





























































































































































































































































































































































































































Chapter 5 Sickness behaviour during recurrent acute infection

5.3.7. Histopathology

| examined hippocampal tissue in a sub-sample of rats (n = 19) for possible histopathological
changes induced by recurrent i.p. injections of either 500 pg.kg™ FSL-1 (n = 10) or 1 ml.kg"
PBS (n = 9). Brain tissue of rats destined for histology was collected 17 days after
administration of the last of the three injections, i.e. the day of the last exposure to the Morris
Water Maze (see Fig. 5.1). Rats were anaesthetized deeply with an i.p. injection of 1 ml
sodium pentobarbital (Euthapent, 200 mg.ml™"; Kyron Laboratories (Pty) Ltd., South Africa)
and were perfused transcardially for 2 min with about 250 ml of ice-cold sterile saline (0.9 %
NaCl) via the left ventricle. Hippocampal tissue was dissected out rapidly on an ice-chilled
plate and placed in microcentrifuge tubes, to which 0.5 ml RNAlater Solution (AEC
Amersham, (Pty) Ltd., South Africa) was added to preserve the tissue. Post-fixed
hippocampal tissue, in the micro-centrifuge tubes, then was snap-frozen in liquid nitrogen
and stored at — 80 °C. For histopathological examination, specimens were cut at 50 pym
intervals and stained in cresyl violet. The sections were inspected for necrosis, and cells in
the dentate gyrus with morphological changes compatible with apoptosis were counted with
a microscope (Olympus BX41) in three visual fields (per rat) at 400x magnification.
Apoptosis was scored as follows: 0-5 apoptotic cells = 0; 6-30 apoptotic cells = 1; more than
30 apoptotic cells = 2 (see Pfister et al., 2000). The histopathology was performed by a

qualified histopathologist, Bridget Mitchell, who was blind to the experimental interventions.

5.3.8. Data analysis

| used the thermal response index (TRI, °C.h) as an integrated measure of fever duration
and magnitude. To take account of circadian rhythms in body temperature, TRIs were

calculated as the time integrals of the differences between the abdominal temperature of
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each rat after injection and the abdominal temperature of that rat at the same time of day,
averaged for the three days before the day of injection, when the rats were undisturbed in
their home cages. TRIs were calculated separately for day 0, day 10 and day 20, over a 12 h
period starting at 19:00, i.e. three hours after injections. For statistical analyses, TRIls were
compared between groups separately on days 0, 10 and 20 by t-tests. Nocturnal cage
activity counts detected over 5 min were summed for the same twelve hours following
injections. Cage activity was expressed as a percent change from the mean activity
measured for the same time period over three nights before the injection. For statistical
analyses, percent change in cage activity was compared between the groups over the first
five days following each of the injections, separately, by two-way repeated-measures

ANOVA.

Food intake was expressed as grams of food consumed in 24 h per 100 g of rat body mass.
Twenty-four hour change in body mass (g) of each rat was determined by subtracting the
body mass measured at 16:00 from the body mass measured at the same time on the
previous day. The rate of mass gain was expressed as change in body mass per 24 h (g.d™).
For statistical analyses, changes in food intake as well as changes in body mass were
compared between the groups over the first two days following each of the injections,

separately, by two-way repeated-measures ANOVA.

For each of the training days in the Morris Water Maze the mean speed, mean distance and
latency to reaching the submerged platform over all four trials on that day was determined
for each rat and then averaged across the group of rats. Changes in the indices measured
during the four-day acquisition phase in the Morris Water Maze were compared between
groups and over time, by two-way repeated-measures ANOVA. Indices measured during the

Cued tests were analyzed by means of unpaired t-tests. The percentage time spent in the
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zones of the Morris Water Maze during the Probe trial was analyzed with one-way ANOVA,
separately, for rats that had received PBS and for rats that had received FSL-1. Appropriate

corrections were applied for multiple comparisons and post hoc tests were performed when

ANOVA showed significance.

Data are expressed as mean = SD and a statistical significance was accepted for P < 0.05.
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5.4 RESULTS

5.4.1. Body temperature and cage activity

Five minute recordings of abdominal temperature responses were averaged over 15 min
intervals and plotted as temperature-time curves (Fig. 5.2). Handling and injection caused an
immediate, but temporary, hyperthermia of similar magnitude and duration for rats receiving
both FSL-1 and PBS injections. Then, about 3 h after each of the three successive
injections, on day 0, day 10 or day 20, abdominal temperatures of rats that had received
FSL-1 started to exceed those of rats that had received PBS. On average the body
temperature of rats that had received FSL-1 peaked approximately 6 h after the injections, at
about 38.8 °C, a degree higher than that of rats that had received PBS. Twelve hour TRIs
(19:00-07:00) calculated for rats that had received FSL-1 injections showed significant
differences to the TRIs calculated for rats that received PBS (Fig. 5.3) on day 0 (t (31) =
6.79, P < 0.0001), day 10 (¢ (31) =4.96, P < 0.0001), and day 20 (t (31) = 5.95, P < 0.0001).
The mean 12 h TRIs on day 0, day 10 and day 20 of rats that had received FSL-1 were not
significantly different from each other (F (2,32) = 1.30, P = 0.29, one-way repeated

measures ANOVA) (Fig. 5.3).
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Figure 5.1.  Abdominal temperature (mean + SD) of rats from 2 h before to 15 h after they
received three single i.p. injections, spaced 10 days apart, of either 500 ug.kg" FSL-1 in 1
ml.kg” PBS (e; n = 17), or 1 ml.kg” PBS (o; n = 16). The arrow indicates time of injection
(16:00) and the black bar indicates lights off (19:00-07:00). See Fig. 5.3 for statistical

analyses.
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Figure 5.2.  Twelve hour night-time (19:00 - 07:00) thermal response indices (TRIs)
(mean + SD) of rats after receiving three i.p. injections, 10d apart, of 1 ml.kg™ PBS (n = 17)
or FSL-1 at a dose of 500 pg.kg™" in 1 ml.kg™ PBS (n = 16). Significant differences: * PBS vs.
FSL-1.
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Figure 5.4 shows the change in nocturnal cage activity of rats after receiving an i.p. injection
of either FSL-1 or PBS. On average over the first nights after injection, the activity of rats
was depressed by 59 + 21% after the first injection, by 40 + 31% after the second injection
and by 47 + 29% after the third injection and those depressions were not significantly
different from each other (F (2,32) = 1.63, P = 0.21, one-way repeated measures ANOVA).
The main effects of intervention (F (1,31) = 58.99, P < 0.0001), time (F (4,124) = 49.16, P <
0.0001) and interaction (F (4,124) = 41.57, P = 0.27) after the first injection were significant
such that the activity of rats was depressed significantly over the first (P < 0.003) and
second (P < 0.003) nights after the FSL-1 injection compared to the activity of rats that
received PBS. The main effects of intervention (F (1,31) = 13.09, P = 0.001), time (F (4,124)
= 18.11, P < 0.0001) and interaction (F (4,124) = 17.51, P < 0.0001) after the second
injection were significant such that the activity of rats was depressed significantly only over
the first night after the FSL-1 injection compared to activity of rats that received PBS (P <
0.003). Similarly, the main effects of intervention (F (1,31) = 6.24, P = 0.02), time (F (4,124)
= 30.61, P < 0.0001) and interaction (F (4,124) = 30.52, P < 0.0001) after the third injection
of FSL-1 were significant such that the activity of rats was depressed significantly only over
the first night after the injection of FSL-1 compared to activity of rats that received PBS (P <

