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Older individuals often experience declines in cognitive function after events (e.g. infection, or injury)
that trigger activation of the immune system. This occurs at least in part because aging sensitizes the
response of microglia (the brain's resident immune cells) to signals triggered by an immune challenge. In
the aging brain, microglia respond to these signals by producing more pro-inflammatory cytokines (e.g.
interleukin-1beta or IL-1B) and producing them for longer than microglia in younger brains. This
exaggerated inflammatory response can compromise processes critical for optimal cognitive functioning.
Interleukin-18 is central to the inflammatory response and is a key mediator and modulator of an array of
associated biological functions; thus its production and release is usually very tightly regulated. This
review will focus on the impact of dysregulated production of IL-1B on hippocampus dependent-
memory systems and associated synaptic plasticity processes. The neurotrophin brain-derived neuro-
trophic factor (BNDF) helps to protect neurons from damage caused by caused by infection or injury, and
it plays a critical role in many of the same hippocampal plasticity and memory processes compromised
by dysregulated production of IL-1p. This suggests that an exaggerated brain inflammatory response,
arising from aging and a secondary immune challenge, may erode the capacity to provide the BDNF
needed for memory-related plasticity processes at hippocampal synapses.

This article is part of a Special Issue entitled ‘Neuroimmunology and Synaptic Function’.

© 2014 Published by Elsevier Ltd.

1. Introduction

The range of cognitive functioning widens dramatically with
aging. Some individuals reach advanced age with cognitive func-
tions largely intact; many do not. Even previously high functioning
aged individuals who experience an acute infection, injury or sur-
gery are at increased risk for developing abrupt cognitive decline
(sometimes termed delirium) — a rapidly developing, severe but
often temporary memory impairment (Bekker and Weeks, 2003;
Chan and Brennan, 1999; Fong et al., 2009; Pandharipande et al.,
2005; Wofford et al., 1996). Even if these individuals recover from
the delirium, they are at significantly greater risk of ultimately
developing Alzheimer's disease or other forms of dementia (Chan
and Brennan, 1999; Fong et al., 2009; Katz et al., 2001; McCusker
et al,, 2001). It is not clear if this increased risk occurs because
the delirium represents the unmasking of existing, but early stage
pathology, or if an episode of delirium is itself an insult that
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contributes to the development of lasting memory impairment.
There is some evidence to support the late possibility since an
infection, even in the absence of delirium, is associated with an
increased risk of developing Alzheimer's disease (Dunn et al.,
2005). In either case, the phenomena may provide a window into
very early perturbations of systems critical for memory. It is very
clear that a secondary immune challenge exacerbates cognitive
decline in individuals already suffering from some degree of
impairment, increasing the risk of developing delirium (or more
gradual forms of cognitive decline) and worsening the prognosis
(Cunningham et al., 2009; Perry et al., 2007; Perry and Holmes,
2014).

How then might an immune challenge compromise memory-
related synaptic functions in aging brains?

2. The immune system in the periphery can communicate
with the brain

A foundation for potential mechanisms is suggested by the fact
that there is extensive communication between the peripheral
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immune system and the brain, and that this communication in-
tensifies in response to an immune challenge (reviewed in (Dantzer
et al, 2008; Konsman et al., 2002; Maier et al., 2001)). Pro-
inflammatory cytokines like interleukin 1-alpha and beta (IL-1a
and ), tumor necrosis factor-alpha (TNF-a.), and interleukin 6 (IL-6)
released in the periphery in response to infection or injury can
communicate with the brain via humoral, and neural routes. These
immune signaling routes (reviewed in (Dilger and Johnson, 2008;
Nguyen et al.,, 2002; Quan and Banks, 2007; Wynne et al., 2009))
include (1) diffusion of circulating cytokines through areas adjacent
to the circumventricular organs, which lack a contiguous blood—-
brain — the close proximity of these areas to the hypothalamus is
thought to play a role in the cytokine driven “sickness behaviors”
characterized by fever, anorexia, and malaise; (2) binding of
circulating cytokines directly to receptors on the endothelial cells
forming the blood—brain barrier, stimulating them to secrete cy-
tokines and other immune molecules (e.g. NOS, etc.) directly into
brain regions; (3) transport of peripheral cytokines by an energy-
dependent, saturable process involving transporters integral in
the blood—brain barrier; and (4) direct activation of vagal afferents
and catecholaminergic circuits of the sympathetic nervous system
by circulating cytokines. These immune signals from the periphery
can be detected by microglia, the brain's primary resident immune
cells (reviewed in (Dantzer et al., 2008; Konsman et al., 2002; Maier
et al., 2001). Microglia can respond to these stimuli —propagating
immune signals from the periphery — by producing additional pro-
inflammatory cytokines (e.g. TNFa, IL-6, IL-1f, interferon-y (IFNYy))
and several chemokines in the CNS (reviewed in (Cherry et al.,
2014)).

