6

20. Chimelli L. A morphological approach to the diagnosis of protozoal infections of the
central nervous system. Pathol Res Int (2011) 2011:290853. doi: 10.4061/2011/290853

21. Maloba FC, Ngotho M, Rajesh K. Glial cells response during human african
trypanosomiasis infection. Sci Parasitol (2012) 13:145-52.

22. Keita M, Bouteille B, Enanga B, Vallat JM, Dumas M. Trypanosoma brucei
brucei: A long-term model of human African trypanosomiasis in mice, meningo-
encephalitis, astrocytosis, and neurological disorders. Exp Parasitol (1997) 85:183-92.
doi: 10.1006/expr.1996.4136

23. Chianella S, Semprevivo M, Peng ZC, Zaccheo D, Bentivoglio M, Grassi-Zucconi
G. Microglia activation in a model of sleep disorder: An immunohistochemical study in
the rat brain during Trypanosoma brucei infection. Brain Res (1999) 832:54-62.
doi: 10.1016/S0006-8993(99)01449-3

24. Palomba M, Seke-Etet PF, Laperchia C, Tiberio L, Xu YZ, Colavito V, et al.
Alterations of orexinergic and melanin-concentrating hormone neurons in
experimental sleeping sickness. Neuroscience (2015) 290:185-95. doi: 10.1016/
jneuroscience.2014.12.066

25. Girard M, Ayed Z, Preux P-M, Bouteille B, Preud’homme J-L, Dumas M, et al. In
vitro induction of nitric oxide synthase in astrocytes and microglia by Trypanosoma
brucei brucei. Parasite Immunol (2000) 22:7-12. doi: 10.1046/j.1365-3024.2000.00264.x

Frontiers in Immunology

17

10.3389/fimmu.2023.1253648

26. Figarella K, Uzcategui NL, Mogk S, Wild K, Fallier-Becker P, Neher JJ, et al.
Morphological changes, nitric oxide production, and phagocytosis are triggered in vitro
in microglia by bloodstream forms of Trypanosoma brucei. Sci Rep (2018) 8:15002.
doi: 10.1038/s41598-018-33395-x

27. Campbell NK, Williams DG, Fitzgerald HK, Barry PJ, Cunningham CC, Nolan
DP, et al. Trypanosoma brucei secreted aromatic ketoacids activate the Nrf2/HO-1
pathway and suppress pro-inflammatory responses in primary murine Glia and
macrophages. Front Immunol (2019) 10:2137. doi: 10.3389/fimmu.2019.02137

28. Jung S, Aliberti J, Graemmel P, Sunshine MJ, Kreutzberg GW, Sher A, et al.
Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and green
fluorescent protein reporter gene insertion. Mol Cell Biol (2000) 20:4106-14.
doi: 10.1128/MCB.20.11.4106-4114.2000.Updated

29. Jennings FW, Gray GD. Relapsed parasitaemia following chemotherapy of
chronic T. brucei infections in mice and its relation to cerebral trypanosomes.
Contrib Microbiol Immunol (1983) 7:147-54.

30. Srinivasan R, Huang BS, Venugopal S, Johnston AD, Chai H, Zeng H, et al. Ca2+
signaling in astrocytes from Ip3r2 -/- mice in brain slices and during startle responses.
Vivo Nat Neurosci (2015) 18:708-17. doi: 10.1038/nn.4001

31. Holtmaat A, Bonhoeffer T, Chow DK, Chuckowree J, De Paola V, Hofer SB, et al.
Long-term, high-resolution imaging in the mouse neocortex through a chronic cranial
window. Nat Protoc (2009) 4:1128-44. doi: 10.1038/nprot.2009.89

32. Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F, Liang Y, Richardson P, et al.
Coupled proliferation and apoptosis maintain the rapid turnover of microglia in the
adult brain. Cell Rep (2017) 18:391-405. doi: 10.1016/j.celrep.2016.12.041

