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Neurobiology of Disease

Sleeping Sickness Disrupts the Sleep-Regulating Adenosine
System

Filipa Rijo-Ferreira,">* ““Theresa E. Bjorness,>** ““Kimberly H. Cox,' Alex Sonneborn,"?

Robert W. Greene,'* and “Joseph S. Takahashi'
1Department of Neuroscience, Peter O’Donnell Jr. Brain Institute, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111,
*Howard Hughes Medical Institute, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111, *Department of Psychiatry,
University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111, and *Research Service, VA North Texas Health Care System, Dallas,

Texas 75216-7167

Patients with sleeping sickness, caused by the parasite Trypanosoma brucei, have disruptions in both sleep timing and sleep
architecture. However, the underlying cause of these sleep disturbances is not well understood. Here, we assessed the sleep
architecture of male mice infected with T. brucei and found that infected mice had drastically altered sleep patterns.
Interestingly, T. brucei-infected mice also had a reduced homeostatic sleep response to sleep deprivation, a response modu-
lated by the adenosine system. We found that infected mice had a reduced electrophysiological response to an adenosine re-
ceptor antagonist and increased adenosine receptor gene expression. Although the mechanism by which T. brucei infection
causes these changes remains to be determined, our findings suggest that the symptoms of sleeping sickness may be because

of alterations in homeostatic adenosine signaling.
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ignificance Statement

static sleep drive, may be reduced in infected mice.

"

Sleeping sickness is a fatal disease that disrupts the circadian clock, causes disordered temperature regulation, and induces
sleep disturbance. To examine the neurologic effects of infection in the absence of other symptoms, in this study, we used a
mouse model of sleeping sickness in which the acute infection was treated but brain infection remained. Using this model, we
evaluated the effects of the sleeping sickness parasite, Trypanosoma brucei, on sleep patterns in mice, under both normal and
sleep-deprived conditions. Our findings suggest that signaling of adenosine, a neuromodulator involved in mediating homeo-

~
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Introduction

Sleeping sickness (human African trypanosomiasis) is a disease
endemic to sub-Saharan Africa. It is caused by the parasite
Trypanosoma brucei, which is transmitted to humans by the
tsetse fly (Franco et al., 2014). Sleeping sickness occurs in two
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phases. In the first, hemolymphatic phase, T. brucei parasites are
primarily found in the bloodstream, interstitial spaces of periph-
eral organs, and lymphatic system (Caljon et al., 2016; Capewell et
al., 2016; Trindade et al.,, 2016). The main symptoms during this
first phase of the disease include fever, fatigue, and pain. In the
second, meninge-encephalitic stage, the parasites invade the cen-
tral nervous system and cause psychiatric symptoms as well as the
progressive disruption of circadian rhythms, including altered
hormonal secretion, body temperature rhythms, daytime somno-
lence, and nighttime insomnia (Buguet et al., 2001; Blum et al,
2006; Tesoriero et al., 2019).

In humans, sleep can be divided into four stages: three sub-
stages of non-rapid eye movement (NREM) sleep [stage 3-4 also
called slow wave sleep (SWS)] and REM sleep. These stages can
be delineated by differences in brain activity as measured by elec-
troencephalography (EEG) and other physiological parameters,
such as muscle and eye movements (Jafari and Mohsenin, 2010).
In addition to changes in sleep timing, sleeping sickness patients
have altered sleep architecture, with REM episodes occurring im-
mediately after sleep onset [sleep-onset REM (SOREM)] instead
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of after NREM (Buguet et al., 2001, 2005). This change in sleep
structure is similar to what is seen with narcolepsy (Nishino and
Mignot, 1997; Fujiki et al., 2009). Interestingly, while neither
sleeping sickness nor narcolepsy causes increased total sleep
across the 24-h period (Dantz et al., 1994; Buguet et al., 2001),
narcoleptic patients do not have altered circadian rhythms
(Dantz et al., 1994). T. brucei is also distinct from other infec-
tions, which tend to increase sleep (Krueger and Opp, 2016;
Tesoriero et al., 2019). How the T. brucei parasite produces these
specific alterations to the sleep system remains an open question
(Lundkvist et al., 2004; Rijo-Ferreira and Takahashi, 2020).

Sleep is regulated by interactions of the circadian system with
a complex homeostatic network that balances sleep need with
arousal (Borbély et al., 2016). Although there are many signals
involved in maintaining arousal, an increase in extracellular
adenosine during wakefulness is thought to be a primary driver
of both homeostatic sleep need (Porkka-Heiskanen et al., 1997;
Saper et al., 2005; Bjorness et al., 2016; Bringmann, 2018) and
motivation-related arousal (Lazarus et al, 2019). In addition,
allostatic mechanisms, such as the production of somnogens
during infection, also promote sleep (Bringmann, 2018; Toda et
al., 2019). We previously showed that T. brucei infection shortens
the period of circadian behavioral activity in mice and disrupts
the molecular circadian clock within the suprachiasmatic nucleus
(SCN) of the hypothalamus (Rijo-Ferreira et al., 2018). However,
the effects of T. brucei on homeostatic drivers of sleep are
unclear.

The purpose of the present study was to examine the effects
of T. brucei infection on sleep architecture in a mouse model of
sleeping sickness. We found that, similarly to the human infec-
tion, T. brucei-infected mice had altered sleep architecture.
Interestingly, infection reduced the ability of mice to achieve or
maintain REM sleep. In addition, infected mice lacked a response
to sleep deprivation, which may indicate a change in their ability
to achieve sleep or reduced sleep drive in the face of homeostatic
challenge. Electrophysiological experiments and quantification
of gene expression suggested that these behavioral changes were
not due solely to inflammation induced by infection, but rather
may be caused by altered homeostatic adenosine signaling.