In addition to cytokine and chemokine receptors, microglia have
a vast array of receptors capable of detecting additional evidence of
infection or injury. The receptors recognize the small molecular
motifs or patterns found on pathogens, or associated with tissue
damage. These pattern recognition receptors (PRRs) include toll-
like receptors (TLRs), nucleotide-binding oligomerization domains
(NODs), NOD-like receptors (NLRs), and a number of scavenger
receptors (Canton et al., 2013; Cherry et al., 2014; Ransohoff and
Brown, 2012; Ransohoff and Perry, 2009).

3. Microglia serve many functions in the brain

The last decade has seen a major expansion in our under-
standing of the roles played by microglia in the brain (reviewed in
(Hughes, 2012; Raivich, 2005; Streit and Xue, 2009; Yirmiya and
Goshen, 2011)).

It has long been recognized that microglia are activated in
response to insult and disease, and that they play a central role in
pathophysiology. More recently, it has become apparent that the
process of microglial activation is gradual, very complex, and highly
varied. There can be multiple activation sub-states, with associated
changes in structure (e.g. retraction and reduction of elaborate thin
processes to transform into a more ameboid form), and function
(e.g. altered expression of various receptors and enzymes; and
production of immune response molecules and growth factors).
Although incompletely understood, the assumption of different
immune phenotypes by microglia seems to depend on some
combination prior history and current microenvironment
(reviewed in (Cherry et al., 2014; Goldmann and Prinz, 2013;
Mittelbronn, 2014; Perry, 2004)).

This situation is often compared to the multiple and sometimes
opposing activation states (and associated functions) of peripheral
macrophages — termed classical and alternative, or M1 and M2
activation (paralleling the Th1l terminology used for T cells)
(reviewed in (Cherry et al., 2014; Goldmann and Prinz, 2013;
Mittelbronn, 2014; Perry, 2004)). Although some caution is

indicated in extrapolating from peripheral to CNS and in vitro to
in vivo systems, this seems a useful, if still somewhat controversial
organizational distinction. In very general terms, the initial, clas-
sically activated, M1 state is associated with mounting a defense
against infection and is considered pro-inflammatory. The alter-
natively activated, M2 state is generally, though perhaps not al-
ways, less inflammatory and associated more with suppressing
inflammation, conducting repairs and restoring homeostasis
(reviewed in (Cherry et al., 2014; Goldmann and Prinz, 2013;
Mittelbronn, 2014; Perry, 2004)).

Thus, depending on the nature, severity and duration of the
immune challenge, microglia can take on a number of phenotypes,
orchestrate a variety of inflammatory responses, perform cleanup
of dead cells and debris, and assist with regeneration (reviewed in
(Kreutzberg, 1996; Prinz and Priller, 2014; Streit and Xue, 2009;
Wong, 2013)). Microglia also play an active role in removing
damaged or dysfunctional synapses — a process termed synaptic
stripping (Blinzinger and Kreutzberg, 1968; Kettenmann et al,,
2013). However, microglia have traditionally been thought to be
relatively quiescent in a normal health brain (Morris et al., 2013). It
is now recognized that “resting” microglia are actually quite active
— dynamically surveying their environment (Davalos et al., 2005;
Nimmerjahn et al, 2005), pruning inappropriate or under-
performing synapses and refining synaptic circuits during devel-
opment (and possibly into adulthood) (Paolicelli et al.,, 2011;
Schafer et al., 2012; Tremblay et al., 2010), and helping to support
neuronal survival and function (Streit et al., 2009). In addition to
the canonical cytokines (e.g. IL-1f, IL-6 and TNF-a), both resting
and activated microglial can produce a range of soluble factors also
capable of modulating synaptic function (reviewed in (Morris et al.,
2013; Streit and Xue, 2012; Wong, 2013)). These include trophic
factors (e.g. BDNF (Batchelor et al., 1999; Elkabes et al., 1996;
Nakajima et al., 2002; Suzuki et al., 2001) and NGF (Frade and
Barde, 1998; Mallat et al, 1989)), neurotransmitters, and
neuromodulators.

4. Microglial functioning changes with aging

Microglia undergo significant changes in the aging brain. They
tend to have a more irregular distribution, with shorter, less elab-
orated processes (reviewed in (Wong, 2013)). Although the con-
sequences of these changes are not well understood, they may
reflect a decline, or perhaps a more nuanced dysregulation in the
protective and or supportive capacity of individual microglial cells.
Interestingly, even in the absence of injury or disease, the basal
activation state of microglial in aging (but not yet senescent) brains
appears to be higher (Frank et al., 2006; Perry et al., 1993; Rogers
et al,, 1988). Microglia in aging brains show increased expression
of several inflammatory markers including molecules involved in
presentation of antigens (major histocompatibility complex II
(MHC II) and CD86), and membrane pattern associated recognition
receptors (Toll-like receptors (TLRs)). There are also indications of
aging-associated alterations (for a recent review see (Lynch, 2014))
in cytosolic pattern receptors (NOD-like receptors (NLRs); e.g.
NLRP1 & NLRP3) that form part of the inflammasome complex
involved in activation of caspase-1, and the subsequent cleavage
and release of IL-1f and IL-18 — another member of the IL-1 family
(Rathinam et al., 2012; Walsh et al., 2014).

