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Abstract. Infecting mice with the opportunistic intracellular pathogen Legionella
pneumophila markedly inhibited place learning of infected C57BL/6 mice as deter-
mined by the Morris water maze test. Mice infected with L. pneumophila evinced much
less ability to learn the position of a hidden platform than did normal noninfected
mice, which quickly learned the location of the hidden platform and escaped from the
cool water of the pool with increasing efficiency. However, infected mice treated with
anti-interleukin-1 (anti-IL-1) neutralizing antibody learned the task with about the same
efficiency as the controls. When the animals were tested 1 week after learning, control
animals remembered the task well and were able to escape with near maximal efficacy.
On the other hand, L. pneumophila-infected mice performed as poorly after the 1 week
rest as during the training period, indicating that infection blocked learning and not
merely performance. Mice infected with L. pneumophila and given the antibody treat-
ment were found to be indistinguishable from controls in that they remembered the
task and escaped with good efficiency. Thus, the results of this study suggest that the
pro-inflammatory cytokine, IL-18, is involved, at least partly, in the attenuation of
spatial navigational learning in mice infected acutely with a sublethal concentration of
L. pneumophila. These results, therefore, suggest that cognitive impairment of L.
pneumophila-infected mice may be related to the cytokine IL-1p and, furthermore, that
cytokines may be related to learning and memory changes experienced by individuals

suffering acute bacterial infections.

[P.S.E.B.M. 1995, Vol 210}

egionella pneumophila is the etiologic agent of
Legionnaire’s disease, which was first recog-
nized in 1976 when a number of convention-
eers at an American Legion Convention in Philadel-
phia became ill with a life-threatening pneumonia (1).
Infection with L. pneumophila, an opportunistic intra-
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cellular bacterium, is associated with high fever induc-
tion (2). In this regard, increased levels of interleukin-1
(IL-1), a pyrogenic cytokine, are associated with in-
fection by L. pneumophila and of other gram-negative
bacterial (3-6). Furthermore, lipopolysaccharide,
which is present in all gram-negative bacteria, is a
strong inducer of IL1 and has been associated with
many of the symptoms of gram-negative bacterial in-
fections (4-6). The major mechanisms for resistance to
L. pneumophila involve cell-mediated immunity, since
the organism primarily infects monocytes and macro-
phages (7-9). These infected cells respond by produc-
ing and releasing cytokines including IL-1 and tumor
necrosis factor-a (TNF-o) (4, 10). Individuals infected
with either viruses or bacteria, especially gram-
negative bacteria, have been observed to manifest a
set of responses referred to as ‘‘sickness behavior,”
which is characterized by listlessness, fatigue, reduced
social exploration, and lack of appetite (11, 12). Slow-
term memory loss and confusion leading to learning
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deficits may also be involved with these responses
(13). Certain aspects of sickness behavior have been
attributed, in part, to pyrogenic cytokines including
IL-1 and TNF-a (11-14).

In the present study, we found that mice infected
with L. pneumophila exhibited sickness behavior as
defined above. Furthermore, the infected animals
showed marked inhibition of place learning ability as
determined by Morris water maze method. Morris wa-
ter maze is a spatial navigational learning test where
swimming animals use distal visual cues to find the
position of a platform hidden just below the surface of
the water (15-17). Since L. pneumophila infection is
associated with IL-1 production, IL-1 has been con-
nected to sickness behavior, and IL-1 has been shown
to impair spatial navigation learning (18), we examined
if exogenous anti-IL-1B antibody could affect the in-
hibition. The learning impairment was reversed by
anti-IL-1B8 administration, despite the continuation of
illness induced by the L. pneumophila infection. These
results support the view that cognitive impairment
may be a component of cytokine mediated sickness
behavior, since antibody against a cytokine reversed
the learning disability occurring in infected mice.

Methods and Materials

Animals. Female C57B1/6 mice were used for this
study. They were obtained from Harlan Laboratories
(Indianapolis, IN) at 7-9 weeks of age and each
weighed approximately 15-20 g at the time of experi-
ment. They were housed in groups of 6-10 and fed
mouse pellets and water ad libitum.

Bacteria and Infection. A virulent strain of L.
pneumophila, serogroup 1, was cultured on buffered
charcoal yeast extract agar (19). The bacteria were
suspended in pyrogen-free saline (PFS) and injected
intraperitoneally (ip) at a concentration of 8 x 10° bac-
teria per mouse, which is a sublethal dose (6, 19). A
bacteria concentration of 24 x 10® resulted in 100%
mortality within 2 days (data not shown). Induction of
sickness in these mice was assessed by fever and vi-
sual observation of sickness behavior, which was de-
fined as being hunched, less mobile, and less respon-
sive to noise, and eating less. Temperature measure-
ments of the animals were taken rectally with a Fisher
NIST telethermometer (Pittsburgh, PA). The probe
was inserted 1 cm, and the temperature recorded after
10 sec.

