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The immune system can affect learning: chronic immune complex
disease in a rat model
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Abstract

Evidence is presented that the immune system can affect central nervous system functioning, leading to changes in learning. Immune
complex disease is induced in rats and their behavior tested using a Lashley maze. Significant differences in behavior were found between
the animals with high disease activity and those with low disease activity and the non-disease controls. These changes were not due to
uremia and are most likely due to the immune response. There is some evidence immune complex deposits in the choroid plexus may
play some role, but not the sole or major role in the behavioral changes. This provides a model by which immunologic processes can
cause neuropsychiatric manifestations in autoimmune diseases like lupus, as well as showing that immune processes can affect behavioral
functioning. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is good evidence for the immune system affecting
mind, since it is not uncommon to find neurologic and
psychiatric involvement associated with immunologic dis-
orders. This occurs in diseases such as multiple sclerosis,
Alzheimer disease and acquired immune deficiency syn-
drome. One of the best examples of neuropsychiatric mani-
festations associated with an immunologic disorder is sys-

Ž .temic lupus erythematosus SLE . In this autoimmune
disease, CNS manifestations occur in approximately one
third of the patients. These manifestations are equally
divided between neurologic disorders, including seizures,
pareses, and movement disorders, as well as pyschiatric
involvement such as affective disorders, cognitive impair-

Ž .ment and psychoses including schizophreniform behavior .
This association suggests an immune mediated genesis of

Ž .some mental disorders Schiffer and Hoffman, 1991 .
We have tested the idea that the immune system can

alter normal behavior, by manipulating the immune system
in a model consistent with the pathogenic mechanisms
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involved in SLE. In the present study, we induced chronic
Ž .immune complex IC disease in rats. The disease is an

immunologic disorder where an antibody response is gen-
erated against an exogenous antigen. The antibody and
antigen form circulating complexes which, if of the correct
size, can deposit in various tissues. The immune system
then attempts to eliminate these complexes and in so doing
does damage to the organ containing the immune com-
plexes. It is in this way that the glomerulonephritis associ-
ated with this disease occurs. There is, however, no gross
damage to the CNS, although there is evidence that
blood–brain barrier permeability, via the choroid plexus,

Žmay be affected Hoffman and Harbeck, 1989; Hoffman et
al., 1983; Harbeck et al., 1979; Peress and Tompkins,

.1979; Peress et al., 1977a,b . Thus, if there are behavioral
alterations associated with this model, it would not be due
to gross damage to the brain, but rather to the transient
effects on the brain associated with the influence of cy-
tokines, complement components, antibodies, or related
factors associated with immunologic processes. Indeed,
many patients with diffuse neuropsychiatric manifestations
fail to demonstrate pathologic brain lesions and show

Ževidence of an autoantibody mediated pathogenesis West
.et al., 1995; Denburg et al., 1988; Bluestein et al., 1981 .
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Patients with focal manifestations, on the other hand,
appear to primarily have a vascular mediated pathogenesis
ŽJohnson and Richardson, 1968; Zvaifler and Bluestein,
1982; Harris and Hughes, 1985; McCune and Golbus,

.1988; van Dam, 1991 .
We tested the hypothesis that chronic immune complex

disease could affect performance in a learning task and
that this effect will be related to immunologic processes.

Ž .We had previously shown Hoffman et al., 1978 that
behavior could be affected by chronic immune complex

Ždisease in an aversive learning paradigm viz., in a shuttle
.box . In this behavioral paradigm experimental animals

failed to extinguish a learned response as rapidly as the
normal animals. In the current study, we used a behavioral
paradigm different from an aversive one in order to test the
generalizability of the phenomenon and test potential
mechanisms involved. An appetitive task, using the Lash-
ley maze, was used since it is complex, involving different
types of behavior, including cognitive, affective and motor
components, yet is a relatively simple task to perform.
Thus, behavioral effects associated with IC disease would
show that immunologic processes can affect behavior and
provide additional information about the potential mecha-
nisms of interaction between the immune system and
brain.