0.003).
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Figure 5.4. Nocturnal (19:00-07:00) cage activity (mean + SD) of rats after receiving
three, spaced, i.p. injections of either 500 pg.kg™ FSL-1 in 1 ml.kg™ PBS (e; n = 17), or
ml.kg” PBS (o; n = 16). Cage activity was expressed as a percent change from the mean
activity measured over the same time period for the four days before the first injection.
Negative changes represent a reduction in cage activity below pre-injection levels. The
arrows indicate the days on which each of the three injections was administered. Significant

differences: - FSL-1 vs. PBS; see sections 5.3.3 and 5.3.8 in text for details.
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5.4.2. Food intake and body mass

On average, rats consumed 19.7 £+ 2.1 g of food per 100 g of body mass over the three days
before receiving FSL-1 or PBS injections (Fig. 5.5A). The main effect of intervention (F
(1,31) = 12.62, P = 0.001), time (F (1,31) = 18.43, P = 0.0002) and interaction (F (1,31) =
9.36, P = 0.005) after the first injection of FSL-1 were significant such that rats consumed
significantly less food over the first day compared to rats that received PBS (P < 0.003).
After the second injection, the main effect of intervention (F (1,31) = 3.45, P = 0.07), time (F
(1,31) = 0.98, P = 0.33) and interaction (F (1,31) = 6.75, P = 0.01) indicated that there were
no significant differences in the amount of food consumed by rats that received either FSL-1
or PBS. After the third injection the main effect of intervention (F (1,31) = 24.86, P < 0.0001),
time (F (1,31) = 6.71, P = 0.01) and interaction (F (1,31) = 24.11, P < 0.0001) were
significant such that rats consumed significantly less food over the first day immediately after
the FSL-1 injection compared to rats that received PBS (P < 0.003). Furthermore, after each
of the three FSL-1 injections, the 24 h change in food consumption (per 100 g of BM) of rats
was significantly different (F (2,32) = 12.10, P = 0.0001, one-way repeated measures
ANOVA): the decrease in food consumption after the first FSL-1 injection was significantly
greater than that after the second (P < 0.05) and third (P < 0.05) FSL-1 injections. From the
third day after each of the three injections, rats that had received FSL-1 consumed similar

amounts of food to the rats that had received PBS.

Figure 5.5B shows the rate of mass gain of rats before and after they had received three i.p.
injections of either FSL-1 or PBS, spaced 10 d apart. Before injections, rats grew at similar
constant growth rates. However, after the first injection of either FSL-1 or PBS, the main
effect of intervention (F (1,31) = 15.91, P = 0.0004), time (F (1,31) = 87.26, P < 0.0001) and

interaction (F (1,31) = 44.13, P < 0.0001) were significant such that the rate of mass gain of
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Figure 5.5. Daily (24 h) food intake (mean + SD) and rate of mass gain (mean = SD) of
rats measured for 10 d after receiving three, spaced, i.p. injections of either 500 pg.kg™" FSL-
1in 1 ml.kg™ PBS (o; n = 17), or 1 ml.kg™ PBS (o; n = 16). Food intake (A) was calculated
as grams of food consumed in 24 h per 100 g of body mass on that day. The rate of mass
gain (B) was calculated over successive 24 h intervals starting at 16:00, and was expressed
as grams of body mass gain, per day. The arrows indicate the days on which each of the
three injections was administered. Significant differences: =~ FSL-1 vs. PBS; see sections

5.3.4 and 5.3.8 in text for details.
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rats that had received FSL-1 was reduced over the first day after the injection compared to
that of rats that had received PBS (P < 003). Similarly, after the second injection of either
FSL-1 or PBS, there was no significant intervention effect (F (1,31) = 3.84, P = 0.06), but the
main effect of time (F (1,31) = 23.18, P < 0.0001) and interaction (F (1,31) = 14.86, P <
0.0005) were significant such that the rate of mass gain of rats that had received FSL-1 was
reduced significantly over the first day compared to that of rats that had received PBS (P <
0.003). After the third injection of either FSL-1 or PBS the main effect of intervention (F
(1,31) = 7.29, P = 0.01), time (F (1,31) = 40.33, P < 0.0001) and interaction (F (1,31) =
17.01, P = 0.0003) were significant such that the rate of mass gain of rats that had received
FSL-1 was reduced over the first day compared to that of rats that had received PBS (P <
0.003). Furthermore, after each of the three FSL-1 injections the rate of reductions was not
statistically significantly different from each other (F (2,32) = 40.33, P < 0.0001, one way
repeated measures ANOVA). From the third day after each of the three injections, rats that
had received FSL-1 grew at rates not significantly different to those of the rats that had

received PBS.

5.4.3. Learning and memory: Morris Water Maze

Figure 5.6 shows the performance of rats as measured in a Morris Water Maze after
completing three i.p. injections at 10 day intervals of either FSL-1 or PBS (see Fig. 5.1).
During the Cued test (visible platform), a day before the rats started their 4-day acquisition
training, there were no significant differences between the two groups of rats in any of the
indices measured, namely latency to finding the platform (Fig. 5.6A; t (31) = 1.72, P = 0.09),
distance swum to the platform (Fig. 5.6B; t (31) = 0.75, P = 0.46) and speed of swimming

(Fig 5.6C; t (31) = 1.84, P = 0.08).
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Figure 5.6.  Performance of rats during the Cued test, the phase of acquisition of memory

and the phase of memory recall, as measured in a Morris Water Maze from 12 d after the
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last of the three successive i.p. injections of either 500 pg.kg™ FSL-1 in 1ml.kg™ PBS (¢; n =
17), or 1ml.kg" PBS (o; n = 16). Data are means + SD. During the Cued test (A-C), which
was performed on Day 32, the rats were given one attempt at finding the visible platform
during which latency (A), distance swum (B) and swim speed (C) were measured. During the
phase of acquisition of memory (E-G), the rats were given four trials per day over four days
to find the submerged platform; mean values for the four trials are presented, and latency
(E), distance swum (F) and swim speed (G) were measured. The phase of memory recall
was performed on Day 37, in which reference memory was tested with a single Probe ftrial,
and the % time spent in each zone of the Maze (D, H) was measured. * indicates significant

differences to the other three zones.
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When the Cued test was repeated at the end of the “Probe” trial, there again were no
significant differences between the two groups of rats in any of those indices (data not

shown).

Over the four-day training in the Maze (i.e. the phase of acquisition of memory), there was a
significant main effect of time (F (3,93) = 35.15, P < 0.0001) with the latency to reach the
submerged platform (Fig. 5.6E) decreasing for both groups of rats, but there was no
significant intervention effect (F (1,31) = 0.07, P = 0.79) and no significant interaction (F
(3,93) = 0.91, P = 0.44). Similarly, the distance to reach the submerged platform (Fig. 5.6F)
decreased significantly for both groups of rats (time effect: F (3,93) = 35.70, P < 0.0001), but
there was no significant intervention effect (F (1,31) = 0.91, P = 0.35) and no significant
interaction (F (3,93) = 0.05, P = 0.98). Furthermore, for swim speed (Fig. 5.6G) there was a
significant time effect over the four days (F (3,93) = 4.04, P = 0.01), but there was no
significant intervention effect (F (1,31) = 0.61, P = 0.44) and no significant interaction (F

(3,93) = 2.25, P = 0.09).

