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Abstract

It has been widely described that immune activation, such as that induced by bacterial endotoxin
(lipopolysaccharide, LPS) or by interleukin-1p (IL-1p) causes deficits in learning and memory.
These studies have been performed in a limited number of paradigms and have often failed in their
experimental design to account for features of sickness behaviour and have thus introduced
potential confounding factors. As such, this literature provides an oversimplified view of the
issues. A detailed reading of the literature reveals that rodents treated with LPS or IL-1f, whether
systemically or centrally, do not reproducibly show clear impairments in spatial reference memory
in the Morris Water Maze. Latency to find the platform is almost invariably increased, consistent
with sickness and reduced locomotor speed in these animals. In studies where distance travelled or
route to the platform have been examined there have been either very modest or no differences
between treated groups, or stress-induced, thigmotaxic, strategies employed by the sick animals.
This suggests that emotional and performance changes are more significant than cognitive
impairments. There is better evidence for a deficit in contextual fear conditioning experiments
induced by LPS and IL-1p and these effects are clearly dose dependent, with facilitation at low
doses and impairment at higher doses. We propose that the field should be more cautious and
more specific in its description of these cognitive effects and that new tasks be employed in these
studies, that are not susceptible to confounding factors such as locomotor speed and elevated stress
responses. Emerging data suggests that systemic insults induce more robust memory impairments
in aged rodents or those with pre-exisiting neurodegenerative disease and these effects are
consistent with the mild effects of infection on cognitive processes in young or healthy adults and
the more severe effects, such as delirium, in the elderly and demented population.

Introduction

“What happens to the mouse that finally stops running the maze ? The doctors
think he’s dumb, when he’s just disappointed”

Mark Eitzel, American Music Club

Corresponding author: Dr Colm Cunningham colm.cunningham@tcd.ie phone: 00353 1 8968528.
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The concept that sickness behaviour has evolved as a coordinated set of behaviours driven
by specific brain centres to conserve energy, support the fight against infection and
mimimise spread of infection is now widely accepted. Since the demonstration that systemic
events can alter CNS function many other CNS effects have been ascribed to this periphery-
to-brain communication. Among these is the idea that systemic LPS, and/or pro-
inflammatory cytokines have a deleterious effect on memory and learning. Though there are
relatively few papers on this subject, employing few experimental paradigms, the idea that
systemic inflammation impairs memory and learning appears to have become dogma in the
psychoneuroimmunology field. However, in many cases the studies on which this reasoning
is founded have failed to take account of the effects of LPS on stress, motivation, locomotor
activity and speed of movement. All of these parameters are acutely impaired by LPS
treatment (and to a lesser degree by IL-1p) and gradually recover over a period of
approximately 24 hours. The effect of LPS on these parameters can confound tests of
learning and memory. While it is undoubtedly true that LPS and IL-1p have deleterious
effects in some paradigms, they are not necessarily amnesic effects. In this review, we will
make a critical assessment of the current literature on the effects of infection, LPS and pro-
inflammatory cytokines on learning and memory in rodents.

Early experiments

Most of what we know about immune stimulation and cognitive processes comes from
studies in rodents. The first clear indications that immune stimulation had cognitive effects
were in the mid-nineties when a number of groups reported effects of LPS, IL-1p or
bacterial infection on learning and memory. In the first of these studies, Oitzl and colleagues
(Oitzl et al., 1993) injected IL-1f intracerebroventricularly (i.c.v.), in rats and noted transient
deficits in the Morris water maze (MWM), a spatial memory task. Animals injected with
IL-1B acquired the task at the same rate as the control group, but 24 hours later did not recall
the location of the hidden platform. This result suggested that IL-1f caused a deficit in recall
or retrieval of the first day’s learning. In 1995, Aubert et al. (Aubert et al., 1995) suggested
that immune challenge induced memory deficits were not limited to tests of spatial
navigation, but also to nonspatial tasks. An autoshaping task was used in which lever presses
in a Skinner operant box were rewarded with a food pellet. Rats were injected
intraperitoneally (i.p.) with LPS at 250ug/kg before the second session. The LPS treated rats
showed a long lasting increase, compared to controls, in latency (i.e. an increased time) to
press the lever. The authors concluded that LPS had an effect on the formation of an
association between the conditioned stimulus (presentation and pressing of the lever) and the
unconditioned stimulus (presentation of the food reward). Further experiments examined
treatment with IL-1p i.p. and also showed impaired learning relative to saline-injected
controls.

Also in 1995, Gibertini et al. (Gibertini et al., 1995) studied the effect of a real infection with
Legionella pneumophila. This paper showed a marked effect of either Legionella
pneumophila or 100 ng IL-1{ i.p. on learning in the MWM. In IL-1B-treated mice the
latency to find the hidden platform in this maze did not decrease across 18 trials. Therefore,
this result suggests that across this period of training IL-1 prevents learning about the
location of the hidden platform. Similarly Legionella pneumophila-treated animals were
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slower to find the platform across this period. Administration of anti-1L-1f antibodies to
infected animals in these experiments returned their latency on this task to near control
levels. Together these data suggested that bacterial infection, bacterial endotoxin, or indeed
a major pro-inflammatory mediator induced by bacterial infection, IL-1p, could induce
impairments in different learning paradigms.

It is attractive to interpret these data as a failure in learning and memory, because long term
potentiation, an electrophysiological correlate of many forms of learning, was also shown to
be reduced by both LPS and IL-1f (Katsuki et al., 1990; Cunningham et al., 1996). Certainly
this correlation between behavioural and electrophysiological data resulted in a
strengthening in the association between immune stimulation and learning in the
psychoneuroimmunology field. Since that time many researchers have used immune stimuli
such as LPS and IL-1p to investigate their effects on learning and memory, but before
examining these data we will consider the criteria that must be fulfilled to demonstrate a
cognitive impairment.

What do we mean when we say cognitive impairment ?

