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Abstract. Trypanosoma brucel subspecies cause the human condition known as
“sleeping sickness.” In rabbits, these organisms induce a chronic and uitimately fatal
disease characterized by periodic parasitemia. To characterize sleep alterations dur-
ing a chronic infectious condition and to determine how immune stimulation of the
host, as reflected by cyclic parasitemia, Is related to altered somnolence, we moni-
tored sleep and other clinical indices in rabbits inoculated subcutaneously with Try-
panosoma brucel brucel. Within four days, infected rabbits developed fever, reduced
food intake, and other signs of infectious iliness concurrent with the onset of para-
sitemia were evident. The Initial febrile episodes were transient, recurring in temporal
correlation with parasitemia. Time spent in slow-wave sleep and delta-wave amplitude
during slow-wave sleep increased significantly in association with the onset of febrile
episodes, despite an overall trend toward decreases In these parameters. Because
each episode of parasitemia presents an immune stimulus to the infected host, the
periodic enhancement of sleep observed in this model is consistent with the hypoth-
esis that Immune stimulation s correlated with increased somnolence. The data fur-
ther indicate that sleep alterations occur not only during acute infections, as previ-

ously reported, but during chronic infections as well.

[P.S.E.B.M. 1994, Vol 205]

atigue and an increased desire to sleep are pre-

senting signs for many infectious conditions.

Acute bacterial, fungal, and viral infections in-
duce altered sleep patterns in rabbits (1-3). These al-
terations are characterized by an initial phase of in-
creased sleep that persists for up to 20 hr after inocu-
lation and a subsequent phase of reduced sleep. The
precise temporal patterns depend on the infectious
agent used and the route of administration (1, 2). En-
dogenous somnogenic cytokines and other immune
modulators are postulated to mediate sleep alterations
during infectious disease (4). However, studies of
acute clinical syndromes may not necessarily reflect
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conditions characterized by a prolonged clinical
course. The immunologic and pathologic conse-
quences of microbial infections change as the disease
becomes chronic. Similarly, sleep perturbations dur-
ing chronic infectious conditions may persist or, alter-
natively, may gradually abate, as suggested by the tol-
erance demonstrated in rabbits repeatedly inoculated
with influenza virus and other somnogens (3, 5).

In humans, some Trypanosoma brucei subspecies
cause a chronic clinical syndrome commonly called
‘‘sleeping sickness.’’ Descriptions of this condition re-
fer to lassitude, tiredness, somnolence, insomnia, and
coma (6), although a recent study reported that hyper-
somnia was not characteristic of the disease (7). Rab-
bits inoculated with Trypanosoma brucei brucei (Tbb)
develop a similar chronic and ultimately fatal wasting
disease of up to eight weeks duration (8). Thb infec-
tions offer a useful model for evaluating the relation-
ship between microbially-induced sleep alterations
and endogenous immune modulators. Trypanosomes
undergo antigenic variation in the host (9), proliferat-
ing as new variants emerge and declining after stimu-
lation of a host immune response. Elevated levels of
endogenous immune modulators such as interleukin-1
(IL-1) and tumor necrosis factor (TNF) probably con-



tribute to the host’s defense during trypanosomiasis
and may secondarily mediate the somnogenic manifes-
tations of the disease (4). We examined sleep patterns
during trypanosomiasis in rabbits to determine how
sleep is altered during a chronic infectious condition
and how immune stimulation of the host, as reflected
by cyclic parasitemia, is related to altered somno-
lence.

Materials and Methods

Adult male New Zealand white rabbits (Pas-
teurella multocida—free) (Myrtle’s Rabbitry, Thomp-
son Station, TN) weighing 4-5 kg were surgically im-
planted with electroencephalographic (EEG) record-
ing electrodes and brain thermistors as previously
described (10) and were allowed to recover for several
weeks prior to use. Rabbits were housed individually
on a 12:12 hr light-dark schedule in a temperature-
controlled room (21 = 2°C). Prior to testing, rabbits
were allowed to adapt overnight to recording cham-
bers maintained under the same conditions. Sleep,
food intake, and other parameters were then moni-
tored for 24 hr without experimental treatment. The
next day at approximately 8:00 AM, some rabbits (n =
8) were inoculated subcutaneously with approximately
4 X 10° Thb organisms suspended in sterile pyrogen-
free phosphate-buffered saline. Other rabbits (n = 4)
were similarly inoculated with an equivalent volume of
an autoclaved Thb suspension. All rabbits were then
monitored for an additional 15-23 days. Rectal tem-
peratures were measured daily at approximately 8:00
AM. Food intake was measured daily by weighing the
feed container; no attempt was made to correct for
spillage. Blood samples were collected at approxi-
mately 8:00 AM on Mondays, Wednesdays, and Fri-
days, and animals were weighed weekly. Rabbits
could move freely in their cages throughout the exper-
iment, and had continuous access to food and water.
Each rabbit was inoculated only once and was eutha-
nized with intravenous T-61 euthanasia solution
(Hoechst-Roussel, Somerville, NJ) at the end of the
recording period.