When the rats were tested in the Probe trial (platform removed) 24 h after the last acquisition
trial, there was a significant difference in the percentage time spent in each of the four zones
(i.,e. NW, NE, SE, SW) for rats that had received PBS (Fig. 5.6D; F (3,60) = 19.52, P <
0.0001) and for rats that had received FSL-1 (Fig. 5.6H, F (3,64) = 22.81, P < 0.0001). Rats
in both groups spent significantly more time searching for the platform in the SE target zone
(where the platform was originally located) compared to the other three zones (i.e. NW, NE,
SW), so both groups of rats successfully could recall the former location of the platform. The
mean latency to the platform position (data not shown) was significantly shorter than the cut-
off value of 30 s for both rats that had received PBS (f (15) = 5.04, P = 0.0001) and rats that

had received FSL-1 (t (15) = 5.04, P < 0.0001). Furthermore, there were no significant
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differences in the swim speed, distance swum and latency to finding the former platform
position, or platform crossings, between rats that had received PBS or FSL-1 (data not

shown).

5.4.4. Histopathology

There was no significant evidence of apoptosis or neurodegeneration (necrosis) in any of the

treatment groups. Specifically, histology of the granular cell layer of the dentate gyri (Fig.

5.7) showed no evidence of histopathological changes in cresyl violet brain sections of the

hippocampi of rats receiving either PBS (Fig. 5.7A) or FSL-1 (Fig. 5.7B).
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Figure 5.7.  Cresyl violet stained sections (400 x magnification; bar = 25 ym) of the
granular cell layer of the hippocampal dentate gyrus of rats 17 days after receiving the last of
the three successive i.p. injections of either 1 ml.kg™" PBS (n = 9) (A) or 500 ug.kg™” FSL-1 in
1 ml.kg” PBS (n = 10) (B).
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5.5 DISCUSSION

There have been many experimental studies of simulated acute fever, and some of chronic
fevers, but my study is one of few to investigate the consequences of recurrent, acute
simulated infections. | have shown in growing rats that repetitive parenteral administration, at
10 day intervals, of FSL-1, the pyrogenic moiety of Mycoplasma salivarium, generated
recurrent fevers without the development of tolerance to the pyrogen, and caused recurrent
lethargy and anorexia without the development of tolerance to those two sickness
behaviours. Importantly, repetitive administration of FSL-1, at the dosage we used, did not
leave residual impairment in spatial learning or memory when rats were tested in a Morris
Water Maze. In accordance with the lack of effect on spatial learning and memory, histology
of the dentate gyri of rats also showed no evidence of apoptotic cell death after the

simulated, recurrent acute Mycoplasma infection.

In seeking to model a recurrent infection, | set out to simulate repetitive infections at intervals
long enough for the acute phase effect of the first injection to have resolved, and achieved
this goal. Repetitive administration of FSL-1 generated recurrent fevers of statistically similar
magnitude, which started about 3 h after each of the three injections and lasted for about 9 h
(Fig. 5.2, 5.3). However, two of the sickness behaviours that | measured, namely lethargy
and anorexia, were affected differentially, somewhat, after each of the three injections of
FSL-1. The initial magnitudes of the lethargy were the same after each of the three
injections, but the lethargy resolved more rapidly after the second and third injections, then
being confined to one day (Fig. 5.4). Contrary to what was seen with lethargy, the initial
magnitude of anorexia induced by the first injection was significantly different from that after
the second and third injection (Fig. 5.5A), perhaps because the rats were younger at the first

injection.
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Together with the recurrent fever and anorexia, the rats exhibited reduced rate of mass gain
after each of the three FSL-1 injections (Fig. 5.5B). Again, the initial reduction in rate of mass
gain was statistically similar after the three injections. The recurrent acute reduction in food
intake and mass gain following repetitive administration of FSL-1, were superimposed on a
progressive reduction in food intake per 100 g of body mass in both groups of rats, as they
grew (Fig. 5.5). Their average body mass almost tripled over the duration of the procedure,
so absolute food intake increased appreciably. Interestingly, on the second day following
each of the three injections of FSL-1 there was a small, albeit insignificant, increase in rate
of mass gain relative to that of rats that had received PBS, despite no difference in food
intake (Fig. 5.5B), ruling out a rebound hyperphagia. Rather, | speculate that, following the
simulated infection, the rats digested and absorbed the food more slowly than did rats
receiving PBS, resulting in a slower transit time and delayed gastric emptying and hence,
increased residual food or faecal material in the gastrointestinal tract. A reduction in transit
time and delayed gastric emptying as well as inhibition of gastric acid and pepsin secretion
(e.g. Uehara et al., 1990), has been shown previously with i.p. LPS (Langhans et al., 1990;
Takakura et al., 1997; Liang et al., 2005; Chen et al., 2010). However, the dominant effect of
recurrent FSL-1 administration on rate of mass gain remained as a recurrent transient

reduction in that rate (Fig. 5.5B).

Having demonstrated that repeated administration of FSL-1, at 10-day intervals, induced
recurrent acute fever and sickness behaviour, | then could address my primary questions,
namely whether the accumulated effects of these transient insults left any residual
impairment in spatial learning and memory; and whether any observed impairments may be
associated with apoptosis in the hippocampus, the principle brain region involved in spatial

learning and memory. Rats started their training in the maze 10 days after the last injection
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of PBS or FSL-1, a time at which the acute effects of the last injection of FSL-1 had
resolved. If | had detected impaired learning and memory, such impairments could not have
arisen because the agents that induce fever and sickness behaviour (i.e. pro-inflammatory
cytokines) still were active. In fact, in the Cued test (Fig. 5.6A-C) motivation and
sensorimotor functions of rats were not affected adversely after they had received FSL-1
repetitively, given that the latency and distance travelled to the visible platform, as well as
the swim speed of rats were not altered significantly, compared to those that followed PBS
administration. Similarly, during task acquisition over four days with a submerged platform
(Fig. 5.6E-G), the progressive reduction in the latency and distance to finding the submerged
platform was the same for both groups of rats, confirming that earlier recurrent acute
administration of FSL-1 had no residual effects on learning. Finally, when the platform was
removed during the Probe trial (Fig. 5.6D, H) the rats showed the same, significant, spatial
bias for the former location of the platform in the target zone relative to the other zones,
regardless of whether they had received prior FSL-1 or PBS administration. Thus, recurrent
FSL-1 administration also had no residual effects on spatial memory. Furthermore, histology
of sections of the granular layer of the hippocampal dentate gyri (Fig. 5.7A, B) showed no
significant evidence of apoptosis in the rats that had received recurrent FSL-1 injections (Fig.
5.7B). Since an intact hippocampus is essential for successful spatial learning and memory
(Aguirre et al., 1996; D’Hooge and De Deyn, 2001), these findings are congruent with data
obtained in the Morris Water Maze. Taken together, the evidence presented here
demonstrates that recurrent bouts of immune stimulation by FSL-1, at the dosage | used and
allowing for adequate recovery between challenges did not leave residual deleterious effects

on spatial learning and memory as assessed in a Morris Water Maze.