Materials and Methods

Ethics statement

All animal care and experimental procedures were performed in accord-
ance with University of Texas Southwestern Medical Center (UTSW)
IACUC guidelines, approved by the Ethical Review Committee at
UTSW.

Housing and surgical procedures

Adult (8- to 12-week-old) male C57BL/6] mice from the UTSW Mouse
Breeding Core Facility were housed in standard mouse cages with food
and water provided ad libitum. Cages were in a temperature-controlled
environment in a T24 12/12 h light/dark cycle. To determine sleep/wak-
ing activity, electroencephalogram (EEG) and Electromyography (EMG)
electrodes were surgically implanted as described previously (Bjorness et
al., 2009). Briefly, mice were anesthetized with isoflurane and the scalp
was sheared and cleaned. Mice were then placed in a stereotax (Kopf)
and four holes were drilled in the skull. Two EEG electrodes (Plastics
One) were placed bilaterally over the frontal cortex (AP +1.7 mm, ML
+1.77 mm) and two electrodes were placed bilaterally over the parietal
cortex (AP —1.7 mm, ML *+2 mm). Two EMG electrodes (Plastics One)
were placed bilaterally into the nuchal musculature. Electrode pins were
threaded into a six-pin pedestal and affixed to the skull with dental adhe-
sive (Fisher). After the surgery, the implant base was coated with antibi-
otic and animals were given Buprenex (0.1 ml, ip.) for analgesia.
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Animals were given 14 d to recover from surgery before tether adaption
and were housed singly following surgery.

Infection and suramin treatment

Infections were performed by intraperitoneal injection of 2000 T. brucei
brucei AnTat 1.1% parasites between Zeitgeber time (ZT)9 and ZT12
(3-h interval before lights are off; Rijo-Ferreira et al., 2018). This is a T.
brucei AnTat 1.1% 90-13, pleomorphic clone, from a transgenic cell-line
encoding the tetracycline repressor and T7 RNA polymerase (Engstler
and Boshart, 2004). For all injections, the parasite cryostabilates used
were obtained from a previous 5-d infection. Before infection, T. brucei
cryostabilates were thawed and parasite viability and numbers were
assessed by mobility under a microscope. Dilutions of parasite densities
were performed in HMI-11 medium to an inoculum of 100 ul.
Parasitemia was assessed by tail vein blood collected into HMI-11 me-
dium and assessed with a Neubauer chamber under the microscope. On
day 21 postinfection, at ZT9-ZT12, suramin (20 mg/kg, in 100 ul) was
administered intraperitoneally to both infected and uninfected control
mice.

Experimental groups

Three cohorts of controls and trypanosome-infected mice were used
(Fig. 1A, groups 1-3). The first cohort (n=4/group) underwent undis-
turbed (baseline) EEG/EMG recording before and following infection
(details for this design below, EEG/EMG recording). The second cohort
(n=6/group) underwent baseline recording before infection, a second
baseline following infection, and a recording after sleep deprivation
(details for this design below, Sleep deprivation protocol). The third
cohort (n=12 controls, n=15 trypanosome infected) underwent infec-
tion followed by tissue collection for in vitro electrophysiology [details
for this design below, Hippocampal field recordings (paired-pulse facili-
tation; PPF)] or gene expression measurement (details for this design
below, Quantitative real-time PCR).

EEG/EMG recordings

One cohort of control (n=4) and trypanosome-infected (n=4) mice
were monitored continuously for 48 h both preinfection (baseline) and
85d postinfection (Fig. 14, group 1). For recordings, cages were placed
in custom wooden boxes and a cable tether was secured to the implant
and a commutator (Plastics One) located on the lid of the box. Animals
were given at least 7d to acclimate to the cable before baseline record-
ings. Animals were disconnected from the tether between recordings
and returned to the colony room.

EEG and EMG activity were recorded using a Grass model 15LT am-
plifier system (Grass Technologies) with a sampling frequency of 256 Hz
and filtered between 0.1 and 300 Hz. Data were analyzed using a custom
MATLAB-based sleep scorer program. EEG and EMG signals were auto-
sorted in 10-s epochs followed by manual check of state assignment and
flagging of artifacts. Epochs with artifacts were excluded from all power
analyses (15,679 out of 681,070 epochs were excluded, or 2.3%).
Standard state criteria were used: waking was characterized by low am-
plitude, high-frequency EEG activity and high EMG activity, SWS by
high-amplitude, low-frequency EEG activity with negligible EMG modu-
lation, and REM sleep by low amplitude EEG activity with occasional
muscle twitches and low overall EMG activity. As is typical for rodent
models, SWS was not distinguished from NREM. & Power was defined
as EEG slow wave activity (SWA) power within a bandwidth 0.5-4.5Hz
and normalized to average y power (30-50 Hz) in which y was aver-
aged across all artifact-free epochs across states and across the entire
baseline period, unless otherwise noted. Episodes began with 30 consec-
utive seconds of a single state and ended with 30 consecutive seconds of
a single different state. State transitions shorter than three epochs (30 s)
were ignored.

Sleep deprivation protocol

A second cohort of animals (n=6/group) underwent surgery, baseline
recording, infection, and suramin treatment followed by sleep depriva-
tion (Fig. 1A, group 2) Mice were placed into bottomless cages sus-
pended above a treadmill, with the cable tether attached to a
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Figure 1.