In order to analyse the data suggesting that infection, LPS and/or IL-1f to impair cognitive
processes we must examine the paradigms used and the types of learning and memory task
that have been employed. In order to demonstrate that a learning or memory impairment has
been induced by the treatment we must also ascertain that any impairment observed could
not equally be explained by a lack of motivation, an increased stress or anxiety response or
simply a decreased speed in responding due to locomotor activity decrements. It is well
described that LPS and/or IL-1p induces locomotor hypoactivity (Hart, 1988; Kent et al.,
1992; Kozak et al., 1994), decreased reward seeking activities (Yirmiya, 1996; Borowski et
al., 1998), and conditioned taste aversion (Tazi et al., 1988) as well as inducing anorexia
(Laye et al., 2000) and marked activation of the hypothalamic-pituitary-adrenal stress axis
(Berkenbosch et al., 1987; Besedovsky et al., 1991). Thus we must examine the impact of all
of these changes on the behaviour of the animal and control for these changes in the
experimental design if we are to avoid possible confounding factors. If sickness behaviour
respresents a reorganisation of priorities for the sick animal, we must attempt to assess how
this reorganisation of priorities may alter behaviour in the paradigms used.

Perhaps the best example of reorganisation of priorities after an immune challenge is in the
Morris Water Maze. In the MWM task a decrease in the time taken to find a hidden platform
or a decrease in path length to the platform can indicate an improvement in spatial learning.
Given the impact the immune stimulation may have on speed of locomotion, an increase in
the time taken could also simply indicate slower movement. This issue can be addressed to
by assessing speed of movement and integrating these data with latency data to estimate
whether animals have travelled further in locating the exit. In addition, one can assess
whether the treated and control animals show differences in the time to solve the maze when
the platform is clearly visible. These approaches have been used by a number of authors to
facilitate at least a partial delineation of performance and cognitive deficits (Yirmiya et al.,
2002; Sparkman et al., 2005b). However, even this is insufficient to detect some apparent
deficits that are not necessarily cognitive. For example, animals could learn to use a
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searching strategy that is not reliant on the extramaze spatial cues, such as swimming a
certain distance from the edge of the pool. One possible way of testing whether animals are
learning the location of the platform relative to the extramaze cues is to perform a probe test
at the end of training, or at a point in training where the experimentor predicts that a clear
impairment will be apparent in some subjects. In this test the platform is removed and the
percentage of time spent exploring the quadrant of the maze that previously contained the
platform can be measured. Learning strategies that are not reliant on the extramaze cues may
lead to equal exploration in all four qudrants of the pool, whereas allocentric learning will
result in a preference for the training quadrant. Hippocampal lesioned animals fail to use the
extramaze spatial cues to navigate to a hidden platform location (Morris et al., 1982).
However, hippocampal lesioned animals can show normal performance on non-spatial
learning such as swimming to a visible platform (Morris et al., 1982). Therefore, whereas a
deficit in allocentric spatial cue learning may indicate impared hippocampal function, a
reduction in learning that is not dependent on allocentric cues may be due to non-
hippocampal dependent effects. If an animal does pursue a thigmotaxic strategy (i.e.
remaining close to the walls of the maze) in order to minimise the stressful conditions of
immune stimulation combined with forced swimming, this will result in different learning
rather than simply impaired learning.

In addition to the well-described changes that may affect performance in behavioral tasks,
we must also take account of ‘state-dependent’ changes that might occur in immune
challenged animals. In a typical learning experience a number of contextual stimuli may be
present at the time of the presentation of the relevant cues. Contextual cues typically refer to
external stimuli, but it is possible for the internal state of the animal to be a contextual cue.
Therefore, learning episodes may be “state-dependent’ in that internal state cues may also
form part of the association with the outcome. It is well known that in humans the context or
state in which learning occurs plays an important role in subsequently retrieving the
memories. For example, if learning occurs whilst intoxicated with alcohol, subsequent
retrieval is poor if tested when sober, but this decrement does not occur if the subject is once
again intoxicated (Goodwin et al., 1969). Similarly, with animals the administration of drugs
can lead to state-dependent effects on learning (Overton, 1964). Also, as in case of
electroconvulsive shocks (Thompson and Grossman, 1972), it is possible for stimuli that are
presumed to have an amnesic effect to simply form part of the context or state in which
learning occurs. Thus, many stimuli may appear to have an effect on learning, but they may
simply form part of the context of learning, which may help the retrieval of memory, and in
their absence, retrieval may be impaired. For it to be possible to conclude that a
manipulation, such as LPS, has an effect on learning, the manipulation must be present at
both the training and the test of learning to ensure that changes in the state cannot be used to
explain any observed effects on learning. In many studies, animals have been injected with
LPS or IL-1f and trained on certain tasks, and then asked to demonstrate retention of the
prior learning in the absence of these internal contexts. Therefore, the task is contextually
different in training and testing, and this is another possible confounding factor in cognitive
experiments with immune stimuli. Throughout this review, when identifying possible state-
dependent effects we aim to suggest that while an amnesic effect may have occurred (i.e. the
consequence for the sick animal may be a failure to remember) it is possible that this reflects
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a failure to retrieve the memory due to it’s state-dependency rather than an inability to
encode the stimuli in the first instance (Miller and Springer, 1973).

Finally, a number of authors who have reported effects of LPS on memory and learning
have employed severe dosing strategies and it is our opinion that these studies are not
particularly informative. Hauss-Wegryzniak et al. showed that when given at i.c.v. at 0.25
microgram per hour for 28 days LPS impaired latency in the MWM (Hauss-Wegrzyniak et
al., 1998). Tanaka and colleagues injected 20 micrograms of LPS into the hippocampal
CAL, on 5 consecutive days (Tanaka et al., 2006) and found similar impairments. The
former study, and others by the same group, causes marked neuronal death, while the latter
study appears to cause synaptic loss or damage as measured by MK801 binding. These types
of study, which cause neuropathological deficits rather than pharmacological effects, will
not be considered further in this review.