The dose of FSL-1 that | employed was effective in inducing unequivocal fever and sickness

behaviours, though | cannot exclude the possibility that higher doses of FSL-1, when
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administered repetitively, could have induced residual effects on spatial learning and
memory. It also is possible that a longer series of recurrent injections of FSL-1, or a different
route of administration, e.g. intracerebroventricular (i.c.v.), could induce a more profound
brain inflammatory response with accompanying hippocampal cell damage and/or
impairment in spatial learning and memory. My results are confined to effects of simulated
Mycoplasma infection; administration of live organisms (e.g. M. hyopneumoniae, see
Escobar et al., 2004, 2007), mimicking more closely what happens in Mycoplasma-induced
pneumonia, may have other deleterious effects on cognition that | did not detect. Moreover,
the Morris Water Maze, measures only hippocampal-dependent spatial learning and
memory. It is possible that | could have detected residual impairment in working rather than
reference memory, or in other behavioural tasks such as the T-Maze or the Y-maze (see
Sanderson et al.,, 2009), the Barnes-maze (Harrison et al.,, 2009), the radial arm maze
(Semmler et al., 2007; Chen et al.,, 2008; Sanderson et al., 2009), contextual fear
conditioning (e.g. Pugh et al., 1998; Bilbo et al., 2008) or context pre-exposure (Bilbo et al.,
2005a, b, 2007), some of which measures components of hippocampal-independent

learning.

That | found no residual effects on spatial learning and memory was not the consequence of
test insensitivity, as | previously have shown impaired learning ability of rats in a Morris
Water Maze (Chapter 3) after administration of scopolamine, a substance often used to
induce amnesia in laboratory animals (e.g. Choi et al., 2008). Other animal studies have
shown that administration of drugs can lead to “state-dependent” effects on learning
(Overton, 1964). For example, when one assesses learning and memory during immune
stimulation, the context in which subsequent retrieval of memories is tested should be similar
to the context in which learning occurred, to control for contextual differences in training (i.e.

learning) and testing (i.e. memory) (for review see Cunningham and Sanderson, 2008). My
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study was not compromised by issues of context, because | had ceased all other

interventions before testing learning and memory in the Morris Water Maze.

Previous studies, however, have reported residual effects on learning and memory following
acute, or chronic, simulated infection. For example, mice that had received an i.p. injection of
LPS (250 pg.kg™) four hours before being tested had acquisition decrements that persisted
up to 10 days, as assessed in a non-spatial, hippocampal-dependent, avoidance
conditioning task (Sparkman et al., 2005b). When rats were injected with a single i.p.
injection of LPS (250 pg.kg") on day two of acquisition training in a non-spatial,
hippocampal-independent autoshaping task, the observed learning impairment persisted
across 12 days of testing (Aubert et al., 1995). Chronic neuro-inflammation, induced by 28
days of LPS infusion into the fourth ventricle of rats, impaired spatial memory in the Morris
Water Maze as measured in a hippocampal-dependent task (Cui et al., 2008; Min et al.,
2009) and LPS infusion over 33 days in rats induced microglial activation which correlated
with impaired performance in a Morris Water Maze task (Hauss-Wegrzyniak et al, 1999).
More importantly, LPS infusion for 4 weeks in rats caused residual impairment in spatial
working memory when they were tested a week later in a hippocampal-dependent T-maze
(Hauss-Wegrzyniak et al., 1998), and a similar residual impairment in spatial working
memory was observed in rats, when they were tested in a Morris Water Maze 37 days after
cessation of LPS infusion over periods of 37 or 74 days (Hauss-Wegrzyniak et al., 2000). In
my study, the absence of residual detrimental effects on learning and memory as measured
in the hippocampal-dependent Morris Water Maze may have resulted from the different
pyrogen we administered (FSL-1 vs. LPS), the route of administration (i.p. vs. infusion), or
the frequency of pyrogen administration (single injection vs. chronic infusion vs. spaced

single injections).
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| administered FSL-1 for the first time to rats at an age of about 36 days, and again on 46
and 56 days. The absence of detectable or residual effects of recurrent acute FSL-1
administration to growing rats may have been specific to the stage of development at which |
tested for those effects. Rats reach “puberty” at 40 to 60 days of age (Kohn and Clifford,
2002), an age also comparable, on average, to that of an 11-12 year old child (Krisman-
Scott et al.,, 2002; Quinn, 2005). So the stage of development in the rats’ lives at which |
tested the effects of recurrent FSL-1 administration on spatial learning and memory was
equivalent to that of school-aged children during early adolescence. Other studies in rats
have shown that neonatal exposure to LPS was associated with dramatic impairment of
memory consolidation during development and in adulthood, when rats were exposed to
another immune challenge (Bilbo et al., 2005b; Bilbo et al., 2005a; Bilbo et al., 2006).
Moreover, neonatal administration of a single dose of LPS to rats resulted in a loss of
hippocampal CA1-3 parvalbumin neurons in adulthood (Jenkins et al., 2009). So, recurrent
administration of FSL-1 to neonatal rats may well have left residual effects on learning and

memory.

There is another life stage at which recurrent FSL-1 administration might leave residual
effects on learning and memory, namely old age. Peripheral injection, or chronic infusion of
LPS to aged rats, increased the number of activated microglia in the hippocampus, and
induced a heightened inflammatory cytokine response in the hippocampus which resulted in
atrophy of hippocampal neurons (Hauss-Wegrzyniak et al., 1999; Richwine et al., 2008).
Furthermore, systemic infection, which activates microglial cells in the brains of humans
(Lemstra et al., 2007) and other animals (Semmler et al., 2005), is thought to worsen the
neurological symptoms in patients suffering from neurodegenerative diseases, such as
Alzheimer’s disease, in which microglia already are activated (Perry et al., 2003; Perry et al.,

2007). Animal models of chronic neurodegeneration have shown that subsequent systemic

136



Chapter 5 Sickness behaviour during recurrent acute infection

infection resulted in further activation of microglia, which in turn evoked exaggerated
sickness behaviours (Combrinck et al.,, 2002; Cunningham et al., 2005). Because the
hippocampus is one of the brain areas to show damage in neurodegenerative diseases (see
(Jellinger, 1998; Jellinger and Bancher, 1998), recurrent systemic infections may aggravate
the cognitive decline in patients with Alzheimer’s disease (Holmes et al., 2003). So, recurrent
administration of FSL-1 to aged rats may have had a different outcome. However, a recent
mice model of neurodegenerative disorders showed that recurrent systemic infection with
Streptococcus pneumoniae did not affect the onset or the course of Alzheimer’s disease

(Ebert et al., 2010).

Though residual impairment of hippocampal-dependent learning and memory as a
consequence of hippocampal damage may occur in neonatal rats, following recurrent
injections of FSL-1, they did not occur in my “adolescent” rats. My findings in “adolescent”
rats parallel those of Mouihate and Pittman (1998), who found no evidence for apoptotic cell
death in several brain areas, including the hippocampus, in adult rats, after repeated (5
consecutive days) i.p. injections of LPS, at a dose that induced sustained fevers for four
days (Mouihate and Pittman, 1998). In mice, Terrazzino and colleagues (2002) also found
no apoptotic cells in sections of the hippocampus, among other brain areas, two weeks after
repeated (4 consecutive days) i.p. injections of LPS (Terrazzino et al., 2002). Although the
above two studies also have simulated repeated infections (daily injections, not spaced
injections), they did not measure spatial learning and memory, as | did. Tanaka and
colleagues (2006), however, did find impaired spatial memory, but did not observe neuronal
cell death in adult rats after repeated (5 consecutive days) administration of LPS into the