T. brucei infection changes sleep architecture in mice. A, Timeline of methods for all experiments. In the first experiment, mice (n = 4/group) were evaluated via EEG and EMG pre-

infection and 85 d postinfection with T. brucei. In the second experiment, mice (n = 6/group) were evaluated via EEG and EMG preinfection and starting at 76—83 d postinfection (baseline and
SD). B, Before infection, there were no differences between groups in the % of total time spent waking. C, Postinfection, mice spent significantly more time waking (two-way ANOVA; main
effects of time Fy1,157) =17.78, p << 0.0001; and group F(; 17) = 6.128, p = 0.0241; * denotes group difference after multiple corrections). D, When % time waking was averaged over the dark
and light periods, infected animals spent significantly more time waking in the light phase (one-way ANOVA; Fi3 34y = 2.137, sp = 0.0054). E, Before infection, there were no differences
between groups in the % of total time spent in SWS. F, Postinfection, mice tended to spend less time in SWS. G, However, this difference was only statistically significant when averaged over
the dark and light periods (one-way ANOVA; F334 = 2.106, *p=0.0162). H, Before infection, there were no differences between groups in the % total time spent in REM sleep.
1, Postinfection, mice spent significantly less time in REM sleep (two-way ANOVA; main effects of time F;1 157 = 21.00, p << 0.0001; and group F; 17y = 11.32, p = 0.0037; and an interaction
Far,187) = 4340, p < 0.0001; * denotes group differences after multiple corrections). J, When % time in REM sleep was averaged over the dark and light periods, infected animals spent signif-

icantly more time in REM sleep in the light (daytime; Brown—Forsythe ANOVA; F3 15 7) = 25.60, #33p = 0.0061).

counterbalanced lever arm (Instech Laboratories) to facilitate free move-
ment. Animals were given 7d to acclimate to the recording tether and
treadmill environment before the initial recordings. Following infection,
mice underwent 24-h baseline recording, followed by sleep deprivation
with baseline occurring between one time, 76-83 d postinfection. The
sleep deprivation protocol varied across animals since the infected mice
were unable to maintain the necessary constant motion of the planned
chronic, partial sleep deprivation protocol previously used to assess sleep
homeostasis in adenosine-modulated animals (Bjorness et al., 2016).
Two control and two infected mice underwent 4-h sleep deprivation fol-
lowed by 2-h recovery sleep repeated eight consecutive times; both con-
trols survived while both infected mice died. Next, one control and one
infected mouse underwent 4-h sleep deprivation with 2 h of recovery

during the light phase only (i.e., eight total hours of sleep deprivation
per day); again, the control mouse survived, and the infected mouse
died.

For the remaining mice (# =3 control, n =3 infected), sleep depriva-
tion occurred via a combination of gentle handling and treadmill move-
ment. For control mice, the experimenter would turn on the treadmill
for short periods when a mouse would appear to fall asleep. Infected
mice were placed into a cage during periods of constant treadmill move-
ment and waking was enforced by gentle handling procedures such as
tapping the side of the cage or swirling the bedding within the cage.
Mice underwent two bouts of 4-h sleep deprivation followed by 2 h of re-
covery sleep repeated twice during the light phase of 1 d. All mice sur-
vived this sleep deprivation procedure; however, one infected mouse was
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Table 1. Primer sequences for qRT-PCR

Adk F: AATTTGGAAGCGTGTGTGTG
R: CCCCAAGTCCATCAGATGTC

Adora1 F: AGAACCACCTCCACCCTTCT
R: TACTCTGGGTGGTGGTCACA
Ifny F: CACACTGCATCTTGGCTTTG
R: T(TGGCTCTGCAGGATTTTC
110 F: (TCATGGGTCTTGGGAAGAG
R: CATTCCCAGAGGAATTGCAT
g F: GCCCATCCTCTGTGACTCAT
R: AGGCCACAGGTATTTTGTCG
Tnfa F: AATGGCCTCCCTCTCATCAGTT

R: CCACTTGGTGGTTTGCTACGA

excluded from analysis because of poor signal quality (high percentage
of epochs with artifact). With gentle handling, a high degree of sleep de-
privation was maintained (>97% waking), though a small amount of
total sleep was achieved (4 and 1min in two controls and 2.83 and
3.17 min in two infected mice).

Hippocampal field recordings (paired-pulse facilitation; PPF)

Infected and control mice (n=8/group; Fig. 1A, group 3) were treated
with suramin on day 21 postinfection, and 85 d postinjection mice were
anaesthetized under isoflurane, and the brains removed and blocked fol-
lowing rapid decapitation. Coronal slices (300 um thick) containing the
hippocampus were prepared using a vibratome (VT 1000S, Leica
Microsystems) in ice cold N-methyl-D-glucosamine (NMDG) ringer so-
lution then transferred to artificial CSF (aCSF) as described previously
(Takeuchi et al., 2016). One slice per animal was used for ex vivo field
recordings. Slices were transferred to a submersion chamber and were
perfused with aCSF at a rate of ~2 mlmin~" at 29-31°C. Field record-
ings from the stratum radiatum of dorsal CAl were acquired using a
borosilicate glass electrode (1-3 M()) filled with aCSF. A bipolar stimu-
lating electrode was also placed in the stratum radiatum of CA1 within
100-200 um of the recording electrode and stimulation (one stimulus
every 30s) was set to elicit a field EPSP (fEPSP) slope that was ~50% of
the maximum value. A stable 15-min baseline was obtained, followed by
paired pulse electrical stimulation using inter-pulse interval times of 10,
20, 50, and 100 ms, with six recordings per interval, averaged. An adeno-
sine Al receptor antagonist, 8-cyclopentyltheophylline (CPT) was then
applied to the bath (10 uM) for 15 min and the recording procedure was
repeated. Data were acquired using P-Clamp 10.

Quantitative real-time PCR

Infected and control mice were treated with suramin (Fig. 1A, group 3);
85d postinjection, at ZT5-ZT6, mice were euthanized with CO,. Blood
(200 ul) was collected via cardiac puncture and brain regions were dis-
sected. Total RNA was extracted using TRIzol (tissue) and TRIzol LS
(blood) following manufacturer’s protocol (Thermo Fisher Scientific).
cDNA was prepared using TagMan Reverse Transcription Reagents
(Thermo Fisher Scientific) with random hexamers. qRT-PCR was per-
formed with Sybr Green in an Applied Biosystems 7500 Real-Time PCR
System (RRID:SCR_018051) and normalized to Gapdh as a housekeep-
ing gene. Primer sequences are listed in Table 1.