A second look at the early studies

With the previously discussed points in mind, it is informative to once again examine the
early studies of LPS and IL-1p effects on learning and memory. As stated above, injection of
IL-1B i.c.v., 1 hour before training did not affect learning of the location of the hidden
platform on day 1 of training, but on the first trial of day 2 the treated animals were impaired
compared to controls (Oitzl et al., 1993). However, they quickly learned the location of the
platform such that by trial 2 on day 2, performance was once again indistinguishable from
controls. The first potential concern is that the only measure provided in the study is the
latency to locate the platform. These authors did use videotracking and path analysis
software, which became available in the early nineties, but have presented only latency in
this study. Latency will be dscussed further below. The main concern in this study is that
state-dependent effects have not been controlled for, and thus, on day 2 the task is
contextually different from day 1, because the animals are no longer experiencing the IL-1p-
induced sickness they experienced during learning. This may explain why there is a
difference in latency on the first trial of day 2 that very quickly resolves upon habituation to
the new (IL-1p-free) context. If IL-1B is given directly before training, these animals are not
impaired on day 2. The authors conclude that these animals have achieved both the
acquisition and its consolidation before IL-1f effects on the process take hold. The trials in
this control experiment were massed such that all three trials on day 1 would have been
completed before 1 hour had elapsed since IL-1f treatment. Thus from a ‘state-dependent’
point of view, these animals learned largely in the absence of IL-1p effects and were then
tested one day later in the absence of IL-1 and showed normal performance in both
situations. What is clear is that the presence of IL-1p-induced sickness for the first few hours
after learning the location of the platform has no negative impact on their recollection of that
location the following day.

In the other early MWM spatial learning and memory study (Gibertini et al., 1995), the
authors also used latency to find the platform as the principal measure of learning, but did
address the potential confounds of swim speed and search strategy with limited video data of
path lengths. These data show that despite latencies that did not appear to decrease across
the period of training, the path length for IL-1f treated animals did decrease (~620 cm ->
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390 cm) suggesting that searching for the hidden platform became more efficient over
training. So, if latency does not improve, but path length does decrease with successive
trials, it suggests that IL-13-treated animals are learning the task to a certain degree. This
suggests that a thorough analysis of distance travelled and route taken would be more
informative for sick animals than a simple measure of time taken. It is possible that LPS or
IL-1p, both of which are known to activate the HPA axis and raise hippocampal
corticosterone at the doses used in these studies, may simply induce a stressed/anxious
behavioral pattern that is different from saline-treated controls. It is certainly true that
stressors such as LPS, IL-1f and indeed the temperature of the water may all have different
effects on the behavioral strategy of an animal placed in a water maze (see (Joels et al.,
2006) for review). A full discussion of the interactions of stress with immune stimulation is
beyond the scope of this review, but it is common for stressed animals to pursue thigmotaxic
strategies to avoid spending time in open, anxiogenic, areas of mazes (Treit and Fundytus,
1988; Simon et al., 1994) and thus the route taken by animals could clarify whether there is
a failure to learn or whether they are using a stress-minimizing strategy. Subsequent
experiments in mice by Gibertini emphasize this point (Gibertini, 1998). Using path length
as the major behavioural measure, young female mice were treated with IL-10 i.p. (100 or
1000 ng) and trained in the MWM by 2 different protocols. Across training (3 days x 5 trials
per day) IL-1p treated animals found the platform with the same path length as control
animals. However, probe trials, in which the animals were allowed to explore the maze with
the platform absent, revealed that at the end of training control mice were searching
predominantly in the training quadrant, but IL-1B-treated animals were not. Therefore,
although the two groups did not differ in their efficiency in locating the platform, only the
control group had learnt the location of the platform in relation to the extramaze spatial cues.
As might be predicted from animals now experiencing heightened stress with respect to the
saline controls, IL-1p-treated mice showed a trend toward thigmoataxis (remaining close to
the wall of the maze) in searching for the platform. Furthermore, when used at higher doses,
IL-1pB actually facilitated learning, consistently producing shorter path lengths to find the
platform despite inducing profound sickness behaviour. One final interesting and novel
result that emerged from this study was that when tested in cold water (18°C) IL-1p at 100
ng did not induce any impairment in learning the location of the hidden platform, while at
23°C the IL-1p treated animals were impaired. Therefore, IL-1 may impair motivation to
learn the task, but not actually the ability to learn the task.

The other early paradigm in which LPS/IL-1p was shown to induce cognitive impairments
was autoshaping (Aubert et al., 1995). Rats were placed in an operant box, and after a time a
lever was presented. This lever could be pressed, which would prompt its retraction, and
after a 2 second delay food was presented. If the lever was not pressed by the rat, it would
nonetheless be retracted after 15 seconds and food was presented regardless. Upon
successive exposures control rats quickly learn to associate the lever press with the food
reward and the latency to press the lever thus decreases. When LPS was injected after a
single training session in this apparatus the latency to press the lever remained very high for
many successive trials and remained considerably higher than controls for 12 days (when the
experiment was terminated). If LPS was given after animals had fully made the association,
the latency was not affected, suggesting that LPS did not merely retard responses. The
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authors conclude that LPS impaired acquisition of the lever and food reward association, but
did not impair subsequent retrieval of the association once acquired. Similar experiments
with IL-1p injection early in training also induced increased latency but, unlike with LPS,
these animals eventually learned the association to the same extent as controls, but showed
higher latencies for approximately 4 days. In the discussion the authors quite rightly point
out the possibility that the LPS-treated, and to a lesser degree, the IL-1f treated animals,
may develop place aversion for the novel environment (the operant box) in which they have
experienced the episode of sickness and that this place aversion will provoke a certain
degree of caution in the apparatus. Both place (Mormede et al., 2003) and taste aversion
(Tazi et al., 1988) occur upon IL-1p and LPS treatment, probably through the induction of
corticotropin releasing factor (Cador et al., 1992) and both would be predicted to increase
latency in this paradigm. The most compelling evidence that this is indeed what is being
observed in the Aubert studies is that the latency does not return to control levels throughout
the 12 days of testing after LPS treatment. If learning the association of the stimulus with the
food reinforcer were blocked by LPS/IL-13 one would predict that the learning is simply
delayed by 24 hours because effects of the immune stimulation should have resolved by this
time (Bluthe et al., 1992). That this effect lasted for 12 days with LPS and 4 days with IL-1
suggests that the most salient association made by these sick animals is between the context
and the sickness they experienced there, rather than that between the lever and the reward.
These are factors that could cause immune-challenged animals to appear to have impaired
learning when in fact normal learning could have been masked by sickness association
learning. Furthermore, one might argue that LPS-induced taste-aversion is clear evidence
that learning does occur during sickness. Thus the observed impairment is more likely to be
an emotional rather than a cognitive response to sickness.