hippocampal CA1 region (Tanaka et al., 2006).
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Apart from contributing towards the understanding of impaired learning and memory as a
sickness behaviour, | also have contributed new information about tolerance following
repeated FSL-1 injections, though the phenomenon relates to a design requirement of my
study rather than an outcome. Tolerance, the tachyphylaxis evident in the acute phase
response following repeated activation, seems to develop after administration of the
pyrogenic moieties of most, if not all, classes of infective organisms (Zeisberger and Roth,
1998; West and Heavy, 2002; Cartmell and Mitchell, 2005; Biswas and Lopez-Collazo,
2009), but at a rate and with a degree of completeness that depends on the number of
injections, the interval between them and the route of administration (for example see
Mouihate and Pittman, 1998, Voss et al., 2006; Greis et al., 2009). Five injections of FSL-1,
spaced 3 days apart and at a dose of 100 pg.kg™, did not induce tolerance when the moiety
was injected intra-arterially, but did so when it was injected intraperitoneally (Greis et al.,
2009). | now have shown that, in growing rats repeated administration of FSL-1 at a dose of
500 ug.kg™”, spaced 10 d apart, generated recurrent fevers of similar magnitude and duration
after each of three injections. Thus, even at the higher dose, there was no pyrogenic
tolerance to repeated i.p. FSL-1 when injections were given at 10 day intervals. Also, the
magnitude of the anorexia and lethargy that followed i.p. FSL-1 administration was the same
after the three repeated injections, though these sickness behaviours lasted longer after the
first injection than they did after subsequent injections. Presumably as a result primarily of
the anorexia, but perhaps also because of the increased metabolic demand of the fever, the
growth rates (Fig. 5.5B) of the rats were reduced by a similar magnitude over the first 24 h
after each of the three injections of FSL-1. However, | did not observe sustained stunting,
implying that the stunting which lasted for four days following a single injection of FSL-1 at a
similar dose (see Fig. 3.5B, Chapter 3) was reversed by ten days, presumably by the slight
but persistent daily increases in rate of mass gain relative to that following PBS

administration (see Fig. 5.5B). Acute intratracheal inoculation with Mycoplasma
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hyopneumoniae (strain P5722-3, 3 ml of 1 x 10 units.L™") also had no effect on growth in
growing pigs (Escobar et al., 2004). However, growth failure did occur in guinea pigs given
spaced repeated injections of muramyl dipeptide, a pyrogenic moiety of Gram-positive

organisms (Madu et al., 2007).

Though residual effects on learning and memory of solitary acute bacterial infections and
chronic infections have been studied previously (Aubert et al., 1995; Hauss-Wegrzyniak et
al., 1998, 2000; Sparkman et al., 2005b), | believe mine is the first study to measure residual
learning and memory after simulated recurrent, acute infections. Also, previous studies have
not addressed the issue of whether only learning and memory are affected, or whether any
impaired learning and memory represents one component of a suite of residual sickness
behaviours. Because | was interested particularly in the residual deficits in learning and
memory that might persist, once the rats were apparently well after the effects of the last in
their series of simulated infections had resolved, | assessed learning and memory at a time
when no residual fever, anorexia or lethargy was present. Moreover, | used FSL-1 and
‘adolescent’ rats in the current study because | wanted to assess the consequences of
recurrent acute stimulation of innate immunity, such as would occur in growing children of
school-going age subject to repetitive bouts of e.g., community-acquired pneumonia,
commonly caused by Mycoplasma. | believe that my model of recurrent acute Mycoplasma
infection has significant potential to be implemented in many other models of acute infection
that occur recurrently. For example, recurrent acute fevers commonly occur in meningitis,
malaria and influenza that are caused by other classes of organisms, including Gram-

positive bacteria, protozoa and viruses.

In conclusion, though | cannot extrapolate directly the outcome of my study, which employed

a pyrogenic moiety of Mycoplasma in rats, to the real infection caused by live organisms in
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humans, the clinical implications of my study are encouraging. First, | did not find any
residual histological damage to the hippocampus nor did | observe lasting detrimental effects
on spatial learning and memory. Secondly, | did not observe permanent stunting in my rats.
If I had observed these phenomena in the simulated infections there would have been a high
likelihood of them occurring, and being aggravated, in the real infections. Ultimately, studies
in children need to be undertaken in order to determine whether or not apparently-well
children who have recovered from recurrent acute Mycoplasma infections have residual

deficits in learning and memory.
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Although Mycoplasma primarily causes respiratory disease, Mycoplasma pneumoniae has
been implicated in life-threatening meningitis as well as memory deficits. Experimentally,
very little still is known about Mycoplasma-induced sickness behaviour and no one
previously has investigated its effect on learning and memory. | have investigated various
sickness responses during acute and recurrent acute simulated Mycoplasma infection. | also
was interested, particularly, in the consequences of recurrent acute infections, which seldom
are being simulated in the laboratory. Mycoplasma is a common cause of recurrent
infections. To avoid safety concerns and ethical issues arising from administration of
pathogenic live organisms, such as Mycoplasma pneumoniae, to experimental animals (see
e.g. Pietsch et al., 1994; Wubbel et al., 1998; Chu et al., 2003) | used a pyrogenic moiety
from M. salivarium, namely fibroblast-stimulating lipopeptide-1 (FSL-1). Acute administration
of FSL-1 in rats induces fever and sickness behaviours (Hubschle et al., 2006). |
administered FSL-1 both acutely and recurrently to a different strain of rat (Sprague-Dawley
vs. Wistar) and at a different dose (500 vs.100 pg.kg™) previously used (Hiibschle et al.,
2006). Contrary to the dose of 100 pg.kg™, which Hiibschle and colleagues (2006) used in
Wistar rats, my pilot studies showed that, in my hand, administration of FSL-1 at doses of
500 pg.kg” and higher, but not 100 pg.kg”, induced pronounced fever and sickness

behaviours (lethargy and anorexia) in Sprague-Dawley rats.

Having established successfully an animal model of simulated acute as well as simulated
recurrent Mycoplasma infection, | investigated fever, lethargy, growth and anorexia as well
as learning and memory processes. After acute, parenteral administration of my higher dose
of FSL-1 (i.e. 1 000 pg.kg™) the sickness behaviours lasted for longer than that described by
Hubschle and colleagues (2006): | observed four days of lethargy, three days of anorexia
and at least four days of body mass stunting (Chapter 3), a phenomenon not reported by

Hubschle and colleagues (2006). In fact, no one previously has observed stunting in
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simulated acute Mycoplasma infection. | further investigated potential roles for pro-
inflammatory cytokines, interleukin-1 (IL-18) and interleukin-6 (IL-6) in mediating
Mycoplasma-induced sickness responses by measuring the concentrations of these two
cytokines in the hypothalamus, required for eating behaviour and body temperature
regulation. In rats, sickness responses induced by FSL-1, including fever, lethargy and
anorexia appear to be mediated by peripherally-released pro-inflammatory cytokines,
including IL-6 and tumor necrosis factor-a (TNF-a) (Hubschle et al., 2006). | have shown, for
the first time, increased concentrations in the plasma and brain of another pro-inflammatory
cytokine, namely IL-1B (Chapter 4), accompanying FSL-1-induced fever, lethargy and

anorexia as well as stunting in rats (Chapter 3).