Experimental design and statistical analyses

Statistical analyses were performed using GraphPad Prism version 7.01
for Windows or 8.0.0 for Mac (GraphPad Software, RRID:SCR_002798).
For time in state comparisons, data from cohorts 1 and 2 were averaged
in 2-h bins and compared using two-way ANOVA (time x group) and
then averaged within light and dark phases and compared using one-
way ANOVA with Sidak’s multiple comparisons test (within phase
across group), or Brown-Forsythe tests when standard deviations were
different between groups. REM was divided by total sleep (REM+%
NREM) in each 2-h bin and then averaged within light and dark phases
and compared using one-way ANOVA with Sidak’s multiple compari-
sons test. For episode number and duration, data were averaged within
the light and dark phases and compared using one-way ANOVA with
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Sidak’s multiple comparison test. Data were then divided into bins based
on duration (histogram) and compared using a two-way ANOVA with
Sidak’s multiple comparisons test (cumulative histogram for SWS dura-
tion) or Tukey’s multiple comparisons test (histogram for REM dura-
tion). For REM histogram analysis, the episode duration criteria (30 s)
were relaxed such that the distribution of shorter REM episodes (10-20
s) could be seen. State transitions were compared by calculating the
number of sleep episodes that preceded different sleep episodes (SWS to
REM and REM to SWS) and dividing by the total number of sleep spe-
cific episodes (ie., [SWS to REM]/total SWS; [REM to SWS]/total
REM). SWS transitions and REM transitions were compared between
groups using a ¢ test.

Normalized SWS SWA power was averaged in 2-h bins and com-
pared using two-way ANOVA (time by group), while average rebound
was calculated by the percent change in SWS-SWA from baseline condi-
tions to recovery conditions using time-matched circadian bins (i.e.,
ZT4-7T6, ZT10-ZT12, ZT16-ZT18,, ZT22-7T24) and compared using
a t test. Area under the curve (AUC) was calculated and compared
between groups using a f test.

SWA decrease across the light phase was calculated based on previ-
ously described methods (Nelson et al., 2013). For each baseline day, raw
SWA in each epoch was normalized to the 24-h average SWA and the
percentage change between the first and last consolidated 1-h sleep pe-
riod, defined as a high proportion of sleep epochs within a 1-h bin,
around the start and end of the light phase was calculated, after which
the percent change was averaged across baseline days and compared via
one-way ANOVA with Sidak’s multiple comparison test (across group
and time) and a Mann-Whitney ¢ test (between groups postinjection).
Spectral density was determined during baseline conditions; individual
10-s epochs were separated by state (waking, SWS, REM) after which
raw spectral power in each 1-Hz bin up to 100 Hz was normalized by the
total power for that same state; the slowest 1-Hz bin was excluded from
the total power calculation. Fractional power was then averaged across
epochs within each 1-Hz bin to get an average spectral distribution from
2 to 100 Hz by state and compared across conditions using a two-way
ANOVA (group by frequency). For clarity, Figure 2C,F,I are truncated
at 15 Hz; there were no significant differences above 15 Hz.

Sleep latency under sleep deprived conditions was calculated as the
waking duration from the beginning of sleep deprivation to the initial
SWS episode during recovery (for gentle handling, first sleep occurred
toward the end of the deprivation period) and was averaged across dep-
rivations so that each mouse contributed one average sleep latency. A t
test was used for group comparisons. SOREMs are defined as direct tran-
sitions from waking to REM. All scored files were analyzed for transi-
tions from waking episodes to REM episodes, but no such SOREMs
were found. We also looked for epochs with continuous waking activity
of at least 30 s followed by REM (Chen et al., 2006; Seke Etet et al.,
2012), but again no SOREMs were identified.

For electrophysiological recordings, calculated paired-pulse ratios
were compared via two-way repeated-measures ANOVA. qRT-PCR
data were analyzed using the DDCT method and compared using
unpaired t tests with Welch’s correction.

Results

Altered sleep architecture in a mouse model of sleeping
sickness

To model the second, meninge-encephalitic stage of the human
sleeping sickness infection (when sleep disturbances occur in the
absence of acute symptomology), mice were infected with T. bru-
cei then treated 21 d postinfection with suramin (20 mg/kg),
which kills the parasite in peripheral tissues while allowing it to
survive in neural tissues (Rijo-Ferreira et al., 2018). EEG and
EMG recordings were used to assess sleep behavior (divided into
three stages: waking, SWS, and REM sleep) in mice preinfection
and 85 d postinfection (Fig. 1A). Uninfected, suramin-treated
controls were also assessed at the same timepoints. Before infec-
tion, there were no differences between groups in the % of total
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time spent waking, in SWS, or in REM A
(Fig. 1B,E,H). However, postinfection,
mice spent significantly more time wak-
ing (two-way ANOVA; main effects of
time F(1,187 = 17.78, p<<0.0001; and
group F( 17 = 6.128, p=0.0241; Fig. 1C),
and less time in REM sleep (two-way
ANOVA; main effects of time F;,187) =
21.00, p<<0.0001; and group F( ;7 =
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mice spent significantly more time in
waking (one-way ANOVA; Fisq =
2.137, ##p=0.0054; Fig. 1D), and less
time in SWS (one-way ANOVA; F(354) =
2.106, #p=0.0162; Fig. 1G) or REM
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light phase. There was also a significant !
decrease in the REM to total sleep
(REM+SWS) ratio during the light phase ~ E
postinfection (Brown-Forsythe ANOVA;
F(334 = 3.878, #p=0.0173). These find-
ings are consistent with our previous
report of infected mice shifting their daily
activity profiles to become more diurnal,
showing increased activity during the
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Number of REM Episodes
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Bin (10 sec Epochs)
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O