Thus, while all of these studies report effects of immune stimulation on learning and
memory it is conceivable that all the findings can be explained by place or taste aversion,
state-dependent effects, or alternative search strategies induced by stress. This does not
prove that immune stimulation does not have cognitive effects, but it does emphasize the
need to address these possibilities in the design of subsequent experiments.

Contextual fear conditioning & two-way active avoidance

Within a few years of the aforementioned three studies, a number of other laboratories
continued investigations of immune stimulation and learning and memory, and among these
next experiments was the use of contextual fear conditioning as a measure of learning.
Impairment of rats in this paradigm was demonstrated (Pugh et al., 1998) when LPS was
injected directly after conditioning. In this task a distinction could be made between
contextual fear conditioning, which is dependent on the hippocampus, and auditory fear
conditioning which occurs independent of the hippocampus (Kim and Fanselow, 1992). Rats
were placed into context A and received two shocks that were paired with the conditioned
stimulus (CS), a tone (1t shock after 120s, 2" shock after 240s, then removed after 270s).
24 hours later mice were placed into context A for 5 minutes and the amount of freezing was
measured. Mice were then placed into Context B (distinct from context A). After a 180s
period (pre-CS period) the tone was presented for 180s (CS-period). Thus the freezing
response to the context and to the tone can be assessed separately. LPS was given
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immediately after the conditioning phase, and, therefore, could potentially interfere with the
subsequent process of memory consolidation. LPS doses of 0.125 mg/kg (but not 0.5 mg/kg)
impaired contextual fear conditioning (i.e. they froze less), but not auditory-cue fear
conditioning in these juvenile rats. In adult rats, in the same study, LPS had similar effects,
but only at higher doses: increased freezing was seen at 1 mg/kg but not at 0.5 mg/kg or at 2
mg/kg.

There are a number of advantages in the paradigm used by these authors. Due to freezing
being the ‘learned’ response and, because LPS-treated animals freeze less (i.e. move more)
than controls in this paradigm, it is unlikely that decreased locomotor activity, a possible
confound in many other paradigms, could be mistaken for impairment in this task. Both
groups show freezing levels in context B, during the pre-CS period, that are substantially
less than in Context A. Therefore, this suggests that freezing levels in Context A are due to
learning the association between the context and shock.

It is possible that LPS may have a state-dependent effect on consolidation. This would imply
that the context-shock association is consolidated in the context of (LPS induced) sickness
and that sickness would become a necessary cue for successful retrieval of the memory.
Indeed it has been shown that an electroconvulsive shock (ECS) given after training can
disrupt consolidation of learning, but if an ECS is given prior to testing the memory is
rescued (Thompson and Grossman, 1972). Therefore, it is possible for amnesic stimuli to
cause a state-dependent retrieval deficit rather than impair consolidation of a memory.
However, consideration of the experiments by Pugh and colleagues (1998) reveals that a
state-dependent account is unlikely to be an adequate explanation of the data. Firstly, only
the context fear conditioning is impaired and not the cue fear conditioning. This would
suggest that LPS selectively impairs consolidation of hippocampal-dependent memory, but
not hippocampal-independent memory. Secondly, Pugh et al., (1998) demonstrate that pre-
exposure to the context 24 hours prior to training eliminates the LPS induced deficit on
contextual fear conditioning. This suggests that LPS impairs the ability to form a
representation of the context, but if animals are given prior opportunity to form a
representation LPS has no effect. It is possible that prior exposure to the context might
reduce the ability of LPS to cause state-dependent effects on context learning (possibly
through the process of latent inhibition). However, if this was the case then it would be
expected that pre-exposure to the context should also retard, rather than facilitate, context-
shock association learning.

The contextual fear conditioning experiments of Pugh and colleagues provide evidence that
consolidation of contextual memory is impaired by LPS and has been repeated in many
studies by this group. This paradigm has subsequently been used by others, with largely
similar results for LPS (Thomson and Sutherland, 2005). These authors replicate the work of
Pugh et al., matching LPS dose on the basis of endotoxin units rather than pharmacological
mg per kg matching. They observe an effect of LPS on hippocampal-dependent memory
consolidation (freezing to context, but not to tone) at one dose (2ug/kg), but not at double
this dose, as previously reported. This was not replicated by injecting IL-1p systemically,
even at a very wide range of doses: (100ng, 2000ng, 4000ng, 100 pg). Thus while Pugh et
al., showed that systemic administration of IL-1 receptor antagonist blocked LPS effects on
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contextual fear conditioning, suggesting that systemic IL-1p was the key mediator, Thomson
& Sutherland suggest that systemic IL-1p is not sufficient to cause the same consolidation
deficit.