| measured fever, lethargy and anorexia over a course of days whilst learning and memory
were being assessed. As a test procedure, | chose to use a Morris Water Maze that tests a
high component of cognitive function and where the responses are not simply reflexes. In
Table 1 (Chapter 1) | summarized studies that have measured spatial learning and memory
in a Morris Water Maze, after a single i.p. administration of a given moiety / pathogen-
associated molecular pattern (PAMP), either from typical bacteria (Gram-positive or Gram-
negative) or viruses. Using FSL-1, which simulates Mycoplasma infection, my studies extend
what already is known about the effects of acute immune activation on learning and memory
processes: | have shown, in rats, that a single i.p. administration of FSL-1, at doses of 500 or
1 000 pg.kg™, did not induce impairment in spatial learning and memory, as measured in a
Water Maze as | have implemented it. Because the learning environment during Morris
Water Maze testing can be manipulated in various ways, studies have found contradicting
results with other PAMPs on memory processes. For example, following acute
administration of a given PAMP, studies have reported impairment in spatial learning and/or

memory (i.e. working memory) when the platform within the pool was relocated to a new
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position throughout testing (Gibertini, 1996; Richwine et al., 2009; Zhang et al., 2009; Ito et
al., 2010). However, when the platform remained in a fixed location in the Maze no
impairment in spatial learning or memory (i.e. reference memory) was observed, after acute
administration of the same PAMP (Gibertini, 1996; Ito et al.,, 2010). | also showed that
reference memory was unaffected after acute administration of FSL-1 (Chapter 3), although
| did not measure working memory. Moreover, water temperatures between 18-25 °C have
been used to induce stress conditions as means of interfering with acquisition rates and
consolidation processes during memory formation (Gibertini, 1998; Akirav et al., 2001). For
example, in a warm-water Maze (23 °C) IL-1 appears to interfere with learning (Gibertini,
1998), which is contrary to what | have found in my Water Maze in which the water
temperature was kept constant between 25-26 °C (based on the “standard” protocol of
Morris, 1981) (Chapter 3 and 5). In addition to the manipulation of water temperature, the
level of “emotionality” of animals that are tested in the Maze also can be manipulated or
altered by using ‘massed’ or ‘spaced’ training protocols (Gibertini, 1998). Massed training
typically consists of between 3-12 trials on one day, whereas spaced training consists of a
limited number of trials (e.g. 4 trials) over a number of days (e.g. 3 days). Spaced training
trials are considered to be more effective for the production of robust learning and memory
than are massed training trials (Scharf et al., 2002). | therefore used spaced training trials of
four trials per day over four days, during the acquisition phase in my Morris Water Maze, to

ensure optimal learning and memory (Chapter 3 and 5).

Unlike most previous authors | have assessed learning and memory in the full context of the
acute phase response, in my case induced by Mycoplasma infection. | found that spatial
learning and memory were spared at a time when the rats still were febrile, lethargic,
anorexic and stunted (Chapter 3). | believe that the lack of impairment in learning and

memory, and the dissociation from other brain-controlled sickness behaviours, is an
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important finding, and therefore | measured concentrations of IL-18 and IL-6 in the
hippocampus, required for spatial learning and memory. At the time of active learning in the
Maze the rats had significantly elevated concentrations of IL-13 in both the hypothalamus
and the hippocampus (see Chapter 4). Although increased concentrations of IL-1f3 in the
hippocampus of rats have been associated with impairment in learning and memory (for
review see Goshen and Yirmiya, 2007; Barrientos et al., 2009), in my study increased
concentrations of IL-1B in the hippocampus were not associated with any impairments.
Following i.p. administration of FSL-1 in rats, the concentration of IL-13 was slightly higher in
the hypothalamus than in the hippocampus, albeit insignificantly (see Chapter 4). Thus,
following FSL-1 administration to rats, the same concentration of IL-1B in the hypothalamus
that seems to mediate fever and lethargy was not sufficient to induce impairment in
hippocampal-dependent learning and memory (Chapter 3). Further investigations are
required using other models of assessing learning and memory, such as the Y-maze and the
T-maze, to confirm that learning and memory is spared in the face of other sickness
behaviours following systemic administration of FLS-1. Studies also need to investigate
whether or not FSL-1 can cross the blood-brain-barrier (BBB), after systemic administration.
If FSL-1 crosses the BBB, studies need to characterise the brain areas in which receptors for
FSL-1 (i.e. toll-like receptor 2/6; TLR2/6) are present. It is possible that some brain areas,
including the hypothalamus, may be more ‘sensitive’ to the effects of FSL-1, than are other
areas like the hippocampus. Ultimately, FSL-1 needs to be injected into the brain, for
example using intracerebroventricularly (i.c.v.) injections, to confirm its effect on learning and

memory processes.

Following FSL-1 administration to rats, | measured cage activity as an index of lethargy and
also to assess whether any diminished performance in the Water Maze could be attributed to

lethargy rather than a decline in cognitive function. In my opinion, whether or not impairment
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in learning or memory is observed in a Morris Water Maze following simulated, systemic
infection depends on the pyrogen and the dose administered, the route of administration,
and importantly, the time of testing in the Maze. If infected animals are tested in the Maze
before resolution of the acute phase response, it may not be surprising that sickness
responses, including lethargy, may affect locomotion or swimming speed and not necessarily
learning or memory itself (see Cunningham and Sanderson, 2008). Although other measures
of activity exists, | used biotelemetry to monitor physical activity of rats before, during and
after they were exposed to training and testing in the Maze. Moreover, the use of
biotelemetry also allowed me to monitor continuously body temperature of rats while they
were swimming: not only hyperthermia (Ahlers and Riccio, 1987), but also hypothermia may
cause anterograde memory loss (Richardson et al., 1983). Although hyper- or hypothermia
and lethargy did not confound results in my study, | propose that biotelemetry be
implemented together with the Morris Water Maze in future experiments, to exclude

confounding factors, such as changes in body temperature and lethargy.

Interestingly, | have shown that acute administration of my higher dose of FSL-1 (i.e.1 000
ug.kg™) abolished almost all spontaneous cage activity (also referred to as ‘house-keeping
activity’) of rats, yet they swam competently in a Morris Water Maze (Chapter 3). | therefore
hypothesize that the rats may have invoked both their motivation and capacity for activity
that was unaffected by concurrent lethargy. However, a distinction between motivation and
capacity in sickness behaviour has been discussed previously (e.g., see Maier and Watkins,
1998; Larson and Dunn, 2001). Recently, the distinction between motivation and capacity for
activity was reported in rats that showed impaired motivation for physical exercise
(measured as voluntary wheel running), but less impairment in their capacity to be active,
e.g. during normal house-keeping activity (measured as cage activity) (Hopwood et al.,

2009; Skinner et al., 2009). Because voluntary physical exercise (e.g. voluntary wheel
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running) is optional, it is more likely to be impaired during sickness (Hopwood et al., 2009;
Skinner et al., 2009). However, activity in a Water Maze is not optional and survival of the
rats depends on escaping from the water. My observation that the rats swam competently,
despite being lethargic, contributes to what already is known about activity during sickness:
in a life-and-death juncture, such as occurs when rats are forced to swim (e.g. in a Water
Maze) in order to survive, the sickness behaviour of lethargy may be suppressed, because if
it was implemented it would have threatened survival. | therefore support previous evidence
that the sickness behaviour of lethargy may be activity specific (Hopwood et al., 2009;
Skinner et al., 2009). Moreover, motivation for survival may override many aspects of
sickness behaviour and | believe that this phenomenon may have important implications for
the behaviour of ill individuals who may find themselves in situations where survival is their

only option.