33. Hirasawa T, Ohsawa K, Imai Y, Ondo Y, Akazawa C, Uchino S, et al.
Visualization of microglia in living tissues using Ibal-EGFP transgenic mice. ]
Neurosci Res (2005) 81:357-62. doi: 10.1002/jnr.20480

34. Hopperton KE, Mohammad D, Trépanier MO, Giuliano V, Bazinet RP. Markers
of microglia in post-mortem brain samples from patients with Alzheimer’s disease: A
systematic review. Mol Psychiatry (2018) 23:177-198. doi: 10.1038/mp.2017.246

35. Greter M, Lelios I, Croxford AL. Microglia versus myeloid cell nomenclature during
brain inflammation. Front Immunol (2015) 6:249. doi: 10.3389/fimmu.2015.00249

36. Bennett ML, Bennett FC, Liddelow SA, Ajami B, Zamanian JL, Fernhoff NB,
et al. New tools for studying microglia in the mouse and human CNS. Proc Natl Acad
Sci U.S.A. (2016) 113:E1738-46. doi: 10.1073/pnas.1525528113

37. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al. The
TREM2-APOE pathway drives the transcriptional phenotype of dysfunctional
microglia in neurodegenerative diseases. Immunity (2017) 47:566-581. doi: 10.1016/
j-immuni.2017.08.008

38. Masuda T, Sankowski R, Staszewski O, Béttcher C, Amann L, Scheiwe C, et al.
Spatial and temporal heterogeneity of mouse and human microglia at single-cell
resolution. Nature (2019) 566:388-392. doi: 10.1038/541586-019-0924-x

39. Spiteri AG, Terry RL, Wishart CL, Ashhurst TM, Campbell IL, Hofer MJ, et al.
High-parameter cytometry unmasks microglial cell spatio-temporal response kinetics
in severe neuroinflammatory disease. J Neuroinflamm (2021) 18:166. doi: 10.1186/
§12974-021-02214-y

40. Butovsky O, Weiner HL. Microglial signatures and their role in health and
disease. Nat Rev Neurosci (2018) 19:622-35. doi: 10.1038/s41583-018-0057-5

41. Coles JA, Myburgh E, Ritchie R, Hamilton A, Rodgers J, Mottram JC, et al.
Intravital imaging of a massive lymphocyte response in the cortical dura of mice after
peripheral infection by trypanosomes. PloS Negl Trop Dis (2015) 9:1-29. doi: 10.1371/
journal.pntd.0003714

42. Rohde S. Inflammatory diseases of the meninges. Medical Radiology book series
Berlin, Heidelberg: Springer (2012), 127-37. doi: 10.1007/174_2012_633

43. Figarella K. Neuropathogenesis caused by Trypanosoma brucei, still an enigma
to be unveiled. Microb Cell (2021) 8:73-6. doi: 10.15698/MI1C2021.04.745

44. Masocha W, Kristensson K. Human African trypanosomiasis: How do the
parasites enter and cause dysfunctions of the nervous system in murine models?
Brain Res Bull (2019) 145:18-29. doi: 10.1016/j.brainresbull.2018.05.022

45. Bentivoglio M, Kristensson K, Rottenberg ME. Circumventricular organs and
parasite neurotropism: Neglected gates to the brain? Front Immunol (2018) 9:2877.
doi: 10.3389/fimmu.2018.02877

46. Perry VH, Cunningham C, Holmes C. Systemic infections and inflammation
affect chronic neurodegeneration. Nat Rev Immunol (2007) 7:213-21. doi: 10.1038/
nri2015

47. Salvador AF, de Lima KA, Kipnis J. Neuromodulation by the immune system: a
focus on cytokines. Nat Rev Immunol (2021) 21:526-41. doi: 10.1038/s41577-021-
00508-z

48. Gyoneva S, Davalos D, Biswas D, Swanger SA, Garnier-Amblard E, Loth F, et al.
Systemic inflammation regulates microglial responses to tissue damage. Vivo Glia
(2014) 62:1345-60. doi: 10.1002/glia.22686