EEG and brain temperature data were recorded
via a rotary commutator (Plastics One, Roanoke, VA).
Animal movement was monitored via an acceleration
transducer (Grass Instruments, Quincy, MA) con-
nected to the EEG cable. Delta (0.5-4.0 Hz) wave
components of the EEG were quantified using band-
pass filters (Buxco Electronics, Sharon, CT) and ana-
log-to-digital conversion. The analog signals of EEG
activity, the filtered rectified delta wave component,
animal movement and brain temperature were dis-
played on a polygraph (Grass Instruments, Quincy,
MA). Average EEG delta wave amplitudes (DWA)
were calculated for each 1-min interval of the record-
ing period and stored in digital form on computer.

Vigilance states were determined based on DWA,
movement, and brain temperature (10) using com-
puter-assisted scoring. Each animal’s EEG tracing, fil-
tered and rectified EEG delta wave signal, and move-
ment recording for the first 6 hr of the baseline period
were visually examined to determine a threshold DWA
associated with slow-wave sleep (SWS). This value
was used to determine vigilance states for each animal
during each 1-min interval throughout the recording
period. An animal was considered to be in SWS when-
ever the average DWA during any 1-min interval ex-
ceeded the SWS threshold amplitude in the absence of
movement. When not in SWS, the animal was either
awake or in rapid-eye-movement sleep (REMS).
REMS was identified by visually inspecting the poly-
graph record for a low-voltage EEG tracing associated
with a rise in brain temperature and sporadic move-
ments (occasional twitching) (10). Sleep parameters
were summarized across 12-hr intervals corresponding
to daily light and dark periods. The percentage of time
spent in SWS and REMS, the average DWA during
SWS, and the average lengths of SWS bouts were cal-
culated for each animal. In addition, a sleep quality
score (SQS) was calculated for each 12-hr period of the
experiment as the product of the percent time in SWS
and the DWA during SWS (expressed as a percentage
of baseline values) divided by 100, thus reflecting both
the duration and the intensity or depth of sleep (11).

Blood samples (1-3 ml) were collected from the
central artery of the ear and immediately transferred
into vacuum tubes containing EDTA. Total white
blood cell (WBC) counts were measured using a he-
mocytometer. Differential WBC counts were made by
classifying 100 WBCs on Wright-stained blood smears.
Numbers of trypanosomes and nucleated red blood
cells (nRBC) per 100 WBC were counted using the
same smears. Trypanosome counts were converted to
the number of organisms present per 100 pl of blood.
Hematocrits were measured as packed cell volumes.

Data were analyzed by using two-way analysis of
variance for repeated measures (12). Fisher’s least-
significant-difference test was used for a priori com-
parisons of individual means (13). Regression analyses
were performed using the general linear models pro-
cedure (12). Student’s t-test was used to compare dif-
ferences in body weights. A significance level of P <
0.05 was used.

Results

Rabbits remained physiologically normal for up to
four days after inoculation with trypanosomes, as re-
flected by body temperature, food intake and hemato-
logic data (Fig. 1 and 2). On Day 6, infected rabbits
became febrile (Fig. 1). The fevers abated after four
days but reappeared on approximately Day 12. The
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Figure 1. Rectal temperature and food intake in rabbits inocu-
lated with Trypanosoma brucei brucei (filled circles; n = 8) or
with an equivalent inoculum of heat-killed organisms (open cir-
cles; n = 4). Food intake is expressed as a percentage of pre-
inoculation values (control group, 91 + 19 g; experimental
group, 140 = 16 g). Data points represent the mean + SEM. *P
< 0.05 relative to the baseline value for that group.

onset of fever was temporally correlated with the pres-
ence of trypanosomes in blood (Fig. 2). Fever and par-
asitemia preceded a sustained decrease in food intake
(Fig. 1) that resulted in significant weight loss (4.75 +
0.10 kg on Day 1 vs 4.18 = 0.12 kg on Day 20; P <
0.025). Anemia, leukopenia (primarily lymphopenia;
data not shown), and elevated nRBC counts also de-
veloped subsequent to parasitemia (Fig. 2). No signs
of neurologic disease were observed in any trypano-
some-inoculated rabbit. One infected rabbit was eu-
thanized on Day 15 because of severe dehydration and
diarrhea.