Many attempts to simulate chronic, sustained fevers experimentally have failed. However, |
have shown that it is possible to simulate recurrent acute fevers, in my case during
simulated recurrent Mycoplasma infection. In spite of their prevalence and importance,
recurrent acute infections seldom are investigated in the laboratory. Following repetitive
administration to rats of 500 pg.kg” FSL-1, 10 days apart, | observed recurrent fevers,
recurrent lethargy and recurrent anorexia, but no body mass stunting (Chapter 5). | showed
that FSL-1, which simulates Mycoplasma infection, is a reliable pyrogen that produces
consistent, pronounced, recurrent acute phase responses experimentally in rats, without the
development of tolerance to fever, lethargy or anorexia (Chapter 5), when it is administered
at 10-day intervals. However, | did not observe residual impairment in learning and memory
in rats, a finding consistent with recent evidence in mice that had received acute or repeated
administration of Staphylococcal enterotoxin A (SEA) (Woodruff et al., 2010). My study is the

first, | believe, to have assessed residual deficits in learning and memory in otherwise

147



Chapter 6 Conclusion

healthy rats following recurrent acute stimulation of the innate immune system, i.e. spaced
injections of a pyrogen with recovery between infections (Chapter 5). However, residual
impairment has been detected in rats after repeated (i.e. daily injections with no recovery
between infections) or chronic administration (i.e. continuous infusion) of lipopolysaccharide
(LPS) (Aubert et al., 1995; Hauss-Wegrzyniak et al., 1998, 1999; Sparkman et al., 2005),
which is different to my model of recurrent acute administration (i.e. spaced injections with

recovery between infections).

In addition to measuring residual leaming and memory following simulated recurrent
infection | investigated whether any observed impairments could be associated with
apoptosis and necrosis in the hippocampus, the principal brain region involved in spatial
learning and memory. For the histopathology, | used the technique of cresyl violet staining to
identify apoptosis in the dentate gyrus of the hippocampus (see Pfister et al., 2000).
However, it is advisable to use other staining methods, including Caspase assays, Annexin
V assays, cell permeability assays or DNA fragmentation in conjunction with cresyl violet
staining in future experiments. Although | did not observe any residual histological pathology
in the hippocampus following simulated recurrent Mycoplasma infection (Chapter 5), it
remains to be confirmed whether Mycoplasma infection may affect other aspects of
hippocampal-dependent learning and memory, including non-spatial learning and memory.
Recurrent, central Mycoplasma infections, rather than peripheral Mycoplasma infections,
also may affect learning and memory processes. Moreover, it is possible that, in
Mycoplasma infection, the genetic background of the host is an important determinant of
whether or not the infected individual will have impairment in learning and memory (see Chu
et al., 2006). Impairment also may depend on age, the type and severity of infection as well
as the duration of the infection. A case study in a 7-year old girl has reported pervasive

changes in memory following M. pneumoniae encephalitis (Benjamin et al., 2007), but
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cognitive impairment does not seem to be significant in adults or aged individuals who suffer
from M. pneumoniae encephalitis (Hokkanen et al., 1996a,b). Therefore, if other behavioural
paradigms that assess other types of hippocampal-independent non-declarative learning
and/or memory are employed in addition to a Morris Water Maze, we ultimately may be able
to identify the mechanisms involved in Mycoplasma-induced cognitive impairment and
whether the impairment is specific to a certain age group or not. Recurrent Mycoplasma
infection, which affects all age groups, could have long-term detrimental cognitive
consequences. Therefore, there could be value in repeating my experimental procedures to
simulate Mycoplasma infection in very young and very old rats. | believe that my model of
recurrent acute infection has significant potential to be implemented in other experimental
models of infection, including influenza, malaria and meningitis, which often occur acute
recurrently. The potential consequences of different types of infections on various aspects of
learning and memory that might persist once the infected host had recovered from recurrent

infections require more investigation.

Before any hypotheses are constructed about the consequences of recurrent infection in
children, based on the outcome of my studies, the factors influencing acute phase responses
in children, rather than rats, will have to be considered. For example, in humans helminthic
infections might affect immune reactions to concomitant infections (e.g. tuberculosis) that
occur with high frequencies in helminth-endemic areas. In the host, helminthic infections
induce immune hypo-responsiveness to subsequent infections, which is characterized by
elevated T-helper cell type 2 (Th2) cytokines and IgE production (Bentwich et al., 1999;
Bundy et al., 2000). Studies also have shown that intestinal helminth infections could impair

cognitive ability (see Watkins and Pollitt, 1997; Dickson et al., 2000a; Dickson et al., 2000b).
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Although no direct extrapolation of the outcome of my acute, recurrent study in rats can be
made to humans, the clinical implications of my study are hopeful in that | did not observe
permanent stunting in rats. Equally importantly, | did not find any residual histological
damage to the hippocampus of rats nor did | find lasting detrimental effects on spatial
learning and memory. Nonetheless, Mycoplasma infection still is a major problem especially
in developing countries and affects many children. Therefore, studies in children are needed
to determine whether or not apparently-well children who have recovered from recurrent

acute Mycoplasma infections have residual deficits in learning and memory.

Not only are Mycoplasma infections prevalent in developing countries, but emerging
evidence also has implicated Mycoplasma pneumoniae in facilitating allergic airway
diseases, such as asthma (Sutherland and Martin, 2007; Schroder et al., 2008), with
increasing incidence in developed countries (European Community Respiratory Health
Survey, 1996). The increased incidence of respiratory tract infections in developed countries
presumably is because of lifestyle changes and improved general hygiene in those
industrialized countries (ISAAC Steering Committee, 1998), a phenomenon often referred to
as the ‘hygiene hypothesis’ (Strachan, 1989). According to the hygiene hypothesis, reduced
exposure to micro-organisms may be associated with increased prevalence of allergic
conditions (Strachan, 1989; Strachan et al.,, 1994, 1996, 1997). Thus, early childhood
exposure to pathogens, typically within households, may protect against allergic sensitization
(see Gangal and Chowgule, 2009). A more recent hypothesis, which parallels the hygiene
hypothesis, is the ‘parasite-stress hypothesis’, which proposes a positive relationship
between exposure to infectious disease, albeit at low levels, and high intelligence (see Eppig
et al., 2010). My observation with regard to sparing of learning and memory during acute and

recurrent acute simulated Mycoplasma infection not only is encouraging, it also may be in
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line with the ‘parasite-stress hypothesis’, although we should not equate “normal” learning

and memory to high intelligence.

FUTURE PERSPECTIVES AND RECOMMENDATIONS

Because of its robustness, | implemented the Morris Water Maze for measuring learning and
memory in my studies. The Maze also has been adapted for studies in humans. The use of
advanced 3D-computer technology as well as the implementation of virtual water tasks (i.e.
the “Virtual Morris Water Maze”) allows researchers to test spatial navigation and memory
ability in humans under laboratory conditions (Astur et al., 1998, 2001, 2004; Hamilton et al.,
2002). The virtual mazes have proven highly sensitive when used in the assessment of
cognition in children (Overman et al., 1996; Leplow et al., 2003), novel treatments for age-
related cognitive decline (for review see Lindner, 1997; Driscoll et al., 2003), gender
differences in cognitive ability and spatial navigation in both adults (Moffat et al., 1998; Astur
et al., 1998; 2004; Mueller et al., 2008; Woolley et al., 2010) and in children (Newhouse et
al., 2007), cognitive processes in children with Fetal Alcohol Syndrome (Hamilton et al.,
2003), cognitive ageing (Newman and Kaszniak, 2000), hippocampal damage or dysfunction
(Astur et al., 2002) as well as the involvement of the hippocampus in spatial navigation
(Aquirre et al., 1996; Astur et al., 2004; Goodrich-Hunsaker et al., 2010). In the clinical
setting, the virtual mazes seem to have advantages over the traditional spatial memory
paradigms in terms of their flexibility, generalizability and experimental control (see Astur et
al., 2004), although some still prefer the traditional methods (Grigoleit et al., 2010). Although
the virtual mazes have not been used in humans to study learning and memory processes

as part of infection-induced sickness responses, their use should be considered.