49. Riester K, Brawek B, Savitska D, Fréhlich N, Zirdum E, Mojtahedi N, et al. In
vivo characterization of functional states of cortical microglia during peripheral
inflammation. Brain Behav Immun (2020) 87:243-55. doi: 10.1016/j.bbi.2019.12.007

frontiersin.org


https://www.who.int/teams/control-of-neglected-tropical-diseases/human-african-trypanosomiasis/atlas-of-hat
https://www.who.int/teams/control-of-neglected-tropical-diseases/human-african-trypanosomiasis/atlas-of-hat
https://doi.org/10.1016/S1474-4422(12)70296-X
https://doi.org/10.1016/S1474-4422(12)70296-X
https://doi.org/10.3389/fimmu.2020.01250
https://doi.org/10.3389/fimmu.2020.01250
https://doi.org/10.1038/s41583-018-0070-8
https://doi.org/10.1007/s00429-019-01834-8
https://doi.org/10.1038/nn1472
https://doi.org/10.1126/science.1110647
https://doi.org/10.1038/nn.3554
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1016/0166-2236(96)10049-7
https://doi.org/10.1007/978-1-4939-9658-2_23
https://doi.org/10.1038/nri.2017.125
https://doi.org/10.1016/j.celrep.2014.07.042
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1038/nature17630
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1186/s12974-021-02309-6
https://doi.org/10.4061/2011/290853
https://doi.org/10.1006/expr.1996.4136
https://doi.org/10.1016/S0006-8993(99)01449-3
https://doi.org/10.1016/j.neuroscience.2014.12.066
https://doi.org/10.1016/j.neuroscience.2014.12.066
https://doi.org/10.1046/j.1365-3024.2000.00264.x
https://doi.org/10.1038/s41598-018-33395-x
https://doi.org/10.3389/fimmu.2019.02137
https://doi.org/10.1128/MCB.20.11.4106-4114.2000.Updated
https://doi.org/10.1038/nn.4001
https://doi.org/10.1038/nprot.2009.89
https://doi.org/10.1016/j.celrep.2016.12.041
https://doi.org/10.1002/jnr.20480
https://doi.org/10.1038/mp.2017.246
https://doi.org/10.3389/fimmu.2015.00249
https://doi.org/10.1073/pnas.1525528113
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1038/s41586-019-0924-x
https://doi.org/10.1186/s12974-021-02214-y
https://doi.org/10.1186/s12974-021-02214-y
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1371/journal.pntd.0003714
https://doi.org/10.1371/journal.pntd.0003714
https://doi.org/10.1007/174_2012_633
https://doi.org/10.15698/MIC2021.04.745
https://doi.org/10.1016/j.brainresbull.2018.05.022
https://doi.org/10.3389/fimmu.2018.02877
https://doi.org/10.1038/nri2015
https://doi.org/10.1038/nri2015
https://doi.org/10.1038/s41577-021-00508-z
https://doi.org/10.1038/s41577-021-00508-z
https://doi.org/10.1002/glia.22686
https://doi.org/10.1016/j.bbi.2019.12.007
https://doi.org/10.3389/fimmu.2023.1253648
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Uzcategui et al.

50. Hertz CJ, Filutowicz H, Mansfield JM. Resistance to the african trypanosomes is
IFN-y Dependent. ] Immunol (1998) 161:6775-83. doi: 10.4049/jimmunol.161.12.6775

51. Magez S, Radwanska M, Beschin A, Sekikawa K, De Baetselier P. Tumor necrosis
factor alpha is a key mediator in the regulation of experimental Trypanosoma brucei
infections. Infect Immun (1999) 67:3128-32. doi: 10.1128/iai.67.6.3128-3132.1999

52. Drennan MB, Stijlemans B, Van Den Abbeele J, Quesniaux VJ, Barkhuizen M,
Brombacher F, et al. The Induction of a Type 1 Immune Response following a
Trypanosoma brucei Infection Is MyD88 Dependent. J Immunol (2005) 175:2501-9.
doi: 10.4049/jimmunol.175.4.2501