There are studies suggesting impairments induced by LPS in passive avoidance experiments
(Jain et al., 2002), but the doses of LPS used by these authors were extremely high (50 pg/
mouse i.p). More recently another paradigm, two-way active avoidance, has been used to
show LPS-induced cognitive deficits in rodents (Sparkman et al., 2005a). In this paradigm,
animals are placed in a shuttlebox with 2 compartments of equal size. After a period of
habituation, a light comes on that precedes a footshock by 5 seconds. If the animal crosses to
the other compartment both the light and the shock go off. The animal should thus cross
when the light appears to avoid shock or cross after the shock begins to escape the shock and
consequently learn the association between the light and shock. Using active two-way
avoidance these authors have shown that LPS at 250ug/kg, 4 hours before the first testing
session, decreased the number of avoidance responses with respect to saline controls on days
2, 3 and 4, with no effect on days 1 and 5. LPS treated animals were considerably less active
in the inter-trial interval on training day 1 and yet still made the same amount of avoidance
responses (i.e. cued movement to avoid being shocked). Thus the LPS-treated mice were
nearly four times more likely to make a response in the presence of the light than they were
in the absence of the light, indicating that they had acquired the task to some extent during
this first training session. In addition, LPS given 4 hours before training could influence
cognition on the first day of training, but its effects would be effectively absent 24 hours
later. Therefore, any deficit seen 24 hours later could be attributable to state-dependent
effects. It is also of note that pro-inflammatory cytokines can induce hyperalgesia (Maier et
al., 1993) and thus, heightened pain responses to shock on day 1 may have some role to play
in possible state-dependent effects (i.e. shock may be less aversive on day 2 and subsequent
days since the effects of LPS have now passed). Thus, the effects of LPS in this active
avoidance paradigm are very modest, and may also be state-dependent. This seems a less
likely explanation for the effects reported by Pugh et al., (1998) despite the similarity in the
aversive stimuli used in these paradigms. However, the tasks are also different in that
animals use both the auditory cue and the context to predict the shock in fear conditioning
experiments, while in active avoidance the context is a poor predictor of shock, because it
can be associated with either the shock itself or the avoidance of shock. Thus learning is
likely governed by the light stimulus and thus, modest or absent aversive conditioning to the
light stimulus (Sparkman et al., 2005a) could be similar to the lack of effect of LPS on
auditory cue conditioning shown by Pugh (Pugh et al., 1998). It has also been argued that
the interoceptive sensations of sickness are likely to increase the load on working memory
and thus compromise the ability of subjects to coordinate nociceptive stimuli with diffuse
environmental stimuli (contexts), while auditory cues may be more salient (Dantzer et al.,
2008). This could possibly explain why contextual fear conditioning is more easily disrupted
than cued fear conditioning or active avoidance.

An earlier paper examined sickness-induced alterations in performance and motivation as
potential confounds in LPS experiments, both in operant boxes and mazes (Gahtan and
Overmier, 2001). These authors used a delayed matching to sample task in which rats must
press a lever under a light when it is illuminated or under the other unlit light after a tone in
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order to receive a food reward. The accuracy of animals injected with saline and 125 and
250 pg/kg LPS were not significantly different. The response latency was not significantly
longer if they made the correct response, but was longer when choosing incorrectly. They
made less reponses overall (though this was not statistically significant) and got less rewards
in the whole session, which was due to cessation of responding. Thus their motivation to
respond decreased, but their accuracy did not. Similarly, in an appetitive Y-maze reference
memory task rats showed the same rate of learning. There was a significant decrease in the
number of trials completed, and a trend towards a longer latency in the LPS group, but
importantly there was no difference in the numer of trial blocks in which they acquired the
task. All of this is consistent with a decreased speed of movement and a decreased
motivation, but no change in the accuracy of responding.

Malaise in the water maze

Many of the studies investigating cognitive effects of LPS and IL-1f in rats and mice have
employed the Morris Water Maze or variants of it, and these studies have provided some
contradictory claims (see table 1). Deterioration of spatial learning in mice treated with LPS
at 400-800 pg/kg was reported by Arai et al. (Arai et al., 2001) using a small, and relatively
simple water maze. Despite recording the route taken by all mice with a computerized
tracking system, this report, unfortunately, only presents data for latency rather than distance
swum as the measure of memory and learning. As we stated at the beginning of this review,
the probe trial is a strong indicator of the appropriate use of spatial cues to learn the location
of the platform and in this study a probe trial on day 3 reveals equivalent learning despite 2
days of treatment with LPS. Since the deficits are reported in the first 2 days, an earlier
probe trial would have been more useful, but certainly at 3 days LPS has not impacted on
spatial learning, which is dependent on the hippocampus (Morris et al., 1982). Also in 2001,
LPS was reported to impair spatial learning in rats (Shaw et al., 2001), but close
examination of these data reveal some interesting points. Firstly, the animals are trained
from a fixed start location, and thus solving the maze may have little hippocampal
involvement. Secondly, the impairments induced by LPS were a modest increase in latency
on day 4 (i.e. three days after LPS challenge) and a modest decrease in the ‘percentage of
time spent on direct route’ to the platform. This novel measure assessed whether the animals
are travelling directly towards the visuospatial location of the platform. This impairment is
also only observed from day 4 onwards. However, the data from this novel measure were
not supported by the cumulative distance data presented (i.e. LPS-treated animals did not
travel longer distances than controls) and this may suggest that alternative search strategies
were pursued by LPS-treated animals. Thirdly, both latency and distance travelled were
decreased relative to controls on the day of treatment with LPS, so if there were any early
effect on learning it would appear to be opposite to that predicted. Indeed saline-treated,
daily LPS and single LPS all appeared different on day one, further complicating analysis.
Fourthly, despite the claim that from day 4 onwards the LPS-treated animals were impaired,
the probe trial in this study indicates equivalent learning by the LPS and control groups.
Thus it is difficult to see any basis for the conclusions in this study. This study also uses the
unusual approach of treating animals for 5 consecutive days with LPS. The rationale for
doing this is not clear and no attempt is made to monitor the effects of this treatment on
inflammatory mediators. Repeated challenges with LPS induce early hypersensitivity
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followed by tolerance (Greer and Rietschel, 1978) and this is manifest in the marked
decrease in swim speed on day 2 of LPS treatment and its gradual increase to normal speed
by day 5. Complicating the inflammatory milieu can only further complicate attempts to
understand the influence of LPS on learning and memory. Although the analysis of these
data is complicated by the effects of hypersensitivity and tolerance to LPS, the observation
that consecutive treatments with LPS caused no memory deficits, while a single challenge
with LPS reportedly did, is further evidence that the reported LPS effects on memory may
be state-dependent. Other recent studies with rats report learning impairments induced by
i.c.v IL-1B, but these animals pursued a non-spatial thigmotaxic strategy (Song and
Horrobin, 2004) and parallel experiments show 7 fold increases in serum concentrations of
the stress hormone corticosterone (Song and Horrobin, 2004; Song et al., 2004).
Thigmotaxis is a typical response to anxiety in rats and mice (Treit and Fundytus, 1988;
Simon et al., 1994) and clearly, in studies inducing stress responses, is a confounding factor.
The least stressful strategy to escape the water in this case is likely to involve avoiding the
anxiogenic central areas of the maze, but this strategy may be inappropriately interpreted as
a failure to learn (see figure 1).