151



Chapter 6 Conclusion

Studies investigating infection-induced learning and memory impairment are crucial,
because exposure to pathogens is inevitable. Children, in particular, are at risk of recurrent
infections and of developing chronic infectious diseases, which may have detrimental
outcomes for cognition. Mycoplasma-induced community-acquired pneumonia is prevalent in
children in both developing countries as well as in industrialized, developed countries.
Although M. pneumoniae classically has been considered an extracellular (or membrane-
associated) organism, accumulating evidence suggests that this pathogen and other strains
of the Mycoplasmas may colonize, exist and replicate as intracellular pathogens within
human cells (Dallo and Baseman, 2000; Meseguer et al., 2003). Thus, the ability of the
Mycoplasmas to act as intracellular pathogens may contribute to their pathogenicity.
Because cytokines appear to mediate the acute phase response to many infections,
including Mycoplasma infection, studies of cytokine antagonism for therapeutic intervention
will be critical. Agents that block the actions of cytokines already are available clinically and
may be used in studies of cytokine-mediated fever and sickness behaviours during real, or
simulated, Mycoplasma infection. Furthermore, using endogenous antagonism of the
biological action of cytokines, the actual role of various pro-inflammatory cytokines in
mediating Mycoplasma-induced fever and sickness behaviours can be confirmed. In
simulated acute Mycoplasma infection in rats | have shown that increases in concentrations
of the pro-inflammatory cytokine, IL-1f, in both the plasma and brain accompany fever,
lethargy, anorexia and body mass stunting without affecting learning and memory (Chapter

3 and 4).

My finding that learning and memory (as measured with a Morris Water Maze) were spared
in the presence of an increased concentration of IL-1f3 is at odds with the findings of others.
Infection-induced over-expression of pro-inflammatory cytokines, including IL-1p3 in the brain,

has been associated strongly with learning and memory impairment (Oitzl et al., 1993;
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Rachal Pugh et al., 1999; Song et al., 2004; Song and Horrobin, 2004). Consequently,
studies are needed to clarify whether altered concentrations in the CNS of individual
cytokines result from a pathological condition, or whether altered expression of cytokines
results as a consequence of a disorder. In simulated Mycoplasma infection, induced by FSL-
1, investigations also are needed to determine what high plasma concentrations of IL-6

achieve if there are no changes in brain concentrations of this cytokine (Chapter 4).

Cytokine antagonism also could be used to investigate the roles of pro-inflammatory
cytokines, including IL-1B, IL-6 and TNF-q, in learning and memory processes. In contrast to
fever, lethargy and anorexia that are well established sickness responses to many infections,
learning and memory impairment is not an inevitable consequence of infection, as | and
others have shown (Thomson and Sutherland, 2006; Huang et al., 2010; Woodruff et al.,
2010; Chapter 3). The question remains why the same pyrogenic moiety (e.g., IL-13 or LPS)
in the same species sometimes impairs learning and memory in the same task (i.e., Morris
Water Maze) and sometimes not (refer to Table 1, Chapter 1). Whether the Iatter
phenomenon also is true for other pyrogenic moieties needs to be explored, because during
infection brain regions required for fever may be affected differentially from those brain

regions required, specifically, for learning and memory.

In situations where learning and memory are critical for survival of the host, sickness
behaviours may be suppressed. In Chapter 3 | have shown that learning and memory,
competencies which were crucial for survival of rats in a Morris Water Maze behavioural test,
were unaffected in spite of the sickness behaviour of lethargy the rats had experienced.
Further studies are needed to investigate the effect of other sickness behaviours, including
anorexia, on learning and memory during life-and-death situations. Whether anorexia will be

suppressed, in order to enhance survival, has clinical relevance particularly for children in
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resource-poor, developing countries who suffer simultaneously from infection and
malnutrition. Although nutrition is crucial for mental development (Lynn, 1990, 1993), the
nutritional status of children also may affect intelligence in the absence of infection (Barber
et al., 2005). Therefore, experiments in food-deprived animals are needed to determine
whether cognitive function, including learning and memory will be spared if it could increase
chances for survival. Similarly, it needs to be investigated whether learning and memory take
priority over fever or the sickness behaviour of, for example hyperalgesia, when survival
behaviour is employed during illness. These questions can be addressed by injecting
species-specific neutralizing antibodies against those cytokines mediating the particular
infection. For measuring learning and memory, the Morris Water Maze may be used in
conjunction with other models of learning and memory, which do not necessarily depend on
physical activity, such as swimming. Sickness behaviours, including lethargy may confound

results in those models that rely on physical activity, such as the Morris Water Maze.

Because learning/memory impairment appears to be a common, albeit not ubiquitous,
consequence of immune activation, the question remains whether there is an adaptive
purpose to illness-induced cognitive impairment? In my view, the type of infection (e.g.,
bacterial vs. viral vs. fungal), the site of infection (e.g., local vs. systemic vs. central) as well
as the severity and duration of the inflammation may be important predictors for illness-
induced cognitive impairment. It is possible that a longer-lasting, severe, CNS infection may
increase the chances of cognitive impairment, as opposed to a mild, one-day, local infection.
The frequency of the infection (i.e., once-off, repeatedly or recurrently) also may be a critical
predictor of whether cognitive impairment is likely to occur or not. Chronic or recurrent
activation of the immune response may render the brain more susceptible for neurologic
sequelae, including cognitive deficits. Other factors, such as old age or health status, i.e.,

patients with HIV, tuberculosis, brain injury or neurodegenerative diseases (e.g. Alzheimer’s
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disease) also may predispose patients to cognitive decline during infection. All these factors
may clarify, or even contribute, to the existence of iliness-induced cognitive impairment, but

the adaptive purpose thereof still is incomprehensible.

Moreover, activation of the host’'s immune system may result in latent vulnerability to
subsequent activation and recurrent inflammatory challenges may uncover, or even
exacerbate existing clinical symptoms. Mycoplasma infection is not the only type of infection
that occurs recurrently. The bacterium Streptococcus pneumoniae is a common cause, if not
the main cause, for recurrent pneumonia throughout infancy and childhood (e.g., see Stein
and Cauduro Marostica, 2007). Other recurrent infections, including meningitis, malaria and
influenza could have long-term detrimental consequences, such as growth retardation or
cognitive retardation after resolution of the recurrent infection. If residual detrimental effects
of infection persist, they need to be investigated experimentally. Management requires an
understanding of the physiological processes which link the infecting pathogen to the
sickness behaviour, particularly so that targets for intervention can be identified. When
simulating infections, experimentally, the use of pyrogenic moieties from organisms should
be considered instead of using live pathogenic organisms. While | have used FSL-1 derived
from M. salivarium (which appears to have a lower pyrogenicity compared to M.
pneumoniae), moieties from other species in the genus, such as MALP-2 from M.
fermentans (Muhlradt et al., 1997) or FAM20 from M. pneumoniae (Shimizu et al., 2008) also
should be considered to simulate recurrent infections caused by the Mycoplasmas. So too
should moieties form other causative pathogens, particularly pneumolysin from S.
pneumoniae (e.g., see Hirst et al., 2004), be used for future research into simulating

infections that occur recurrently.
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Finally, in contrast to simulating chronic infections in the laboratory, there appears to be no
barrier for simulating recurrent infections experimentally. These studies ultimately will help
us elucidate whether recurrent acute infections indeed have lasting detrimental outcomes.
Growth retardation, loss of motivation for life-sustaining activities and cognitive retardation

may have a devastating impact on the infected individual's welfare.
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