Rabbits inoculated with viable trypanosomes dem-
onstrated a significant increase in SQS during the day-
light hours on Day 6 postinoculation (Fig. 3), coinci-
dent with parasitemia and the onset of fever. The in-
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Figure 2. Hematologic parameters of rabbits inoculated with
Trypanosoma brucei brucei (filled circles; n = 8) or with an
equivalent inoculum of heat-killed organisms (open circles; n =
4). WBC counts are expressed as a percentage of preinoculation
values (control group, 7416 + 410 cells/ul; experimental group,
9861 + 989 cells/ul). Data points represent the mean = SEM. *P
< 0.05 relative to the initial value obtained for that group.



creased SQS reflected moderate increases in both the
amount of SWS and in DWA during SWS. However, a
significant overall downward trend in SWS time and
DWA developed during both the light (SWS, slope
—0.25, P < 0.02; DWA, slope = —1.05, P < 0.0001)
and dark periods (SWS, slope —0.36, P < 0.0008;
DWA, slope = —0.88, P < 0.0001). SWS bout length
was also significantly reduced during the dark periods
in infected rabbits (data not shown). Theta (4.0-8.0
Hz) wave amplitudes during wakefulness were not sig-
nificantly reduced in infected rabbits (data not shown),
indicating that the observed decreases in SWS and
DWA could not be attributed to a general reduction in
the overall amplitude of the EEG.

In contrast to infected rabbits, rabbits inoculated
with heat-killed trypanosomes did not demonstrate
consistent deviations in REMS or DWA during the
postinoculation period (Fig. 3), but did show a slight
but significant time-dependent decrease in SWS during
the dark period (slope = —0.42, P < 0.0001), resulting

&8

in a decrease in the derived SQS (slope = —0.46, P <
0.0002). The changes in SWS time did not differ sig-
nificantly between experimental and control groups,
but DWA values were different during both light and
dark phases of the circadian cycle (P < 0.0001). Sec-
ondary to the changes in DWA and SWS time, SQS
also decreased significantly with time in trypanosome-
treated rabbits (light, slope -0.71, P < 0.0001;
dark, slope = —0.60, P < 0.0001). The amount of time
in REMS decreased at the onset of parasitemia and
remained reduced for the remainder of the recording
period, resulting in a significant downward trend dur-
ing both the light (slope = —0.107, P < 0.0001) and
the dark periods (slope = —0.046, P < 0.003) (Fig. 3).
Time in REMS did not change significantly in the con-
trol group.

The period between the initial and secondary fe-
brile episodes varied considerably among rabbits. To
control for this inconsistency, sleep indices measured
near the onset of febrile episode were compared to
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Figure 3. Sleep parameters of rabbits inoculated with Trypanosoma brucei brucei (right panels; n = 8) or with an equivalent inoculum
of heat-killed organisms (left panels; n = 4). Data were obtained during 12-hr light periods (open circles) and 12-hr dark periods (filled
circles). Solid lines show linear regressions. Sleep quality score is calculated as (% time in SWS) x (DWA during SWS) + 100. Data
points represent the mean + SEM. *P < 0.05 relative to the initial value obtained for that group.
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those obtained during the immediately preceding afe-
brile period (Fig. 4). Because rectal temperatures were
measured only once daily, the precise time of fever
onset could not be specifically determined. Therefore,
sleep data collected during the 24-hr periods before
and after detection of each febrile episode were sum-
marized for comparison with the preceding afebrile
period. Values for the control group were determined
during comparable postinoculation intervals. All eval-
uation periods fell within the following intervals:
prefebrile period (39.0 + 0.1°C), Days 2-3 postinocu-
lation; initial febrile episode (40.2 = 0.1°C), Days 5-8;
interim afebrile period (39.1 + 0.1°C), Days 8-13; sec-
ond febrile episode (40.4 = 0.1°C), Days 11-15. De-
spite the general tendency toward decreasing sleep
time, SQS during the day was significantly higher dur-
ing febrile than during preceding afebrile periods. This
effect was primarily attributable to increased SWS
time during light periods in febrile animals. DWA dur-
ing SWS also increased significantly during the second
febrile interval.