Aspects of the experimental design of the Shaw study were repeated in mice by Sparkman et
al. (Sparkman et al., 2005b), among which is the treatment of animals for 5 consecutive days
with LPS. This point aside, the authors show clearly that whereas LPS induced prolonged
latency to find the hidden platform in the MWM, the distance travelled by LPS and saline
treated mice was equivalent. Further experiments by these authors (Sparkman et al., 2005c)
focused on potential confounding factors. LPS (250ug/kg) on day 1, LPS everyday or saline
everyday do not show any differences on day 1 or 2, despite a profound depression of swim
speed. Thus, LPS does not affect learning either on the day of treatment or on the following
day, but the slower movement of these animals would have suggested decreased learning
had latency been the main measure. To their credit, these authors have gone to some lengths,
using comparisons of latency, distance and swim speed measures as well as visible platform
versions of the maze in order to show that performance deficits are considerably more
prominent than learning deficits. Nonetheless, they claim that there is some evidence for
learning decrements on later days in these experiments. These effects are very modest and
retention trials performed 3 days after the end of the 5-day learning period show no
difference between LPS- and saline-treated groups. In the same study, rats were trained on a
visible platform version of the MWM (Sparkman et al., 2005a). At the end of training the
platform was removed and probe task was performed to examine the amount of time spent
exploring the different quadrants of the maze. Therefore, although the extra-maze cues were
not necessary for learning the position of the visible platform, only extra-maze cue learning
would result in a preference for the quadrant in which the platform had previously been
located. LPS treated rats did not differ from controls in their preference for the training
quadrant. Therefore, both groups were, to some degree, using the extra-maze spatial cues to
learn the task.

We have also performed an aversively motivated form of reference memory in a Y maze
filled to a depth of 2cm with water (paddling Y maze) and also found no effect of LPS
(500ug/kg) in normal mice despite clear sickness and slower responding (Cunningham et al,
submitted). A failure to find any effect of i.p. IL-1 (sufficient to induce anorexia leading to
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a 15g reduction in body weight) on learning, consolidation or retrieval of memory, in rats,
was also reported by Thomson and Sutherland (Thomson and Sutherland, 2006). Using three
versions of the MWM they show no effect of systemically administered IL-1p on
acquisition, consolidation or retention of spatial learning. Thus, on a number of reference
memory tasks, LPS and IL-1p have only very subtle effects, if any at all, on reliable
measures of learning i.e. distance travelled and accuracy of responding, as opposed to
simple latency to find hidden platforms or exits. A summary of findings in the hidden
platorm version of the MWM is shown in table 1 and an illustration of potential confounds
is shown in figure 1.

More difficult spatial tasks have revealed LPS-induced decrements. A “spatial working
memory’ version of the MWM has been used by Sparkman et al. (2006). This working
memory task involves the hidden platform being moved on successive days, such that the
animals have to constantly shift from the previous day’s learned location to find the new
platform location (Sparkman et al., 2006). On day 9 animals were injected with LPS or
saline and the distance travelled to the platform measured across three trials. The animals
treated with LPS travelled considerably further than those treated with saline. What is
different about this task from the standard reference memory MWM task is that animals
have to learn something new that renders what they have previously learnt irrelevant. Thus,
if mice have to learn a new location every day, the first trial of the day is as informative
about their learning as is the last trial of the day. It is possible that perseverative responding
or indeed superior learning of the previous training location could contribute to the increased
distance travelled by LPS-treated animals. Therefore, details of the within-session learning
on the LPS treatment day would be extremely useful in ascertaining the nature of the deficit.

The authors go on to show that these learning decrements are not present in IL-6-/-mice.
This is consistent with previous studies by (Balschun et al., 2004) that suggest that IL-6 has
a role in blocking long term potentiation: i.c.v. infusion of anti-IL-6 antibodies increased
LTP and improved performance on an aversively motivated Y maze. Since the induction of
LTP by tetanic stimulation appears to induce brain IL-6 expression it is postulated that the
blocking antibodies are interfering with the function of physiologically, rather than
pathologically, relevant IL-6. The authors of this study suggest that IL-6 may be involved in
limiting the storage of some types of information. Thus, it may be significant that IL-6 was
necessary for LPS-induced impairments in which the suppression of recently learned
information is necessary for solving the new problem (Sparkman et al., 2006) when it may
have no role in a more straightforward reference memory version of the MWM (Qitzl et al.,
1993). A clearer knowledge of search patterns (i.e. the extent to which animals search in the
previously rewarded location) on the first trial of each session in the Sparkman studies
would be helpful to clarify some of these issues.

Working memory deficits were also reported in a radial arm maze after i.c.v. administration
of IL-1P (Song et al., 2004). The effects are described as targeting memory retrieval.
However, the recently formed memories of the locations of the food-baited arms have been
learnt in the absence of IL-1B and are tested in its presence and thus, this could be accounted
for by state-dependent effects. The authors also report that pellets were eaten equally by
saline and IL-1p treated animals in the training phase, but no mention is made of

Brain Behav Immun. Author manuscript; available in PMC 2014 September 08.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Cunningham and Sanderson Page 13

consumption in the test phase. There is evidence that animals develop taste aversion upon
i.c.v. IL-1B infusion (Janz et al., 1991) and the aversion develops after pairing of IL-1 and
food pellets. The possibility that taste aversion occurs is strengthened by evidence that
reducing stress, by infusion of the glucocorticoid receptor antagonist RU486, blocks the
impairment. It remains possible that these animals have a working memory deficit, but the
study lacks the controls to state this with confidence.