light (daytime), when nocturnal mice are
usually resting (Rijo-Ferreira et al., 2018). F
In order to assess whether sleep archi-
tecture was similar between infected and
control mice, we also compared the dis-
tribution of sleep episodes (number and
duration). While there were no differen-
ces in the number or duration of SWS
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episodes between groups before T. brucei
infection, there was a leftward shift in the
distribution of episode duration following
infection (Fig. 2A,B); two-way ANOVA;
main effects of time Fgs 1105 = 802.6, p <
0.0001; and group F 7 = 9697, p =
0.0063; and an interaction Figs 1105) = 11.35,
p<<0.0001), indicative of more SWS epi-
sodes of shorter duration. These findings
are consistent with sleep episode fragmen-
tation that is associated with a loss of
adenosine signaling (Bjorness et al., 2016).
As with SWS, there were no differences in
the number or duration of REM episodes
before infection. However, postinfection, mice had fewer 10, 20,
60, and 90-s REM episodes as compared with controls (Fig. 2C,
D); two-way ANOVA; main effects of time F;,s7) = 29.06,
P <0.0001; and group Fy,;7) = 15.93, p=0.0009; and an interac-
tion F(11,1s7) = 3.512), while total REM duration was unchanged.
Example hypnograms of sleep/waking state across a 24-h period
(starting at lights off) are shown in Figure 2E,F. In addition to
changes in sleep state composition between groups, T. brucei also
influenced transitions between sleep/waking states with a lower
percentage of SWS episodes followed by REM episodes (¢ test;
ta7) = 4.021; p=0.0009) and REM episodes followed by SWS epi-
sodes in infected mice (f test; t(;7) = 2.076; p = 0.0534; examples of

Figure 2.

T T T T T T T T T T T T T T T T T T T T T T T T
6pm 7pm 8pm 9pm 10pm 11pm 12am 1am 2am 3am 4am 5am 6am 7am 8am 9am 10am 11am 12pm 1pm 2pm 3pm 4pm 5pm

T. brucei infection reduces the duration of SWS and REM episodes. A4, When SWS episodes were calculated by
cumulative duration across both the dark and light stages, there were no differences between groups preinfection. B, In con-
trast, postinfection mice clearly had more SWS episodes of short duration than the controls (two-way ANOVA; main effects of
time Fgs1105) = 802.6, p<<0.0001; and group F17) = 9.697, p=0.0063; and an interaction Figsq105 = 11.35,
p << 0.0001. C, When REM episodes were binned by duration (10-s epochs) across both the dark and light phases, there
were no differences between groups preinfection. D, However, postinfection, mice had fewer 10-, 20-, 60-, and 90-s REM
episodes (two-way ANOVA; main effects of time F;1 157 =
interaction F(11187) = 3.512, p=10.0002; * denotes group differences after multiple corrections). E, F, Example hynograms
showing the time course of wake, SWS, and REM across a 24-h period for control (E) and infected (F) mice. The yellow bar
indicates lights on. Open circles indicate REM to waking transitions, closed circles indicate REM to SWS transitions.

29.06, p < 0.0001; and group £ 17y = 15.93, p = 0.0009; and an

REM to waking transitions and REM to SWS transitions are indi-
cated in Fig. 2E,F). This higher percentage of SWS and REM epi-
sodes preceding waking indicates sleep fragmentation following
infection. Taken together, these results indicate that T. brucei
infection not only alters the circadian system (i.e., when animals
are sleeping), but also likely affects the other systems regulating
sleep homeostasis (Borbély et al., 2016).

To investigate the changes to sleep patterns further, we
focused on the light phase, the predominant sleep period of mice
where there were differences in the time spent in each phase of
sleep (Fig. 1D,G,]). There were no differences between groups in
the total number of waking episodes or waking duration (Fig.
3A,B). However, following infection, mice showed a shift toward
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(one-way ANOVA, Fg34) = 4.119; Fig.

A B C 3E) with a shift toward higher spectral fre-
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2 T = * =207 ability to enter REM. Together, the
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Figure 3.  T. brucei infection reduces the number of REM episodes and the duration of SWS. In the light phase, there were T. brucei infection reduces homeostatic

no effects of infection on the total number (4) or duration (B) of waking episodes. C, Following infection, mice showed a
shift toward lower frequency activity during waking (two-way ANOVA; interaction of time and group Fioggsy = 3.188,
p <<0.0001). D, There was also no effect of infection on the total number of SWS episodes, (E) but infection reduced the du-
ration of SWS (one-way ANOVA, Fi3 34 = 4.119, *p = 0.0088) and (F) shifted activity toward higher frequencies during SWS
(two-way ANOVA; interaction of time and group Fiog sy = 3.322, p << 0.0001). G, Infected mice also displayed a reduced
number of REM episodes (one-way ANOVA, Fi3 34 = 18.43, sxp < 0.0001), but (H) there were no effects of infection on
total REM duration, (/) while in infected animals activity was shifted to lower lower frequency during REM (interaction of
time and group Fiogssy) = 3.912, p < 0.0001). There were no effects of infection on any of these measures in the dark; =

denotes group differences after multiple corrections.
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Figure 4. T. brucei infection had no effect on  power or sleep latency. A, There were no

differences in -y power (3050 Hz) preinfection or postinfection. B, There were no differen-
ces between control and infected animals in their sleep latency under sleep deprivation con-
ditions. The dashed line indicates the end of the 4-h deprivation period in which the
treadmill belt stopped or gentle handling ceased. A subset of animals in each group achieved
sleep during the deprivation period under the gentle handling method.