2. Materials and methods

The study was conducted in two staggered sessions. An
experimental and control group was included in each
session. This procedure was followed for logistical pur-
poses, so that an adequate sample size could be obtained
for statistical evaluation. There was a difference between
the sessions in several of the variables tested, although the
control animals in each session were not different. The
difference between sessions was due to the degree of
immune complex disease in the experimental animals, with
the animals in the second session in general displaying
higher levels of immune complex disease than the experi-
mental animals in the first session. Therefore, the control
animals were combined and the experimental animals were
separated into two groups, those with high immune com-
plex disease and those with low immune complex disease,
as defined by proteinuria levels. The combined data of the
two sessions, with the high and low immune complex
disease groups, is what is reported on here.

2.1. Animals

A total of 36 male Sprague–Dawley rats weighing
Ž .between 200 and 250 g 39–44 days old were used to

form the experimental and control groups. The experimen-
tal group had a total of 22 animals and the control group
had 14 animals at the end of the experiment.

2.2. Induction of chronic immune complex disease

Circulating immune complexes were induced using a
Žtwo-part protocol similar to that previously reported Hoff-

.man et al., 1978 . First, an immune response to antigen
was produced in the experimental animals using either a

Ž . Ž .low first session or high dose second session regimen
designed to produce a weak or strong response. The ani-

Žmals were injected subcutaneously with either 1 mg ses-
. Ž .sion 1 or 30 mg session 2 of bovine serum albumin

Ž .BSA in 0.1 ml of 50% Freund’s incomplete adjuvant four
or five times during a 36 or 50-day period with at least 10
days between injections. Control animals received saline
instead of BSA. Ten days after the last injection, all
animals were bled from the tail vein and the serum tittered
for precipitating antibodies to BSA. Following this initial
immunization period, experimental animals received either
bi-weekly or tri-weekly intravenous injections of BSA.
Equal volumes were injected into each animal and control
animals received an equal volume of saline. Based on the
animal’s precipitating antibody responses, an attempt was
made to keep the circulating level of antigen at 10 times
excess.

To test the success of the above regimen to induce
immune complex disease, weekly urine samples were col-
lected from all animals. These samples were obtained
while the animals were housed in metabolic cages overnight
Ž .15 h , without food but with free access to water. The
urine samples were then assayed for protein using the

Ž .Tsuchiya Method Kracke and Parker, 1940 . This proce-
dure of weekly injections and proteinuria determination
was followed throughout the experiment. When animals
showed significant elevations in urine protein, an indica-
tion of disease activity, behavioral testing was begun. The

Žtime from the beginning of immunization first subcuta-
.neous injection to the beginning of behavioral testing was

between 7 and 9 months. At the beginning of behavioral
testing, experimental animals had a wide range of urine
protein values. Blood urea nitrogen values were deter-
mined at the beginning, middle and end of the experiment.

2.3. BehaÕioral testing

Behavioral testing was done using a Lashley III type
maze, constructed according to the design of Lashley
Ž .1929 , with four compartments, including eight cul-de-
sacs, separating the start and goal box. In this task, the
animal was to traverse a path from the start box to the goal
box, without entering the cul-de-sacs and requiring five
alternating left and right turns, for a food reward. Animals
were initially trained to run for a food reward in a straight
alley. After reaching a criterion of three consecutive trials
in less than 10 s, they were then introduced to the Lashely
Maze. The experimenters were blind as to the animals’
group.
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Animals were run for five trials per day, in the Lashley
maze, up to 100 trials or until the criterion of 10 consecu-
tive errorless trials was attained. Measures of speed, errors
Ž .entering cul-de-sacs and retracing and the number of
trials to criterion were obtained. Animals were gentled for