Discussion

Trypanosomiasis induced significant sleep alter-
ations in rabbits. A general downward trend in SWS
time and DWA during SWS occurred in infected ani-
mals, and the circadian variation in DWA values di-

minished gradually with time. These findings are con-
sistent with a recent report that human trypanosomi-
asis is characterized by a disruption of the circadian
pattern of sleep and wakefulness but is not associated
with hypersomnia (7). However, despite the chronic
trend toward reduced sleep, SWS time and DWA dur-
ing SWS increased significantly in association with the
onset of febrile episodes. With the initial development
of clinical illness, fever, parasitemia, and sleep en-
hancement occurred in close temporal association.
The second febrile episode was also associated with
increased sleep, although the precise relationship to
parasitemia was less clear because blood samples were
not obtained on a daily basis. In chronic trypanosomi-
asis, cycles of parasitemia mark the emergence of new
trypanosomal variants and renewed host immune stim-
ulation (14). Recurrent fever is likely to reflect these
cycles. Concurrent increases in sleep are consistent
with previous suggestions that the immune response
contributes to sleep enhancement during infection
(15). Thus, the chronicity of the disease state is char-
acterized by a progressive reduction in sleep, but
acute clinical exacerbations are associated with en-
hanced sleep similar to that observed during acute mi-
crobial disease induced by other microorganisms.
The sleep alterations associated with infection and
the immune response may reflect altered production
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Figure 4. Sieep during febrile episodes in rabbits inoculated with viable (filled circles; n = 8) or heat-killed (open circles; n = 4)
Trypanosoma brucei brucei organisms. Sleep parameters were evaluated during the first and second febrile episodes of the infected
rabbits and during the two preceding afebrile periods. Data shown were collected during the 12-hr light phase of the circadian cycle;
significant differences between febrile and afebrile periods were not observed during the dark phase. Parameters evaluated were
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+ SEM is shown at the right of each data column. *P < 0.05 relative to the preceding afebrile period.
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and release of endogenous somnogenic immune mod-
ulators such as IL-1, interferon, and TNF, which are
known to be somnogenic in rabbits and other species
(16-19). TNF activity is known to be elevated in rab-
bits with trypanosomiasis (20). In mice, parasitemia is
temporally associated with increased release of IL-1
from peritoneal macrophages (21) and with a transient
increase in serum interferon o/f (22). In late-stage hu-
man sleeping sickness, the cerebrospinal fluid has nor-
mal IL-1 concentrations but elevated prostaglandin D,
levels and other clinicopathologic abnormalities (23).
In that study, IL-1 activity was measured using a thy-
mocyte proliferation assay. Thus, cytokines known to
inhibit IL-1 (e.g., IL-4, IL-10, TGFB, IL-1 receptor
antagonist) could have masked increased IL-1 levels.
Nonetheless, the study suggests that somnogenic me-
diators other than IL-1 could contribute to altered vig-
ilance during human trypanosomiasis. Prostaglandin
D,, for example, increases sleep in monkeys, rats, and
cats (24-26), although it is not somnogenic in rabbits
@7.

The increased sleep that occurred during trypano-
somiasis was temporally associated with the onset of
fever. The somnogenic cytokines discussed above are
well-known endogenous pyrogens (28) and are likely
to cause both fever and enhanced sleep during para-
sitemia. However, several lines of evidence indirectly
suggest that the sleep responses are not dependent on
the development of fever. First, trypanosome-infected
rabbits, as well as rabbits inoculated with bacteria or
fungi, develop fevers that persist longer than the pe-
riod of enhanced sleep (1, 2). Second, antipyretic
drugs block IL-1-induced fevers in rabbits but do not
attenuate sleep responses (29). Third, some sub-
stances, such as corticotropin releasing factor and
prostaglandin E,, increase body temperature but in-
hibit sleep (27, 30). Finally, muramyl dipeptide, a som-
nogenic constituent of bacterial cell walls, induces
sleep and fever in rabbits injected during the day but
causes only sleep enhancement if injected at night (31).
Thus, the mechanisms that mediate sleep enhance-
ment and fever during infectious conditions can clearly
be dissociated.

