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INTRODUCTION

Molecules originally described as intrinsic to the immune system are evidently
also involved in physiological processes that are different from immunoregulation.
A clear example is the proinflammatory cytokine interleukin-1 (IL-1). This cytokine
is also synthesized in the brain by glial cells and certain neurons, and its receptors
have been found in different regions of the CNS with the greatest abundance in the
hippocampus.!~* These complementary findings indicate a physiological role of IL-
1 in the brain. In further support of this, pharmacological and behavioral studies
demonstrated the capacity of IL-1p to affect various neuroendocrine functions, to
alter the release and turnover rate of certain neurotransmitters and modulators, and
to induce changes in behavior.>® (See Refs. 1, 7, and 8 for additional references.)
However, in most cases the effects of IL-1 in the brain were tested either in vitro or
after exogenous administration of pharmacological doses of the cytokine.

We previously described a function for physiological levels of IL-1 in long-term
potentiation (LTP), the best-studied model for the cellular mechanisms underlying
memory storage.”!? The expression of IL-1 in the hippocampus was significantly
enhanced during LTP.!! This increased production of IL-1 was not an epiphenome-
non, because blockade of brain receptors for this cytokine resulted in significant
inhibition of LTP maintenance.!! Pathologically high levels of IL-1, however,
achieved by external application of the cytokine were reported to impair LTP!2-16
and learning.!”~20 In continuation of our previous study,!! we investigated the
expression of IL-1 during LTP in vivo in older (12—16-month-old), freely moving
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rats. Here we report decay of IL-1 gene expression during LTP with age, which is
not accompanied by impairment of LTP.

MATERIAL AND METHODS

Animals. Male Wistar rats were used for the experiments. Young rats were about
3 months old, and middle-aged rats were between 12 and 16 months old. Animals
were fed ad libitum and housed in temperature- and light-controlled (12 h/day)
rooms. Rats were treated in accordance with institutional guidelines.

Long-Term Potentiation in Vivo. Experiments were performed on freely moving
rats. A monopolar recording electrode (coordinates AP —2.8, L 1.8) and a bipolar
stimulation electrode (coordinates AP —6.9, L 4.1) were implanted stereotaxically
under Nembutal anesthesia (40 mg/kg, ip) into the granule cell layer of the dentate
gyrus and into the perforant path, respectively, of the right hemisphere. Animals
were allowed to recover from surgery for at least 1 week. The stimulus intensity was
adjusted to evoke 40% of the maximum population spike amplitude. Five test stimuli
were applied every 10 minutes and the responses averaged for each set of the stim-
ulus parameters. Once stable responses were obtained for 45 minutes, LTP was
induced by strong tetanic bursts (10 bursts of 15 pulses 200 Hz, 0.2-ms duration of
each stimulus, interburst interval 10 seconds), resulting in a “saturated,” late LTP.
Population spikes were recorded 1, 4, 7, 10, and 15 minutes after tetanization. There-
after, recordings were taken in 15-minute intervals until the end of the experiment.

Interleukin-1B Gene Expression. To study IL-1B mRNA expression, rats were
killed 8 hours after tetanic stimulation. After decapitation, ipsilateral and contralat-
eral hippocampi were quickly dissected and processed for the evaluation of IL-1
mRNA. RNA was extracted from the hippocampi following standard protocols and
reverse transcribed using a commercial kit (Superscript II RT kit, GIBCO/BRL). All
conditions used in the semiquantitative reverse transcription—polymerase chain reac-
tion (RT-PCR) using a multispecific competitive fragment (pRat6) were previously
described.2! The primer sequences were: IL-1pB, sense: TCCATGAGCTTTGTA-
CAAGG and antisense: GGTGCTGATGTACCAGTTGG. Amplicons were separat-
ed by agarose gel electrophoresis in 1.5% gels containing 5 plg/ml ethidium bromide
and 10% PAGE at 80 volts for 3 hours. Bands were visualized in the agarose gels by
excitation at 316 nm and documented. Signals were quantified using a Phosphor-
imager device (Molecular Dynamics) with an Image Quant program. Background
levels were subtracted from the detected signals. Each individual sample was ampli-
fied by PCR at least three times.

RESULTS AND DISCUSSION

To test whether the expression of IL-1 during LTP is subject to age-dependent
changes, we evaluated IL-1B gene expression in young and middle-aged rats. As
evidenced by the values of the untetanized left hippocampi (contralateral side)
(F16. 1), basal IL-1P gene expression was slightly reduced in middle-aged rats com-
pared to young rats (0.400 £ 0.040 vs 0.224 £+ 0.040; P <0.05, Student’s ¢ test). Al-
though both groups of rats displayed significant enhancement of gene expression in



BALSCHUN et al.: HIPPOCAMPAL IL-13 GENE EXPRESSION 3

[0 contralateral
B ipsilateral

IL-1 cDNA/cf
w

young animals mid-aged animals

FIGURE 1. Interleukin-1pB gene expression during long-term potentiation (LTP) in the
dentate gyrus of freely-moving young and middle-aged rats. IL-1p gene expression during
LTP in vivo as assessed by RT-PCR (ratio IL-1 cDNA/competitive fragment [cf], mean *
SEM). Middle-aged rats display a lower basal level (contralateral hippocampi) and a
reduced upregulation of IL-1P gene expression during LTP (ipsilateral hippocampi). Young
rats: n = 4; middle-aged rats: n = 5. ¥*P <0.05.

the right hippocampi (ipsilateral side) during LTP, this increase was more pro-
nounced in young than in midde-aged rats (F1G. 1). Thus, young rats showed a more
than 10-fold increase (ipsilateral versus contralateral hippocampus), but the rise in
middle-aged animals was only threefold. Our findings apparently contradict reports
of increasing hippocampal IL-1P levels during aging.?2-23 However, because these
studies were conducted with older rats (22 months old), we cannot completely rule
out that the decrease in IL-1p in middle-aged rats is only temporary and is followed
by upregulation in older animals.