IL-1B and the facilitation of learning

It is apparent that some of the early reports of deleterious effects of IL-1 or LPS on
learning and memory are likely to be accounted for by inappropriate measures or
confounding factors. A recent body of work from the laboratory of Raz Yirmiya may help to
explain some of the remaining contradictions in the literature. This work started with the
injection of 10 ng IL-1f into rats (icv) without any impairment of accuracy in the MWM
(Yirmiya et al., 2002). In parallel expts, IL-1 receptor antagonist was found to lengthen
latency. Animals were trained for 12 trials and then immediately infused with IL-1f or IL-1
ra, so the drugs are not present during learning, but are during “consolidation”. So, IL-1
injected after learning, albeit at a lower dose than that used by Oitzl et al., does not affect
retention, while IL-1ra appears to impair it. While it is unfortunate that these authors
presented latency instead of distance travelled, IL-1 ra does not induce stress responses or
locomotor hypoactivity and, therefore, these confounding factors are not a major worry in
these experiments. Likewise, though state-dependent effects could conceiveably interfere
with the consolidation period and thus account for the impairments observed, how IL-1 ra
might alter contexts in a manner that might influence learning and memory is not intuitive.
Administration of IL-1 ra to normal animals also impaired performance on a passive
avoidance task (i.e. decreased latencies to cross into the goal area). These authors proposed
that physiological levels of IL-1p were actually necessary for learning. This work was
expanded to show that the IL-1 receptor type I (IL-1 RI) knockout mouse showed a longer
path length to reach the MWM hidden platform across three days of testing than did wild
type controls (Avital et al., 2003). The probe trial in these studies showed that less learning
had occurred in the knockouts than in the controls. In contextual fear conditioning
experiments, the IL-1 RI knockout also showed diminished freezing responses to contextual,
but not to auditory cues and the knockouts were also unable to sustain LTP. Together these
studies make a strong case that IL-1f can actually facilitate memory. Many authors have
previously found differential effects of LPS and/or IL-1 at different doses and have
speculated on a U-shaped curve which may govern the effects of immune stimulation on
learning and memory, but few have actually provided enough data to construct such a curve.
In 2007 Goshen et al., (Goshen et al., 2007) presented evidence that i.c.v. injection of 1 ng
of IL-1p actually increased freezing in contextual fear conditioning while 10 ng IL-1
impaired freezing. In addition, icv injection of 100ug of IL-1ra also impaired freezing. This
establishes a conceptual framework whereby very low, “physiological’ levels of 1L-1f
facilitate learning and blocking these levels can cause impairments, but pathological levels
of IL-1p may cause deficits. These IL-1p induced deficits are induced by i.c.v injection and
testing on the fear conditioning task that appears among the most robust across the many
studies performed in the area of memory and learning during immune stimulation.
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Dissociations in the reported impairments

Conclusion

While the experiments of the Rudy (Pugh et al., 1998; Barrientos et al., 2002) and Yirmiya
groups provide evidence for the ability of LPS and IL-1f at certain concentrations to impair
hippocampal-dependent consolidation of contextual fear conditioning, in the light of the
current discussion we must conclude that LPS in general does not robustly and reproducibly
impair hippocampal-dependent spatial learning. While it is possible that electric shock could
be perceived as a more salient cue to motivate a sick animal, it is notable that in the studies
of Yirmiya et al 10 ng of IL-1p i.c.v impaired hippocampal-dependent contextual fear
conditioning (Goshen et al., 2007), but did not affect spatial learning in the MWM (Yirmiya
et al., 2002). It has been shown that spatial learning and contextual fear conditioning do not
necessary rely on the same neural substrates (Richmond et al., 1999). Also, it has been
demonstrated that the ventral hippocampus is not necessary for the acquisition of spatial
learning (Moser et al., 1993; Bannerman et al., 1999; Richmond et al., 1999), but lesions of
the ventral hippocampus are sufficient to cause retrograde amnesia for a previously learnt
spatial task (Moser and Moser, 1998). Thus, the function of the hippocampus, and
dissociated regions within the hippocampus, may be more sensitive to post-learning
manipulations than to manipulations that are imposed on acquisition and the subsequent test
of learning. In the case of consolidation of contextual fear conditioning, it is possible that
when a normal animal is exposed to the training conditions a larger proportion of the
hippocampus is engaged in the consolidation process than may be necessary for the
encoding of contextual fear association. This may have the consequence that previously
acquired learning may be more vulnerable to the effects of an immune challenge.

There are indeed effects of LPS and IL-1f on learning and memory but these effects are not
straightforward. It appears that some doses can impair contextual fear conditioning while
others can facilitate it. In spatial tasks such as the MWM, latency is almost invariably
increased, but distance travelled is often not affected and when it is, thigmotaxic learning
strategies, specific to treated animals, have been recorded. In some cases where memory
appears impaired after recovery from sickness, state-dependent changes may explain these
deficits. On balance it seems reasonable to conclude that in the MWM, LPS and IL-1 do
not reproducibly impair learning, but can promote a different, less anxiogenic strategy of
solving the maze. Thus the question arises: If the data generated in the MWM is difficult to
interpret and to disentangle cognitive, emotional and locomotor impairments, why does it
remain a widely used test of hippocampal impairments in rodents experiencing sickness
behaviour or stress? It is essential that distance and route travelled, as well as probe trial
information, be supplied if we are to correctly interpret what animals are doing in this maze
when sick. Recent studies adopting this approach have revealed that performance deficits are
more marked than cognitive deficits (Sparkman et al., 2005b). We have recently developed a
number of new tasks that can examine reference or working memory in animals exhibiting
sickness behaviour. These tasks include a paddling (i.e. non-swim) version of the Y maze
(Cunningham et al., submitted). This and other variants, by focussing on correct and
incorrect responses rather than time or even distance travelled, ask whether there are any
differences in the accuracy of animals treated with LPS or IL-1f, and we propose that these
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tasks may be of utility in seperating some of these confounding factors. It should also be
stressed that designing paradigms to examine the effects of LPS or pro-inflammatory
cytokines on learning and memory is challenging. In order to exclude state-dependent
effects the immune stimulator should ideally be present during training and testing. In
essence this requires paradigms that can be learned in a single session, such as fear
conditioning experiments or more simple spatial learning paradigms. Even if this is achieved
it then becomes difficult to delineate effects on acquisition, consolidation and retrieval of
learning. However, with appropriate paradigms and appropriate controls a certain amount of
clarity could be achieved.