Žone week prior to experimental manipulations i.e., induc-
.tion of immune complex disease and behavioral testing by

daily handling.
Preliminary training involved teaching the rats to run

for a food reward in a straight alley. The straight alley
dimensions were 156 cm=12 cm and 20 cm deep. The
start and goal box guillotine doors were set 28 cm from the
ends of the runway. First the rat was placed in the goal
box, which had 37 mg of food pellets. Prior to initial
training animals were deprived of food for 48 h, with ad
lib access to water. The animal was removed from the goal
box 30 s after consuming the food, then returned to its
home cage and the next animal was similarly trained. The
apparatus was cleaned after each rat was removed from the
behavioral apparatus. The goal box training was repeated
five timesrratrday, until the animal learned to consume
the food within 30 s. After this the animals were trained to
run in the straight runway for the food reward. The animal
was placed in the start box with its nose pointing away
from the start door. When the rat turned around the door
was opened after a 2 s delay, at which point timing of the
run was started. The animal was allowed a maximum of 5
min to run to the goal box, then allowed 30 s to consume
the food pellets once in the goal box. This procedure was
repeated for five trialsrday. These trials were repeated

Ž .until the animals ran without hesitation within 10 s from
start to goal box on three consecutive trials.

After preliminary training in the straight runway, the
animals were trained and tested in the Lashley III maze.
Once again, the animals were trained to consume food in
the goal box of the maze for three trials. After the animals
had gone through this training they were trained to run
from the start box to the goal. The animal is placed in the
start box as for the straight runway training. The rat is
allowed a maximum of 5 min to reach the goal box, then
another 30 s to consume the food reward. If the rat does
not enter the goal box within 5 min, then it is placed in the
goal box for 30 s. This trial occurred once per animal
before behavioral testing began. Testing used the same
procedure, except that data was recorded. Time between
trials was 10 s between removal and placement of animals.
Five trials per day were given for each animal. One hour
after behavioral testing the animals were fed approxi-
mately 15 g of food and maintained at 80% of their
original body weight.

2.4. Immunofluorescence staining

Upon completion of the behavioral testing, animals
were sacrificed and kidneys and brains removed and frozen
for immunofluorescent studies. Some of these tissues were

lost and could not be used for data analyses. Fluorescein
Ž .isothiocyante FITC conjugated rabbit antiserum to rat

gamma-globulin was obtained from a commercial supplier
Ž .Cappel, Organon Teknika, Durham, NC . Fluoresceinated
antisera to BSA was prepared according to previously

Ž .described procedures Weir et al., 1986 . Frozen sections
Ž .6 mm of brain and kidney were examined for fluores-
cence under a Leitz Ortholux Fluorescence Microscope
equipped with an Osram HBO 100 W high pressure mer-
cury vapor lamp. The intensity of staining in brain choroid

Ž .plexus CP and renal glomeruli were graded on a scale
from 0 to 4q by two independent readers and the scores
averaged. The ratings of the readers were always close to
one another.

3. Results

The results indicated that there were significant differ-
ences in maze performance between animals that showed
evidence of chronic immune complex disease and those

Žthat did not. A multivariate analysis of variance SPSS 7.5
.for Windows was performed on three groups, experimen-

tal animals with high disease activity, as indicated by
Ž .proteinuria levels )150 mg% , experimental animals with

Ž .low disease activity proteinuria -150 mg% and con-
trols. Four measures of disease activity were compared,
mean proteinuria during the behavioral testing, blood urea
nitrogen levels and immune complex deposits in both the
choroid plexus and kidneys. Three measures of behavioral
variables were also compared, trials to reach criterion, the
total number of errors made before reaching criterion and
the total time it took to run the maze before reaching

Ž . Žcriterion latency . A significant difference Wilks’
.Lambda, Fs7.653; dfs38; p-0.001 was indicated

among the groups tested. The univariate F tests with
Ž .2,25 df , indicated that significant differences were found

Žbetween the groups on the variables proteinuria Fs
. Ž16.683; p-0.001 , blood urea nitrogen Fs13.158; p-

. Ž0.001 , immune complex deposits in CP Fs8.984; ps

. Ž .0.001 , and kidney Fs18.961; p-0.001 , trials to crite-
Ž . Žrion Fs9.144; p-0.001 , total errors Fs5.642; ps
. Ž .0.010 , but not latency per trial Fs2.599; ps0.094 .