53. Wendeln AC, Degenhardt K, Kaurani L, Gertig M, Ulas T, Jain G, et al. Innate
immune memory in the brain shapes neurological disease hallmarks. Nature (2018)
556:332-8. doi: 10.1038/s41586-018-0023-4

54. Paolicelli RC, Sierra A, Stevens B, Tremblay ME, Aguzzi A, Ajami B, et al.
Microglia states and nomenclature: A field at its crossroads. Neuron (2022) 110:3458-
3483. doi: 10.1016/j.neuron.2022.10.020

55. Sun N, Akay LA, Murdock MH, Park Y, Galiana-Melendez F, Bubnys A, et al.
Single-nucleus multiregion transcriptomic analysis of brain vasculature in Alzheimer’s
disease. Nat Neurosci (2023) 26:970-982. doi: 10.1038/s41593-023-01334-3

56. Mogk S, Meiwes A, Shtopel S, Schraermeyer U, Lazarus M, Kubata B, et al.
Cyclical appearance of african trypanosomes in the cerebrospinal fluid: new insights in
how trypanosomes enter the CNS. PloS One (2014) 9:¢91372. doi: 10.1371/
journal.pone.0091372

57. Quintana JF, Chandrasegaran P, Sinton MC, Briggs EM, Otto TD, Heslop R,
et al. Single cell and spatial transcriptomic analyses reveal microglia-plasma cell
crosstalk in the brain during Trypanosoma brucei infection. Nat Commun (2022)
13:5752. doi: 10.1038/s41467-022-33542-2

58. World Health Organization. Control and surveillance of human African
trypanosomiasis. World Health Organ Tech Rep Ser (2013) 984:1-237.

59. Schmidt H. The pathogenesis of trypanosomiasis of the CNS. Studies on
parasitological and neurohistological findings in trypanosoma rhodesiense infected
vervet monkeys. Virchows Arch A Pathol Anat Histopathol (1983) 399:333-43. doi:
10.1007/BF00612951

60. Wolburg H, Mogk S, Acker S, Frey C, Meinert M, Schénfeld C, et al. Late stage
infection in sleeping sickness. PloS One (2012) 7:¢34304. doi: 10.1371/
journal.pone.0034304

Frontiers in Immunology

18

10.3389/fimmu.2023.1253648

61. Delgado M, Anderson P, Garcia-Salcedo JA, Caro M, Gonzalez-Rey E.
Neuropeptides kill African trypanosomes by targeting intracellular compartments
and inducing autophagic-like cell death. Cell Death Differ (2009) 16:406-16.
doi: 10.1038/cdd.2008.161

62. Ilift J], Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular
pathway facilitates CSF flow through the brain parenchyma and the clearance of
interstitial solutes, including amyloid B. Sci Transl Med (2012) 4:147ralll.
doi: 10.1126/scitranslmed.3003748

63. Rodgers ], Bradley B, Kennedy PGE. Delineating neuroinflammation, parasite
CNS invasion, and blood-brain barrier dysfunction in an experimental murine model
of human African trypanosomiasis. Methods (2017) 127:79-87. doi: 10.1016/
j.ymeth.2017.06.015

64. Masocha W, Amin DN, Kristensson K, Rottenberg ME. Differential invasion of
Trypanosoma brucei brucei and lymphocytes into the brain of C57BL/6 and 129Sv/Ev
mice. Scand ] Immunol (2008) 68:484-91. doi: 10.1111/j.1365-3083.2008.02170.x

65. Amin DN, Vodnala SK, Masocha W, Sun B, Kristensson K, Rottenberg ME.
Distinct toll-like receptor signals regulate cerebral parasite load and interferon o/ and
tumor necrosis factor a-dependent T-cell infiltration in the brains of trypanosoma
brucei-infected mice. J Infect Dis (2012) 205:320-32. doi: 10.1093/infdis/jir734