As depicted in FIGURE 2, young and middle-aged rats attained a comparable mag-
nitude of potentiation and did not differ significantly in the maintenance of LTP. The
only discernible difference was a tendency of a faster decay of potentiation in
middle-aged rats. A weakened synaptic plasticity within the hippocampus had been
suggested to underlie deficits in hippocampal-dependent learning and memory in
aging rodents.2*26 However, age-dependent deterioration of potentiation does not
appear to manifest before the age of about 20 months in rats. Furthermore, a decline
of certain forms of LTP was mostly reported for the CA1 region,26-3! whereas the
situation in the dentate gyrus is not clear. Our results confirm a continuing capacity
for the induction of dentate LTP during aging in rats, as also supported by other
groups.32-34 Impairment of dentate LTP in aged animals has been described by
Lynch et al.2? and O’Donnell ez al.3® In accordance with lacking or only mild overt
deficits in dentate LTP, the capacity for morphological synaptic changes during LTP
was widely preserved in the dentate gyrus of aged rats.’® Furthermore, several sig-
naling cascades appear to operate normally in aged rats, as indicated by an
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FIGURE 2. Long-term potentiation (LTP) induction in young and middle-aged rats.
LTP is unchanged in middle-aged rats (n = 5) compared with young rats (n = 7). The only
discernible difference was a weak tendency to faster decay of potentiation in middle-aged
rats. PSA, population spike amplitude. The scheme represents placement of the stimulation
electrode (SE) in the perforant path and of the recording electrode (RE) in the granule cell
layer of the dentate gyrus. DG, dentate gyrus; HI, hilus of DG.

unchanged induction of an array of immediate early genes that are known to be tran-
scriptionally activated after LTP-inducing stimuli.>” Other pathways, however, were
found to be changed in senescent animals.2>-3537-39 Elevation of the threshold for
LTP induction that has been described in aged, spatial memory-impaired rats*® is
likely to be compensated by a tetanization protocol that is sufficiently strong.
Taken together, our findings provide evidence of a reduced basal level and a
decreased range of regulation of II-1B gene expression in middle-aged animals.
Since our previous investigations indicated a supportive effect of enhanced IL-1f3
levels on LTP maintenance, the decreased upregulation of IL-1 gene expression
during LTP in middle-aged as compared to young animals would be anticipated to
result in impaired maintenance of LTP in the older animals. However, this was not
observed. The reasons might be the following: (1) Normal LTP only requires a
“threshold” concentration of IL-1f that is also achieved in middle-aged animals. (2)
The lower upregulation of IL-1f gene expression during LTP may be compensated
by a greater efficacy/activity of subsequent translational cascades, resulting in about
the same concentration of IL-1 protein in young and middle-aged rats. (3) The net
efficacy of IL-1P in LTP does not only depend on IL-1B concentration but is also
contingent on the level of Il-1 receptors,*! the IL-1 receptor accessory protein (IL-
1RACcP),® and the IL-1 receptor antagonist (IL-1ra). Thus, the equilibrium of these
regulatory components might be differently adjusted in older animals, while still
ensuring almost normal potentiation. The preliminary findings of our laboratories
support upregulation of IL-1ra during LTP. Interestingly, interleukin-6 (IL-6), which
can be induced by IL-1 in the brain,*?*3 is also upregulated during hippocampal
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LTP,**3 but it has a function opposite to that of IL-1 in LTP (Balschun ef al., manu-
script submitted). Hence, it is tempting to speculate that in the brain a cytokine net-
work that is activated during LTP is important for the fine-tuning of mechanisms
responsible for the consolidation of potentiation. Cytokines such as IL-1 and IL-6
are known to readily diffuse from their site of release in the brain.*6-*” Therefore,
their increased production triggered by potentiated neurons can be expected to result
in a wave of cytokines, which spreads to surrounding neurons. Since potentiation is
not confined to activated synapses but propagates to synapses on neighboring
neurons,*®49 an enhanced level of diffusing IL-1 could prevent such a propagation
of potentiation as suggested by inhibition of LTP by IL-1 in vitro'?16 and in freely
moving rats (Ref. 16 and unpublished data). By contrast, IL-6 would tend to confine
an already expressed potentiation. In this way, IL-6 and IL-1 could act as diffusible
messengers that augment the input-specificity of plasticity.

In conclusion, our data exclude a simple linear relation between IL-1B gene
expression and the properties of synaptic plasticity in the dentate gyrus, thereby
supporting the existence of fine-tuned, cytokine-mediated regulatory mechanisms.
The elucidation of age-associated changes in these processes could provide a clue to
the preservation of cognitive performance in old age.

SUMMARY

Interleukin-1 is a cytokine that, apart from its contribution to immunoregulation,
can affect neuroendocrine mechanisms and brain functions. We have previously
shown that an increase in the endogenous production of IL-1 in the dentate gyrus
during LTP is relevant for the maintenance of this process. We report here that in
middle-aged rats (12 to 16 months old), enhancement of IL-1 gene expression is
diminished compared to that in young animals. Furthermore, basal levels of IL-1
gene expression were slightly reduced in middle-aged rats. The reduced upregula-
tion of IL-1 gene expression during LTP was not accompanied by overt impairment
of potentiation, suggesting that either the level of the cytokine is still enough to
maintain synaptic plasticity in the dentate gyrus or that compensatory, probably less
efficient, mechanisms develop during aging.
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