3.1. BehaÕioral effects of immune complex disease

It can be seen from Fig. 1 that it took animals with
more severe immune complex disease, significantly fewer
trials to reach criterion than both the low disease activity
and control animals. A comparison of the number of errors

Ž .made during maze performance Fig. 2 also shows that
the high disease animals made fewer errors during acquisi-
tion than either controls or low disease animals.

It is unlikely that uremia could have accounted for the
behavioral changes. While there were statistically signifi-
cant differences between the three groups, the high disease
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Fig. 1. Comparison of the mean for each group, of the total number of trials it took to reach the criterion of 10 consecutive, errorless runs. The maximum
number of trials allowed was 100. Circulating immune complexes were induced in the experimental animals, but not in the controls. The experimental
animals were further divided into those animals that developed either a high or low level of immune complex disease, as determined by proteinuria levels

Ž .with a cutoff of 150 mg%. The number of animals in each group are shown on the figure Ns .

Fig. 2. Comparison of the mean errors made over the course of the behavioral testing by each group. The number of animals in each group was the same as
in Fig. 1. An error was counted when the animals entered a cul-de-sac, made a wrong turn, or re-traced their path. An errorless run was when the animal
went directly from the start box to the goal box.
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activity experimental and control groups were not different
from one another in blood urea nitrogen levels. Oddly
enough, the low disease activity experimental group was
significantly lower than the other two groups.

These data indicate that altered immunity can induce
changes in behavioral performance, viz., learning. Cogni-

Žtive impairment has been reported in human SLE Hanly et
.al., 1993; Denburg et al., 1993 , presumably as a conse-

quence of immunologic processes. In the current experi-
ment, both trials to criterion and errors were affected by
induction of immune complex disease. That latency was
not significantly different between the groups suggests that
motor activity was not involved. Watching the animals run
the behavioral tasks also did not suggest any motor differ-
ences between the groups. In addition, it is unlikely that
motor activity accounts for the differences since the exper-
imental group with more severe disease performed better
on the task. This is an odd phenomenon, but would be the
case if these animals were less attentive, or more stereo-
typed in their behavior. That is, the experimental animals
with high disease activity may attend less to extraneous
cues, or learn relatively simple tasks better than normal
animals.

3.2. Immune complex deposits in choroid plexus and renal
glomeruli

Immune complex deposits are known to occur in the
choroid plexus of patients with systemic lupus erythe-

Žmatosus who have neuropsychiatric manifestations Atkins

et al., 1972; Sher and Pertschuk, 1974; Gershwin et al.,
.1975 . We found IC deposits in both the CP and renal

glomeruli of experimental animals, but not in controls.
These deposits were granular, similar to those illustrated in

Ž .our 1978 study Hoffman et al., 1978 . As in this first
study, the IC fluorescent deposits in experimental animals

Žwere much stronger in the renal glomeruli in the 3–4q
.intensity rating range than in the CP. There was a signifi-

cant difference between the groups in IC deposits in both
CP and kidney. As can be seen in Fig. 3, there was little
difference between the mean fluorescence for IC deposits
in the CP of the two groups of experimental animals, viz.,
low and high disease activity. The experimental low group
had an average fluorescence intensity of about 1.0 for IC
deposits in their CP, whereas the Experimental High group
had an average fluorescence intensity of about 1.5. The
controls had no evidence of IC deposits in their CP.