These alterations are consistent with an aging-associated
sensitization or “priming” of microglia (Norden and Godbout,
2013), and indeed, microglial responsiveness to signals from the
peripheral immune system and the local environment is exagger-
ated. In addition to increasing the potential for transition into full,
prolonged and potentially harmful inflammation (reviewed in
(Medzhitov, 2008; Wong, 2013)), the sensitization of microglia in
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the aging brain may also lead to disruption of many of their normal
physiological roles, including modulation of synaptic structure and
function.

A consistent finding in rodent models has been that, in response
to a peripheral immune challenge, the brains of aging animals
produce significantly more pro-inflammatory cytokines (e.g. IL-18,
IL-6 and TNF-a), and produce them longer than those of younger
cohorts (Barrientos et al., 2006; Chen et al., 2008; Godbout et al.,
2005) (reviewed in (Dilger and Johnson, 2008)). For example,
when aged mice received an intraperitoneal (i.p.) injection of
bacterial cell wall lipopolysaccharide (LPS) (Drum and Oppemtom,
1989) — at a dose that induces a mild transient sickness behavior in
young adults (Berg et al., 2004) — the LPS-evoked increase in IL-1P
was significantly larger than in young mice (Godbout et al., 2005).
Another study found that after i.p. LPS, aged mice had more
microglial cells in the hippocampus, and more IL-1B-positive cells
in hippocampal areas CA1, CA2, and CA3 and dentate than young
controls (Chen et al., 2008). Similarly, aging rats showed higher
hippocampal IL-1f protein levels than their younger counterparts a
few hours after an i.p. injection of Escherichia coli, and the duration
of these elevations was significantly longer than that in younger
controls (Barrientos et al., 2009).

5. The hippocampus is a major site of expression of IL-1f and
its receptor in the brain

Interleukin1pB, its receptor, and the naturally occurring
interleukin-1 receptor antagonist (IL-1ra) (Lechan et al., 1990) (Ban
et al., 1991; Takao et al., 1990) are all found at comparatively high
levels in the hippocampus — a brain structure known to be critical
for spatial and contextual memory (Smith and Mizumori, 2006;
Squire et al., 2004). This expression pattern suggests that these
molecules have the potential to modulate hippocampal memory
functions, and supports the hypothesis that excessive (or perhaps
otherwise dysregulated) IL-1 signaling might contribute to deficits
in hippocampus-dependent memory processes.

6. Aberrantly elevated levels of IL-1$ may impair memory

Numerous studies have provided evidence that experimentally
elevated levels of IL-1f in the hippocampus can impair perfor-
mance in behavioral paradigms (e.g. the Morris water maze
(Morris, 1984) and contextual fear conditioning (Kim and Fanselow,
1992; Phillips and LeDoux, 1992)) commonly used to examine
hippocampus-dependent memory (reviewed in (Lynch, 2010;
Yirmiya and Goshen, 2011)). The deleterious effect of IL-18 on
consolidation of spatial memory was first demonstrated by
injecting IL-1P into the ventricles of rats and accessing their per-
formance in Morris maze. The IL-1f did not affect the acquisition of
the spatial navigational task, but rather its retention (Oitzl et al.,
1993). Subsequent experiments in rodents have confirmed and
extended this observation, demonstrating similar, specific impair-
ments in hippocampus-dependent contextual tasks following
intraperitonneal (Gibertini et al., 1995) or intrahippocampal injec-
tion of IL-1P (Barrientos et al., 2002), prolonged (2 week) elevation
of IL-1B in an inducible transgenic mouse (Hein et al., 2010), and
elevations in endogenous IL-13 evoked by infections (Barrientos
et al., 2006; Chen et al., 2008; Gibertini et al., 1995) or psycholog-
ical stressors (Pugh et al., 1999).

Multiple observations provide evidence that excess brain IL-1
may play a pivotal role in these impairments. Levels of hippocampal
IL-18 and the deficits in hippocampus-dependent memory are
tightly, and inversely correlated over time (Barrientos et al., 2009;
Goshen et al, 2007). The deficits can be blocked by intra-
ventricular infusion of the naturally occurring interleukin-1

receptor antagonist (IL-1ra) (Dinarello, 1997) concurrent with the
peripheral immune challenge (Frank et al., 2010).