66. Laperchia C, Palomba M, Seke Etet PF, Rodgers ], Bradley B, Montague P, et al.
Trypanosoma brucei invasion and T-cell infiltration of the brain parenchyma in
experimental sleeping sickness: timing and correlation with functional changes. PloS
Negl Trop Dis (2016) 10:¢0005242. doi: 10.1371/journal.pntd.0005242

67. Olivera GC, Vetter L, Tesoriero C, Del Gallo F, Hedberg G, Basile J, et al. Role of

t cells during the cerebral infection with trypanosoma brucei. PloS Negl Trop Dis (2021)
15:€0009764. doi: 10.1371/journal.pntd.0009764

68. Pulous FE, Cruz-Hernandez JC, Yang C, Kaya g, Paccalet A, Wojtkiewicz G,
et al. Cerebrospinal fluid can exit into the skull bone marrow and instruct cranial

hematopoiesis in mice with bacterial meningitis. Nat Neurosci (2022) 25:567-76.
doi: 10.1038/s41593-022-01060-2

69. Mazzitelli JA, Smyth LCD, Cross KA, Dykstra T, Sun J, Du S, et al. Cerebrospinal
fluid regulates skull bone marrow niches via direct access through dural channels. Nat
Neurosci (2022) 25:555-60. doi: 10.1038/541593-022-01029-1

70. Kisler K, Zlokovic BV. How the brain regulates its own immune system. Nat
Neurosci (2022) 25:532-4. doi: 10.1038/s41593-022-01066-w

frontiersin.org


https://doi.org/10.4049/jimmunol.161.12.6775
https://doi.org/10.1128/iai.67.6.3128-3132.1999
https://doi.org/10.4049/jimmunol.175.4.2501
https://doi.org/10.1038/s41586-018-0023-4
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1038/s41593-023-01334-3
https://doi.org/10.1371/journal.pone.0091372
https://doi.org/10.1371/journal.pone.0091372
https://doi.org/10.1038/s41467-022-33542-z
https://doi.org/10.1007/BF00612951
https://doi.org/10.1371/journal.pone.0034304
https://doi.org/10.1371/journal.pone.0034304
https://doi.org/10.1038/cdd.2008.161
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1016/j.ymeth.2017.06.015
https://doi.org/10.1016/j.ymeth.2017.06.015
https://doi.org/10.1111/j.1365-3083.2008.02170.x
https://doi.org/10.1093/infdis/jir734
https://doi.org/10.1371/journal.pntd.0005242
https://doi.org/10.1371/journal.pntd.0009764
https://doi.org/10.1038/s41593-022-01060-2
https://doi.org/10.1038/s41593-022-01029-1
https://doi.org/10.1038/s41593-022-01066-w
https://doi.org/10.3389/fimmu.2023.1253648
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Live imaging of microglia during sleeping sickness reveals early and heterogeneous inflammatory responses
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Parasite strain and infection
	2.3 Animal monitoring
	2.4 C57BL/6 brain dissection and immunolabelling
	2.5 Imaging acquisition of immunolabeled slides
	2.6 Iba-1+ cell density and soma area in different brain regions
	2.7 Reconstruction of cortical microglia
	2.8 Cranial window implantation and in vivo two-photon imaging
	2.9 In vivo longitudinal assessment of microglia morphology and number
	2.10 Parasite load inside the meninges
	2.11 Meningeal thickness
	2.12 Statistical analysis
	2.13 Ethical statement

	3 Results
	3.1 T. brucei infection induces mild to moderate distress signs in C57BL/6 wild-type mice
	3.2 Microgliosis emerges right after the first parasitemia peak
	3.3 Infiltration of immune cells follows microgliosis in infected mice
	3.4 Infection triggers a decrease in microglial complexity
	3.5 Longitudinal in vivo analysis of microglia reveals early responses during the hemolymphatic stage of the disease
	3.6 Parasite’s arrival into the CNS intensifies microglial response
	3.7 Signs of meningitis correlate with initial microglial changes and precede parasite entry in this compartment

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