3.3. Immune complex deposition and behaÕior

It is possible that IC deposition in the CP could cause
some of the behavioral alterations in this study. To test this
we used Spearman’s rank order correlation, one-tailed,
between IC deposits in the CP and the behavioral measures
of trials to criterion and total errors within the experimen-
tal animals. There was not a significant correlation be-

Žtween IC deposits in the CP and errors rsy0.143,
. Žns20, p)0.05 , nor to trials to criterion rsy0.157,
.ns20, p)0.05 . Effects due to IC deposits in the CP

would have been consistent with altered blood–cerebrospi-

Fig. 3. Immune complex deposition in the choroid plexus, as determined by immunofluorescence, in each of the three groups of animals. Ratings were
made by two independent investigators, blind to the animal groups, on a scale from 0 to 4q and the scores averaged.
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Ž .Fig. 4. Correlation of errors to disease activity as defined by proteinuria .
ŽThese measures were rank ordered. Experimental animals including both

.low and high disease activity are shown as closed circles, while control
Ž .animals no immune complex disease are shown as open circles. The

regression line for experimental animals is solid, whereas the regression
lines for the total animal and control populations are shown as dashed
lines.

nal fluid barrier permeability, leading to the observed
behavioral changes.

Ž .When disease activity based on proteinuria was corre-
Ž .lated to behavior Fig. 4 within the experimental animals,

one-tailed, there was a highly significant association, both
Ž .with trials to criterion rsy0.778, ns22, p-0.001

Ž .and errors rsy0.814, ns22, p-0.001 . It can also be
seen that there was no correlation, as would be expected,

Ž .in the controls Rsqs0.034 . Thus, it is unlikely that the
behavioral effects were due to the immune complex de-
posits in the choroid plexus, although they may play some
role.

4. Discussion

The above data provide strong evidence that the im-
mune system can alter behavior, particularly since uremia
was not the cause of the behavioral changes. More specifi-
cally, it was shown that changes in learning could be
induced by immune complex disease in an appetitive
learning paradigm, in addition to the previously tested

Ž .aversive paradigm Hoffman et al., 1978 . The changes in
learning seen in the animals are a good model for the
neuropsychiatric manifestations seen in patients with CNS-
SLE. In two completely different behavioral paradigms we
have now seen changes associated with chronic immune
complex disease, which are most likely due to immuno-
logic processes. In the first study we noticed a decline in
learning and memory, in the animals with chronic immune
complex disease, as manifested by the failure to extinguish
a previously learned response. Although, in these animals,
the initial ability to learn the behavioral task was as good
as the control animals. In the present study, the experimen-

tal animals appeared to perform the appetitive task better
than the control animals, although this is probably a para-
doxical effect associated with a deficiency in cognitive
flexibility. The key point is not, however, whether the
behavior appears to be improved in the experimental ani-
mals compared to the controls, but that the behavior is
altered. This implies that immunological processes can
alter behavior, although we may not currently know ex-
actly what those mechanisms are by which the behavior is
altered.

Improved behavioral performance in a simple appetitive
task, has been seen in animals with hippocampal lesions
ŽWickelgren and Isaacson, 1963; Gustafson, 1975; Xavier

.et al., 1990 . In these tasks, rats with hippocampal lesions
ran a straight alley runway, with distracting stimuli, better
than the controls. It had been proposed that the improved
performance was due to the inability of the experimental
animals to attend to distal cues. That is, the lesioned
animals perform more stereotyped behaviors better be-
cause they cannot be easily distracted. What is most
interesting in the discussions associated with these articles,
it is mentioned that animals with hippocampal lesions have
also been found to fail to extinguish a previously learned
task as rapidly as controls. Although the explanation for
this behavior, viz., that animals with hippocampal lesions
are incapable of relinquishing the effects of prior learning