Relevance for human health & disease

There is an existing literature on cognitive effects of infection and of experimental
endotoxin treatment in humans. Although a full discussion of this literature is beyond the
scope of this review, it is useful to make a brief comparison between this and the rodent
literature. Studies of bacterial endotoxin injected into healthy volunteers suggests that at 0.8
ng/kg there were no effects on attention or executive functions, but, verbal and non-verbal
memory were significantly decreased (Reichenberg et al., 2001). Further studies with 0.8
ng/kg LPS actually showed an improvement in working memory, but an impairment in
declarative memory (Cohen et al., 2003). Subsequent studies with 0.2 ng/kg LPS produced
no significant effects on working memory, executive function or attention (Krabbe et al.,
2005). That these effects are relatively subtle and are dose-dependent is reflected in the
variability of data in studies of the common cold, influenza and other upper respiratory tract
infections (Bucks et al., 2008). In their studies of cognition, mood and emotional processing
in upper respiratory tract infection, they report no decrements in accuracy of episodic
memory or quality of working memory, but a major decrease in speed of cognitive
processing, particularly in retrieval of memory. They propose that the preservation of
accuracy of memory may occur at the expense of speed (Bucks et al., 2008). Likewise
Capuron et al., have shown that high dose IFN-a immunotherapy causes psychomotor
slowing, with deficits becoming more marked as the attentional demands of the tasks
increase (Capuron et al., 2001). These studies make for an interesting comparison with LPS
in rodents. Most human studies show increased anxiety and depressed mood after infection
or LPS or cytokine treatment and the Bucks study shows that this is elevated in aged patients
with respect to younger ones. There is already very clear evidence that systemic infections
have more profound outcomes in elderly and demented patients than in younger healthy
controls. This is best illustrated by the frequent occurrence of episodes of delirium in this
population. Delirium is an acute disturbance of cognition, attention and consciousness that is
induced by, among other things, systemic inflammatory events such as infection, injury or
surgery (Brown and Boyle, 2002). The interaction between prior brain ageing or
neurodegeneration and superimposed systemic inflammation would appear to be a key factor
in induction of these episodes (Voyer et al., 2006).

Consistent with this, some of the paradigms described in the main review have now

provided evidence that ageing is a risk factor for exaggerated repsonses to systemic LPS,
infection and/or IL-1f. In 2006 Barrientos et al showed that infection with E. Coli had no
effect on freezing in contextual fear conditioning experiments with 3 month old rats, but
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impaired freezing in 24 month old rats (Barrientos et al., 2006). Acquisition in the MWM
was also not affected by E. Coli in young or aged animals, but a probe trial 48 hours later
suggested less memory of the location in the aged animals infected with E. Coli than in
controls. Age-related decrements in two-way active avoidance were also reported after LPS
challenge i.p. (250ug/kg) in mice (Kohman et al., 2007). However the major effects in this
study were observed using the strategy of challenging everyday with LPS, which as
previously stated causes considerable difficulties in interpreting the results. The effects of a
single LPS challenge on aged animals does not appear to be different from this effect in
younger animals, although the aged animals perform worse than the younger ones per se. A
radial arm variant of the matching-to-place version of the MWM has also been used to show
that LPS (330 pg/kg), injected i.p., impaired learning of the new location of this platform.
Aged mice were impaired with respect to young controls, when compared on distance
travelled across the 8 day acquisition period. Upon injection with LPS there was no effect on
distance travelled in young animals, but aged mice clearly showed longer distances to find
the hidden platform (Chen et al., 2008). It should be added that all of the potential
confounding factors discussed in the main review are even more relevant in ageing or
neurodegenerative states since these animals show exaggerated sickness behaviour
responses to systemic inflammatory activation (Combrinck et al., 2002; Godbout et al.,
2005). Accuracy, i.e. arms entered, as well as information about perseverance at the prior
location of the platform in this paradigm should give important information about the
strategy pursued by aged LPS-treated animals. We have recently found that performance in
a reference memory Y maze was not impaired by LPS in normal animals, but induced
increased incorrect arm entries in animals with neurodegenerative disease (Cunningham et
al., submitted). These diseased animals were not impaired when injected with saline and
thus, this impairment is specific to the combination of early neurodegeneration and
peripheral immune stimulation. There is a growing literature on microglial priming as a
potential explanation of how normally banal systemic infections can have major effects on
brain function in the aged (Godbout and Johnson, 2006) and demented population
(Cunningham et al., 2005; Perry et al., 2007) and the above memory and learning studies
suggest possible inroads into study of the acute cognitive impairments in such situations.
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Figure 1.

Theoretical illustrations of Morris Water Maze strategies. When latency is the only measure
of performance in the MWM, the improvement between trials 1 and 2 (directly below)
would be interpreted as successful learning in A with impairments in B and C, and no
learning whatsoever in D. If distance is considered, B how shows equivalent learning to A,
C appears somewhat impaired, and D shows no evidence of learning. If the route is
examined it is obvious that A and B are using spatial cues to move directly towards the
platform while neither C nor D use these spatial cues. Nonetheless, C shows clear learning
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by a non-spatial strategy (thigmotaxis). Examination of the probe trial data that would have
resulted from the removal of the hidden platform, reveals that only A and B know where the
platform is relative to spatial cues while C and D are indistinguishable in they both visit all
quadrants equally. Only examination of all four of these parameters give the full picture of
how the animals behave in the maze. Most studies have used only latency. Those using
distance, route and/or probe trials have shown evidence for strategies B and C. No studies,
to our knowledge, have shown evidence for D (see table 1 for details).
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