The data reported in this study were collected be-
fore trypanosome-induced histopathologic changes
would be expected to develop in the CNS of rabbits
(32). Prolonged trypanosomiasis, however, is associ-
ated with meningoencephalitis in many species, in-
cluding humans (8, 33-35). In fact, the descriptor
“‘sleeping sickness’ may in part reflect observations
that patients become semicomatose late in the disease,
secondary to nervous system involvement (6). In such
cases, the role of functional CNS damage must be dis-
tinguished from immune influences in the generation
of altered somnolence. During at least the early stages
of trypanosomal meningoencephalitis in humans, ab-

normalities in cortical evoked potentials are not prom-
inent, indicating the absence of overt functional dam-
age (36). These patients demonstrate an abnormal
circadian organization of sleep in the absence of hy-
persomnia (7). Even in late-stage sleeping sickness pa-
tients, neuronal damage and inflammation in the CNS
parenchyma are minimal despite progressive meningi-
tis, and inflammatory reactions are largely restricted
to perivascular cuffs (37). However, peripheral mac-
rophages, lymphocytes and other inflammatory cells
are recruited to the brain during even mild CNS in-
flammation, and phagocytic cells endogenous to the
CNS can produce IL-1 and other cytokines, especially
in response to CNS injury (38-40). Mice with menin-
goencephalitis secondary to Thb inoculation, for ex-
ample, demonstrate astrocyte activation that is corre-
lated with increased mRNA for IL-1 and TNFa in
brain homogenates (41, 42). This array of cytokines, or
their central distribution, may differ from those that
develop during peripheral infections, and may there-
fore induce different patterns of sleep alteration.

The mechanisms responsible for the progressive
decrease in DWA during SWS and in the amount of
SWS in general are unknown. Like the trypanosome-
infected rabbits, the noninfected control group dem-
onstrated some lack of temporal stability in SWS time,
the derived SQS values, and in rectal temperatures.
Because these data were collected from six separate
pairs of animals evaluated over an eight-month period,
aberrant variations in the recording equipment or in
the housing conditions are unlikely to account for
these effects. Because animals used in this study were
evaluated over a much longer interval than is common
in most sleep studies, we suspect that these effects
may be attributable at least in part to long-term adap-
tation of the animals to the recording conditions, as
reported by others (43). In infected animals, the
marked decrease in DWA during SWS may reflect re-
duced sleep intensity, disturbed sleep or more fre-
quent arousals. Such effects could be caused by
chronic production of one or more mediators that re-
duce SWS and DWA in rabbits, including corticotro-
pin releasing factor (30), prostaglandin E, (27), the
IL-1 receptor antagonist (44) and a-melanocyte stim-
ulating hormone (45). The sleep reduction may be re-
lated to the worsening clinical condition of the ani-
mals, as suggested by a recent report that reduced
sleep during various infections is associated with more
severe clinical signs and an increased probability of
death (46). However, sleep indices were positively
correlated with disease severity in a recent study of
eight humans with clinical trypanosomal meningoen-
cephalitis (7). To the extent that immune mechanisms
contribute to enhanced somnolence during infectious
conditions, the immune suppression that occurs in ad-
vanced Thb infections (14, 21) may reduce sleep. For
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example, when rabbits are pretreated with immuno-
suppressive doses of cortisone, the somnogenic man-
ifestations of bacterial infections are markedly atten-
uated (47). Furthermore, in humans infected with the
human immunodeficiency virus (HIV), sleep is greatly
disrupted after overt disease develops secondary to
immune impairment (48), although healthy HIV-
seropositive patients show increased Stage IV sleep
(the human equivalent of SWS) (49).

Trypanosome-infected rabbits demonstrate many
facets of the acute-phase response, including fever and
elevated reactants such as fibrinogen and C-reactive
protein (32, 50, 51). Recent reviews have suggested
that sleep is a behavioral component of the acute-
phase response, providing a survival advantage during
microbial infections (15, 52). However, the functions
of increased somnolence during microbial disease re-
main conjectural, as do other facets of the acute-phase
response. Sleep could contribute by several means to
the maintenance of physiologic homeostasis during
disease (53). Infectious conditions are frequently as-
sociated both with fever, which is metabolically de-
manding, and with anorexia, which contributes to a
caloric deficit. By reducing motor activity and the
basal metabolic rate, sleep could help to conserve en-
ergy. In addition, the ethological tendency of animals
to sleep in protected locations would reduce the pos-
sibility of encountering predators while weakened by
illness. Finally, recent observations suggest that sleep
promotes immune efficacy under some conditions (54—
56), and that sleep enhancement is related to a favor-
able prognosis (46). Taken together, these observa-
tions indicate that sleep may confer a survival benefit
during both acute infections and during chronic infec-
tious diseases such as trypanosomiasis.
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