Spatial Learning. The mice were tested in a mod-
ified Morris water maze, which consisted of a round
tank 100 cm in diameter, with vertical polyvinyl chlo-
ride sides 60 cm high (15). The tank was filled to a
depth of 15 cm with water (22°C to 25°C) and rendered
opaque by powdered milk. A round platform, 10 cm in
diameter, with the top positioned 0.5 cm below the
surface of the water, was used as a target for all train-

ing trials. This platform was positioned in the center of
the northwest quadrant of the tank. Mice were trained
individually by a standard protocol consistent with
those in the literature (15-17). This training consisted
of 18 trials performed in six blocks of three 60-sec
trials per block. Training was done on two consecutive
days with three blocks per day. Performance of each
mouse in the trial was measured as the latency in sec-
onds needed to locate, mount, and remain on the plat-
form. The swimming tank was located in a room where
sound, lighting, and distal cues on wall and ceiling
could be controlled.

Experimental Design. The ability of mice to
learn the position of the hidden platform while bur-
dened with L. pneumophila was tested in a preliminary
dosing experiment and two replicate experiments.
Data presented in this paper are from the two replicate
experiments. Mice were injected with PFS (control an-
imals; n = 12) or infected with L. pneumophila (n =
30) 24 hr prior to 2 days of training on the water maze.
Half of the L. pneumophila-infected mice were given
hamster monoclonal anti-IL-18 antibody (100 pg/
mouse in 0.1 ml of PFS, ip; Genzyme, Cambridge,
MA) 2 hr prior to the start of training on both days.
This dose had protected mice from septic shock in
previous studies in this laboratory (6). The remaining
infected animals were given PFS. They were then
rested for 7 days prior to being tested for retention of
their place learning. Additional control measures were
taken during the training. These controls involved the
use of a visible platform and the calculating of swim-
ming speed. Two animals per group were sacrificed
after the second day of training (56 hr after the infec-
tion), and their spleen and liver were examined for the
presence of L. pneumophila using the colony-forming
unit (CFU) assay on agar plates, as described previ-
ously (8). Additionally, two mice per group were ex-
amined after the retention testing for L. pneumophila.

Results

Infection of mice with a sublethal dose of L. pneu-
mophila resulted in morbidity (illness) but no death
similar to previous results (19). L. pneumophila were
readily recovered from the spleens and livers of the
infected animals 56 hr after infection (data not shown).
The rectal temperature of the infected animals (36.5° +
0.46°C) and of the anti-IL-1B-infected mice (36.8° =
0.38°C) was approximately 1°C higher than that of the
control PFS mice (35.8° *+ 0.44°C). The elevated tem-
peratures returned to normal levels by the second day
after infection.

Compared with PFS-only injected controls, L.
pneumophila-infected mice showed slowed place
learning as determined by the Morris water maze test.
Figure 1 presents the means for these mice after each
six blocks of learning trials for each experimental
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Figure 1. Learning curves for experi-
mental groups of mice over 2 days of
training. Saline controls (n = 12) and
L. pneumophila-infected mice (n =
15) received saline injections prior to
blocks one and four. Infected mice
also given monoclonal anti-IL-1B anti-
body treatment (100 ng/mouse, ip; n =
15) at these same time points during
training. Standard errors range from
1.1 to 3.9 and are omitted for clarity.

1 2 3 4
Training Block (3 trials each)

group. It is apparent in this figure that control nonin-
fected mice quickly learned the location of the hidden
platform and escaped from the water with increasing
efficiency over the training period. Mice infected with
L. pneumophila, on the other hand, showed some
learning after Block 4, but the overall trend was muted
compared with controls. Infected mice treated with
the anti-IL-1B antibody learned the task with about the
same efficiency as the control PFS-injected mice.

Analysis of variance of the learning curves re-
vealed that (i) the noninfected control mice learned the
place learning faster than did the L. preumophila-
infected mice (F[5,125] = 2.38, P < 0.05); (ii) the L.
prneumophila-infected mice given anti-IL-1p3 antibody
learned faster than did infected mice not treated with
antibody (F[5,140] = 4.01; P < 0.01); and (iii) the L.
preumophila-infected mice given anti-IL-1p antibody
learned at the same rate as control mice (F[5,125] =
1.19, P = 0.32). Our preliminary studies and the liter-
ature indicate that maximal performance on the Morris
water maze for female C57BL/6 mice is around 10 to
15 sec latency to find the platform (16). L. pneumo-
phila-infected mice were unable to reach this level of
performance.

After 2 days of training, mice in all groups were
allowed to rest undisturbed for 7 days. The mice were
then tested for their ability to remember the previous
training. Figure 2 presents the mean time of escape
latencies for the retention test block of trials given 7
days after training. From this figure, it is apparent that
the noninfected control animals remembered the task
well and were able to escape with near maximal effi-
ciency. The L. preumophila-infected mice, however,
performed as poorly as during the training period, in-
dicating that the infection actually blocked learning
and not merely performance during training. The mice
infected with L. pneumophila and given the anti-IL-18
antibody treatment were again indistinguishable from

50

30

20

Escape Latency (secs)

10

0

Control Lp

Figure 2. Memory for the water maze 7 days after training.
Groups of mice/controls, L. pneumophila infected only and in-
fected plus treated with anti-IL-1 serum tested for learning re-
tention after 7-day rest as described in text. *Significantly differ-
ent from the other two groups (P < 0.01).