Ž .has been challenged Harley, 1979 , the phenomenon ex-
ists and is similar to what we saw in our aversive paradigm
with chronic immune complex rats. In another study
Ž .Packard et al., 1989 , it was shown that fornix lesioned
rats performed a ‘win–stay’ task, in an eight-arm radial
maze better than controls, whereas caudate nucleus le-
sioned animals performed more poorly than the controls.
The authors argued that different types of memory are
mediated by different systems of the brain. Other informa-
tion on hippocampal lesioned animals showing improved
performance exists. Another example is in spatial learning,
where hippocampal lesioned rats are normally impaired,
but they perform better than controls in conflict situations.
That is, when a second test is in conflict with the first,
normal rats with good memories show proactive inhibition,
where a high rate of error in learning the second test
occurs because the memory for the first competes with the
learning of the second. In animals with hippocampal le-
sions, this conflict does not occur because of the impaired
memory for the first task and they perform better on the
second task. Our two studies support the idea that even
though individuals may appear to display normal cognitive
behaviors, more in depth testing can show impaired, or
altered, performance. This is apparently the case in SLE
patients, where cognitive deficit is difficult to detect, but

Ž .can be found Denburg et al., 1993, 1994a,b, 1997 . It
would be interesting to test the hypothesis that the hip-
pocampus is involved with some of the behavioral phe-
nomena we are seeing in the chronic immune complex
model. Based upon the above stories, it may be that the
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immunological processes are affecting hippocampal func-
tioning.

Although immune complex deposits in the choroid
plexus could lead to altered blood–brain barrier function-
ing, we could not provide strong evidence that such de-
posits were involved. In addition to immune complexes
mediating the behavioral changes, antibodies, complement
components and cytokines may also have an effect on
brain functioning. That antibodies can mediate CNS
changes is currently being studied by several different

Žlaboratories, including our own Hoffman et al., 1988;
Forster and Lal, 1990; Sakic et al., 1993; Schrott and
Crnic, 1994; Vogelweid et al., 1994; Lutomski et al., 1995;

.Miller and Rodriquez, 1995; Crimando et al., 1997 . Most
of the autoantibody studies focus on reactivity with anti-
gens of brain, interfering with CNS functioning. Although
it is possible that the antibody response generated in our
model had an effect on brain functioning, this is unlikely,
since they were not brain reactive. It is, however, possible
that brain reactive antibodies were generated through idio-
typic interactions.

It has been shown that complement components can
Ž .mediate behavioral changes Schupf and Williams, 1985 .

The anaphylatoxins C3a and C5a, can alter normal neuro-
Žtransmitter release Schupf et al., 1983; Williams et al.,

.1985 . It is possible that elevations in these complement
components during the induced immune response could
lead to altered neurotransmitter functioning within the
CNS. This in turn could lead to the behavioral effects seen
in the present study.

Cytokines can also mediate changes in CNS function-
ing. It has been shown that cytokines administered cen-

Žtrally Dafny et al., 1988; Katafuchi et al., 1991; Lapchak,
.1992; Fukata et al., 1993; Shintani et al., 1993 , or even

Žperipherally Bartholomew and Hoffman, 1993; Zalcman
.et al., 1994 can have an effect on neuronal functioning

within the brain. It is also known that cytokines can alter
Žnormal behavior Maes et al., 1990; Crestani et al., 1991;

.Zalcman et al., 1995 . There is evidence that in CNS-SLE,
cytokines play a role in the neuropsychiatric manifesta-

Žtions Yeh et al., 1994; Shiozawa et al., 1992; Hirohata
.and Miyamoto, 1990 . Further evidence suggesting cy-

tokines play a role in the CNS, report altered cytokine
receptor expression in the brains of autoimmune mice
Ž .Tehrani et al., 1994 .

The immune system and nervous system influence one
another during the course of normal physiologic processes.
Evidence from many areas support the notion that there is
a neuroimmunologic circuit whereby the CNS and immune
system can communicate with one another and modulate
one another’s functioning. Based on this model, a perturba-
tion in the normal immunologic status of an individual,
such as that caused by immune complex or autoimmune
disease, could alter normal immune system signaling of the
CNS so as to lead to altered CNS functioning and behav-
ior. However one views the cause, whether it be by

pathophysiologic mechanisms or by a perturbation of nor-
mal physiologic processes, the current data provides inter-
esting evidence that the immune system can alter normal
neurobehavioral processes.
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