slower spectral frequency activity during waking (two-way
ANOVA; interaction of time and group Foggsy = 3.188,
p < 0.0001; Fig. 3C), consistent with the idea that infected mice
spend more time in quiet wakefulness during the light phase.
Infection also decreased the average duration of SWS episodes

sleep rebound in mice

In order to evaluate the quality of SWS
after T. brucei infection, we quantified
SWA during SWS across the entire mea-
surement period. High-frequency EEG
waves present during wakefulness (i.e., y
power) did not differ between groups
(Fig. 4A); therefore, this parameter was
used to normalize SWS SWA power
(Bjorness et al., 2016). As expected, before
infection, all mice had peak SWA during
the dark phase, indicative of increasing sleep drive which devel-
ops with extended periods of wakefulness (in nocturnal animals
at night). However, after infection, the peak of SWA during SWS
was flattened over the circadian cycle, hinting at overall circadian
disruption and a reduction in sleep drive in infected mice (Fig.
5A,B). AUC analysis for SWS SWA indeed showed that the
infected group had a reduced SWS SWA area as compared with
controls (Z test; £(192) = 2.003; p = 0.0466; Fig. 5C).

A decrease in SWA during SWS is an indicator of an overall
decrease in sleep drive as the animal rests. Examples of SWA
decreases across the light phase are shown for a control (Fig. 5D)
and infected (Fig. 5E) mouse. When we calculated the percent
decrease in SWA from a consolidated sleep period near the be-
ginning of the light phase to a consolidated sleep period near the
end of the light phase, the infected mice had less of a decrease
than controls [ test; (1) = 1.962; #p = 0.0654 (Fig. 5F); examples
shown in Fig. 3D,E show 25.5% and 12% decrease, respectively].
These findings may indicate that infected mice do not have a
normal accumulation of sleep need during wakefulness, i.e., they
start out with a decreased drive, either because of a change in
rate of sleep need accumulation (Franken et al., 2001), or they
are unable to respond to sleep pressure. Either way, these results
reveal that, in addition to changes in sleep architecture, T.
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Figure 5.

T. brucei infection reduces sleep need. A, Before infection, all animals had peak SWA during SWS in the dark phase. B, After infection, the peak of SWA during SWS was flattened,

resulting in (C) an overall decrease in the AUC for SWS SWA (t test; f195) = 2.003; sp = 0.0466). D, A control mouse shows a decrease in SWA from near the beginning to the end of the light
phase (25.5%), whereas (E) an infected mouse shows an attenuated SWA decrease (12%). Blue bars indicate when measures were taken to quantify percent decrease. F, Group averages of the
percent decrease in SWA over the light phase show a non-significant trend toward less SWA decrease in infected mice (¢ test; t15) = 1.962; #p =0.0654). G, When mice were exposed to a
sleep deprivation protocol, control mice had a reduction in the duration of SWS episodes, indicative of consolidation (two-way ANOVA; Fes 6s0) = 6.989; p << 0.0001). H, SWS consolidation
was not seen in infected animals after sleep deprivation, as the distribution of SWS episodes was not altered. /, Controls also had a larger rebound in the light phase than infected animals (¢

test; g = 2.363; #p = 0.0560) as determined by percent increase in SWS SWA from baseline.

brucei-infected mice have a baseline reduction in homeostatic
sleep response.

Next, we evaluated sleep patterns in infected mice after sleep
deprivation (Fig. 1A). Initially, we used a treadmill sleep depriva-
tion protocol previously shown to prolong the duration of SWS
episodes (SWS consolidation) and increase the SWS above base-
line levels at the same circadian time (SWA rebound). Both of
these parameters are indicative of increased sleep need (Bjorness
et al,, 2009). However, the infected mice subjected to this proto-
col were unable to maintain the necessary walking pace and died
during the deprivation period; therefore, for the remainder of
the infected mice we switched to a sleep deprivation protocol
using gentle handling instead. As expected, control mice sub-
jected to sleep deprivation showed SWS consolidation as deter-
mined by an increase in the duration of SWS episodes as a
consequence of sleep need (two-way ANOVA; interaction of
time and group Fes650) = 6.989, p < 0.0001; Fig. 5G). However,
similar SWS consolidation was not seen in infected mice after
sleep deprivation (no differences between conditions; Fig. 5H),
and there was no difference in sleep achieved during the

deprivation period [5 min total across controls, 6 min total across
infected animals, p =0.72, ¢ test]. In addition, after sleep depriva-
tion, controls had the expected SWA rebound over the light
phase compared with baseline conditions, while SWA rebound
was reduced in infected mice (Z test, ¢ = 2.363, #p = 0.0560; Fig.
5I). Despite these findings, there was no effect of infection on the
latency to fall asleep after sleep deprivation, suggesting that there
is still some sleep control, but homeostatic control is compro-
mised (Fig. 4B). Taken together, our results suggested that mice
with sleeping sickness have altered sleep homeostasis. Because
the adenosine system is thought to mediate the homeostatic sleep
response (Bjorness and Greene, 2009), we hypothesized that T.
brucei infection may alter adenosine signaling.

T. brucei infection alters adenosine signaling

Activation of adenosine Al receptors (ADORAL1) is required for
SWA rebound in response to loss of sleep (Bjorness et al., 2009).
To investigate whether infected mice had altered adenosine sig-
naling, we performed PPF experiments using hippocampal CA1
field recordings from control and infected mice (n =8 animals/
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significant increases in Adk expression,
although there was a trend for increased expres-
sion in infected animals in frontal cortex (f test;
teo2) = 2.131; #p=0.0769). There was also a
tendency for infected mice to have increased
Adoral mRNA expressed in frontal cortex (¢
test; £(s) = 2.008; #p =0.0914) and hypothalamus
( test; £(5.039) = 2.081; #p =0.0915). Importantly,
although infection increased the expression of
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100 inflammatory cytokines in multiple tissues, con-
trol mice with implanted EEG electrodes also
had elevated expression of these same immune
genes as compared with non-surgical controls
and there were no statistical differences between
groups, indicating that immune activation alone
is not enough to explain the behavioral changes
in infected mice (Fig. 7B). Together with the
electrophysiological results, these findings sug-
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Figure 6.

have reduced adenosine signaling. All data points are represented at mean = SEM.

group), and compared paired-pulse facilitation (PPF) before and
after treatment with an ADORA1 antagonist, CPT (Brundege
and Dunwiddie, 1996; Dumas and Foster, 1998). Under normal
conditions, extracellular adenosine acts via ADORALI to decrease
the probability of vesicular glutamate release at hippocampal
Schaffer collateral synapses (presynaptic inhibition), leading to
stronger PPF. Therefore, blocking these receptors with CPT
should lead to attenuated PPF in mice with a functional adeno-
sine system.