Lp+Anti-IL1

controls (i.e., they remembered the task and escaped
with good efficiency). One way analysis of variance
for these means was significant (F[2,34] = 11.3; P <
0.001) and the L. pneumophila-infected group was sig-
nificantly different (Tukey post-hoc comparison; P <
0.01) from both of the other two groups. After the
retention test, mice were sacrificed and the spleen and
liver examined for viable L. pneumophila by the CFU
assay. No bacteria were found in any animal, indicat-
ing that by 9 days all mice had recovered from the
infection (data not shown).

In order to ensure that performance decrements
on the maze were due to cognitive (i.e., learning) def-
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icits and not to motor, motivational, fatigue, or visual
acuity problems caused by the treatments, control
measures described above were examined. All groups
were similar in terms of swimming ability and speed,
ability to locate a visible platform, and vigor in mount-
ing a visible platform (data not shown). The results of
these tests showed that the treatments did not affect
these noncognitive aspects of place learning perfor-
mance and may be ruled out as explanations of the
results.

Discussion

The place learning in the Morris water maze is
considered a test of visual-spatial learning in which all
proximal visual, auditory, or olfactory cues are non-
informative. The mouse uses distal visual cues from
the ceiling or the walls of the room to learn the position
of the platform which is hidden just under the surface
of the water. This navigational or place learning is re-
inforced when the mouse finds the platform and is re-
warded by removal from the water (15-17). The pro-
cedure allows for assessment of learning indepen-
dently of motor, motivational, fatigue, or visual acuity
problems that may be associated with treatments.
These noncognitive effects are controlled for by the
use of a visible platform and swimming speed as de-
scribed by McNamara et al. (17).

The results of this study indicate that L. pneumo-
phila infections interfered with spatial navigational
learning in infected mice. Furthermore, the data sug-
gest that IL-1B8 may be involved in this impaired effect
on learning. These results also indicate that the L.
pneumophila-infected animals neither acquired nor re-
tained memory of the hidden target unlike the con-
trols. It seems likely from these results that L. pneu-
mophila infection of mice impaired acquisition of
learning.

The spatial learning deficit associated with L.
pneumophila infection seemed most likely due to the
presence of circulating IL-1B, since infection with
gram-negative bacteria is known to cause a pyrogenic
response associated with pro-inflammatory cytokines
(5, 6). Infected mice injected with a blocking anti-IL-
1B antibody performed as well as noninfected controls
throughout most of the acquisition trials. However,
the continued existence of illness symptoms, including
fever, in these mice was almost identical to that of
mice infected with L. pneumophila only. Thus, the
presence of fever in the mice given L. pneumophila
and also antibody did not appear to affect their ability
to learn similarly to the control mice. These data are
consistent with the view there may be a dissociation
between pyrogenic and behavioral effects of IL-1 (12,
13, 18, 20). Kent et al. (20) observed that there was a
different receptor mechanism in pyrogenic effects of
IL-1 and its behavioral effects. However, the presence

of other pyrogenic cytokines such as TNF-a, IL-1a, 01
IL-6 could also account for the fever in anti-IL-1 an-
tibody-treated infected animals. The learning retention
tests showed that mice infected with L. pneumophila
and injected with antibody to IL-1 retained their learn-
ing ability in a manner generally indistinguishable from
the controls.

Although the present study suggests that IL-1 may
be a causal factor in cognitive disturbances during in-
fection, the mechanisms involved are not clear. It is
unlikely that anti-IL-1 antibodies could cross the
blood-brain barrier. This study, therefore, suggests
that circulating cytokines, as opposed to centrally pro-
duced cytokines, may be involved in the behavioral
effects observed. Cytokines such as IL-1 may appear
in the brain after infection, but whether this occurs
through direct transfer of circulating IL-1 through the
blood-brain barrier or indirectly through intermediate
steps involving central nervous system (CNS) struc-
tures outside of the blood brain-barrier is not known
(21, 22). The hippocampus is important in spatial nav-
igational learning (17) and IL-1B appears to have a role
in its function. Peripheral IL-18 or LPS can elicit IL-
la and IL-1B in the hippocampus (23). IL-1 receptors
are found in many brain regions but are especially
dense in the murine hippocampus (22). In the C57BL/6
mouse brain, the highest densities of IL-1 receptors
appear in the dentate gyrus of the hippocampus (24).
Recent evidence (25-27) suggests that one of the links
between the hypathalmic-pituitary-adrenal (HPA) axis
and the immune system may involve hippocampal in-
hibition of the HPA axis under control of corticoste-
roids and cytokine receptors of hippocampal neurons.
Thus, changes in hippocampal function may be an im-
portant component of in vivo regulation of an immune
response via the HPA axis. This study demonstrates
that this link may be dependent on signals from circu-
lating IL-18 and that changes in cognition may be a
consequence of normal regulation of an acute immune
reaction.
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