Accordingly, slices from control mice demonstrated this
expected decrease in PPF after CPT treatment, indicative of basal
adenosine tone (two-way ANOVA; main effect of treatment
F(1,56) = 14.41; p=0.0004; Fig. 6A,C). However, PPF in infected
mice was not changed after ADORA1 antagonist exposure (two-
way ANOVA; F( 56) = 0.3043; p = 0.5834; Fig. 6B,C). Direct com-
parisons between control and infected groups shows that infected
mice exhibit a reduced baseline PPF resembling the PPF reduction
seen in controls after blockade. (two-way ANOVA; main effect of
treatment F; 55) = 11.40; p = 0.0013; Fig. 6D). These findings suggest
a possible reduction in tonic basal presynaptic inhibition mediated
by reduced adenosine tone in infected animals.

When adenosine kinase (AdK) is overexpressed in glial cells,
mice have decreased sleep drive because of decreased adenosine
signaling (Palchykova et al., 2010). T. brucei infection causes acti-
vation of astrocytes (Tesoriero et al., 2018), which is also associ-
ated with increased AdK activity (Boison, 2008). Therefore, we
hypothesized that infected mice may have increased expression
of AdK. Alternatively, it was also possible that infected mice
could have decreased adenosine tone because of decreased
ADORAL1 expression (Bjorness et al., 2009, 2016). To address
these possibilities, we performed qRT-PCR on multiple tissues in
control and infected mice. As shown in Figure 7A, there were no

100 gest that T. brucei infection may alter adenosine
signaling, thereby providing a possible mecha-
nism for altered homeostatic sleep control.

Hippocampal neurons from T. brucei-infected animals fail to respond to adenosine receptor antagonism.
A, B, Paired-pulse ratios from hippocampal CA1 of control (n = 8) and infected (n=8) animals (one slice per ani-
mal) before and after treatment with an adenosine A1 receptor antagonist, CPT. 4, Controls demonstrate a decrease
in PPF after CPT treatment [two-way ANOVA; = main effect of treatment F(; s) = 14.41; p=0.0004; * above data
points indicate significant differences (p << 0.05) after multiple comparisons (Sidak)]. B, Infected mice show no
response to CPT treatment (two-way ANOVA; F( 55 = 0.3043; p =0.5834). (, Representative traces from control
and infected mice in A, B. D, Pre-CPT comparison between control and treated animals also reached statistical signif-
icance (two-way ANOVA; * main effect of treatment F(; 55y = 11.40; p=0.0013), suggesting that infected mice

Discussion

Here, we report significant alterations in sleep
architecture in a mouse model of chronic sleep-
ing sickness. Our findings recapitulate many
aspects of the human sleeping sickness pheno-
type and provide further validation for this
murine disease model. T. brucei invades the
brain through the circumventricular organs
(Schultzberg et al., 1988; Laperchia et al.,, 2016).
However, treatment with suramin (Keita et al,, 1997), a drug
commonly used in the field to treat the first, hemolymphatic
stage of this infection, is unable to penetrate the blood brain bar-
rier. Thus, suramin treatment allows infected mice to survive sys-
temic infection and creates a model of the second, meninge-
encephalitic stage of the disease. We believe that this model of
sleeping sickness mimics the human infection, with parasites
rarely visible in the blood circulation while infiltrating the central
nervous system (Masocha and Kristensson, 2019; Tesoriero et
al.,, 2019). Using this model, we previously found that T. brucei
disrupted the circadian clock of the host, shortening the circa-
dian behavioral period and altering clock gene expression in
both central and peripheral tissues (Rijo-Ferreira et al., 2018).

In the rat, T. brucei infection alters melatonin receptor bind-
ing and neuronal activity in the master circadian pacemaker, the
SCN (Kristensson et al., 1998; Lundkvist et al., 2002), and also
changes clock gene expression in peripheral tissues (Lundkvist et
al., 2010). Our behavioral findings are largely consistent with
findings of sleep disturbances in T. brucei-infected rats (Darsaud
et al, 2004; Seke Etet et al, 2012; Laperchia et al, 2017).
However, our analysis was unable to detect any SOREM epi-
sodes, even when using relatively lax scoring criteria (Seke Etet et
al., 2012). This may be because of differences in study conditions.
Rats were typically assessed for up to 20d postinfection, and
therefore had systemic T. brucei parasitemia during EEG/EMG
recordings, which may cause more drastic sleep alterations. In
contrast, our mice received suramin treatment at 21 d postinfec-
tion and were recorded at 85 d postinfection. It is also possible
that there are species differences in SOREM episodes following
infection, although SOREM has been reported in mouse models
of narcolepsy (Fujiki et al., 2009). Of note, the alterations we see
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Figure 7. T. brucei infection alters adenosine A1 receptor mRNA expression in brain tis-

sues. mRNA expression was quantified with qRT-PCR, and data are presented for infected
(n=7) animals as fold-change relative to control (n = 3) expression. A, There was a trend
for increased Adk expression in the frontal cortex (t test; t0 = 2.131; #p = 0.0769). There
were also trends for increased ADORAT expression in infected animals in the blood (t test;
f6.043) = 2.196; #p = 0.0702), frontal cortex (¢ test; ts) = 2.008; #p = 0.0914), and hypothal-
amus ( test; f(s.039 = 2.081; #p =0.0915). B, mRNA expression of inflammatory cytokines
revealed no significant differences in mice with or without surgical implantation of electrodes
(n=3-7/group). Data are presented as relative to controls without surgery.

in sleep behavior are distinct from the direct wake to REM tran-
sitions seen with narcolepsy that are mediated by the orexin sys-
tem. While there is some indication that T. brucei infection
causes orexin and MCH neuronal death in rats (Palomba et al.,
2015) of which orexin loss would be expected to result in
SOREMs, other studies have shown that only T. brucei gambiense
induces significant damage to orexin and MCH neurons
(Laperchia et al., 2018) as well as the SCN (Tesoriero et al., 2018)
in susceptible organisms. However, these models may not fully
recapitulate human sleeping sickness pathophysiology, as post-
mortem studies do not indicate significant neuronal damage
(Kennedy, 2004).

Our findings that sleep deprivation by forced (slow) locomo-
tion resulted in death in infected animals are intriguing. They
suggest that these mice, although not enduring systemic infection
at the time of testing, have either (1) decreased ability to achieve
a constant level of physical activity even with slow locomotion or
(2) long-lasting negative health impacts that are not otherwise
apparent. In fact, studies in humans suggest that hypothalamic-
pituitary-adrenal (HPA) axis activity may be impacted in
patients even after suramin treatment (Reincke et al., 1994). It is
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worth noting that the results from the modified sleep deprivation
protocol used for the remaining infected animals are not
straight-forward to interpret. However, this method produced
similar total waking time as that of controls, and there was a sim-
ilar achievement of sleep during the deprivation period with the
gentle handling method as with the treadmill method, suggesting
that the mice were adequately and similarly sleep deprived across
groups. Nonetheless, further studies using optimized sleep depri-
vation procedures, possibly with cage changes and novel objects
to facilitate arousal maintained, would be beneficial. It may also
be useful to log the number of interventions needed to maintain
wakefulness as an additional index for sleep drive. Additionally,
examining the stress response in infected animals may give
insights into the pervasive neuropsychiatric and clinical aspects
of the meninge-encephalitic stage of sleeping sickness.

In addition to altered sleep patterns, we found that T. brucei-
infected mice had altered homeostatic sleep drive, both before
and after sleep deprivation, suggesting the involvement of the
adenosine system. Adenosine inhibits synaptic transmission in
the hippocampus and basal forebrain (Arrigoni et al.,, 2006;
Arrigoni and Rosenberg, 2006), but has been shown to activate
ventrolateral preoptic (VLPO) sleep-active neurons (Morairty et
al., 2004; Bjorness and Greene, 2009). Adenosine signaling medi-
ated through the ADORAL is necessary for SWA rebound after
sleep deprivation (Bjorness et al., 2009), and increasing adeno-
sine tone increases homeostatic sleep need (Bjorness et al., 2016).
Our results suggest that T. brucei infection causes a decrease in
baseline adenosine signaling, thereby reducing SWS SWA, indic-
ative of the need to sleep. This may be because of decoupling of
ADORAL1 from intracellular signaling pathways, a hypothesis
supported by the increase in Adoral mRNA in the brain, but
reduced response to ADORAL1 antagonism shown with in vitro
electrophysiology (PPF). It would be interesting in future studies
to examine ADORALI signaling pathways in neurons from
infected mice.

Interestingly, adenosine release from astrocytes, as well as
neurons, modulates sleep pressure (Halassa et al., 2009), and li-
popolysaccharide (LPS) injections have been shown to increase
the astrocytic release of adenosine to increase sleep drive (Nadjar
et al,, 2013). T. brucei has also been shown to activate astrocytes
in mice (Hunter et al., 1992), but it is unclear whether T. brucei
infection directly induces adenosine release. We used an indirect
measure of adenosine metabolism (i.e., quantifying AJK mRNA)
and did not detect a significant increase across tissues. However,
these findings from bulk tissues are by no means conclusive and
may warrant further investigation using single-cell resolution to
identify the genes that are activated and suppressed by T. brucei
infection.

T. brucei secrete prostaglandins (Kubata et al, 2000;
Kristensson et al., 2010), which causes the release of inflamma-
tory cytokines, many of which act as somnogens (Krueger et al.,
2001; Bryant et al., 2004; Imeri and Opp, 2009). More specifi-
cally, systemic infections, LPS injection, or administration of the
cytokines TNF-a or IL-1B all increase SWS while reducing REM
sleep (Morrow and Opp, 2005; Krueger et al., 2011; Tesoriero et
al., 2019), particularly with severe inflammation (Majde and
Krueger, 2005). In contrast with these studies, we show that T.
brucei-infected mice do not sleep more. Our in-depth analysis of
sleep architecture suggests that, although infected mice attempt
to enter deep sleep, disruption of SWS may decrease the number
of successful REM episodes. Moreover, although infected mice
show an increase in the expression of inflammatory cytokines,
this is not above the levels of controls receiving surgery. Thus,
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we speculate that the main influence of T. brucei on sleep, at least
in this advanced stage of infection, is not merely via cytokine sig-
naling. Alternatively, it is possible that T. brucei can both pro-
mote and combat cytokine signaling (Lundkvist et al., 2004),
including regulating the expression of suppressors of cytokine
signaling (SOCS; Alexander, 2002). Finally, it is possible that the
reduced homeostatic sleep drive seen here is a consequence of a
decrease in ability to achieve sleep. It would be informative for
future studies to determine whether T. brucei infection prevents
increased sleep following pharmacological or environmental
interventions (for example, the dual orexin receptor antagonist
suvorexant (Winrow et al., 2011) or a mild temperature increase
(Szymusiak and Satinoft, 1981; Roussel et al., 1984).
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