However, it should noted that while excess hippocampal IL-1
has a deleterious effect on memory, low levels of IL-1f appear to be
required for consolidation of context-dependent memory
(reviewed in (Yirmiya and Goshen, 2011)). In a health brain, in the
absence of injury or infection, levels of IL-1f are generally low, but
they are upregulated by contextual fear learning (Goshen et al.,
2007), and spontaneous spatial recognition in the Y-maze para-
digm (Labrousse et al., 2009). Conversely, contextual memory is
impaired by genetic reduction of endogenous IL-1B signaling
(Azouz et al., 1996; Goshen et al., 2007). A recent study utilizing
systematic intra-ventricular infusion of different doses of IL-1 and
[L-1ra into mice has provided compelling pharmacological evi-
dence that the effects of hippocampal IL-1 on memory follow a U-
shaped dose—response curve (Goshen et al., 2007). Slight, transient
elevations in IL-13 improved memory, but levels in excess of or
below the physiological range resulted in deficits in hippocampus-
dependent memory (Goshen et al., 2007).

7. IL-1B can modulate synaptic plasticity

Hippocampal long-term potentiation (LTP) is generally consid-
ered to be a substrate for hippocampus-dependent memory, so it is
not surprising that memory deficits driven by excessive IL-1f are
paralleled by deficits in LTP. Experimentally elevated levels of IL-18
have been shown to inhibit LTP in several regions of the hippo-
campus in young animals (reviewed in (Lynch, 2010)). Application
of IL-1P to rodent hippocampal slices reduced LTP in CA1 (Bellinger
et al., 1993; Ross et al., 2003), while heat-inactivated IL-1p had no
effect (Bellinger et al., 1993). Treatment of mouse slices with high
levels (in the pathophysiological range) of IL-1p resulted in a similar
reduction in area CA1 LTP, but this was also true of treatment with a
high dose of IL-1ra (Ross et al., 2003). Application of exogenous IL-
1B inhibited LTP in the CA3 region of mouse hippocampal slices
(Katsuki et al., 1990), and the dentate in rat hippocampal slices
(Coogan and O'Connor, 1997; Cunningham et al., 1996). These ef-
fects of the IL-1B could be blocked by concurrent application of an
inactive analog of IL-1f or IL-1ra (Coogan and O'Connor, 1997;
Cunningham et al., 1996; Katsuki et al., 1990). Injecting IL-18
directly into the ventricles inhibited LTP in the dentate in vivo
(Kelly et al., 2003; Murray and Lynch, 1998), as did an i.p. injection
of LPS (Barry et al., 2005; Lynch et al., 2004).

Using E. coli as the peripheral immune stimulus in aged, but
cognitively intact rats, evoked an exaggerated (relative to younger
counterparts) elevation in hippocampal IL-18, mirrored by specific
deficits in consolidation of context-dependent learning (Barrientos
et al., 2006). Task acquisition and short-term memory were pre-
served. Interestingly, the deficits in synaptic plasticity in these
animals appeared to be similarly specific. Basal synaptic trans-
mission and short-term synaptic plasticity remained intact in area
CA1 of hippocampal slices from the aging rats after infection.
However, these animals had profound deficits in a form of long-
lasting synaptic plasticity (late-phase LTP or L-LTP) (Chapman
et al, 2010), evoked by a relatively naturalistic stimulus (theta
burst), and strongly correlated with the ability to consolidate
contextual memory in aged rats (Tombaugh et al., 2002). Impor-
tantly, like the deficits in consolidation, the deficits in theta burst L-
LTP could be blocked with IL-1ra (Chapman et al., 2010). However,
IL-1ra also blocks the effects of IL-18, another member of the IL-1
family, also shown to attenuate LTP in the dentate gyrus (Curran
and O'Connor, 2001), so the blockade of infection-induced deficits
may not be exclusively attributable to blocking the effects of IL-1p.

Just as low (physiological) levels of IL-1f appear to be necessary
for consolidation of contextual memory, they also appear to be
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required for long-lasting LTP. Expression of IL-1f is induced by
stimuli producing LTP both in vivo and in slices (Schneider et al.,
1998). Early LTP evoked by a single train of high frequency stimu-
lation is reported to be normal in slices from IL-1 a/B double
knockout mice (Ikegaya et al., 2003), but L-LTP is impaired in slices
from IL-1 receptor type I knockout (IL-1rKO) mice (Avital et al.,
2003), and slices from wild-type mice treated with IL-1ra (Ross
et al., 2003).

8. Potential mechanisms

It is not clear how aberrantly elevated levels of IL-1f in the
hippocampus may produce impairments in synaptic plasticity and
memory. Available data suggest multiple, sometimes converging
mechanisms.

A number of recent studies have provided evidence that pro-
inflammatory cytokines can modulate responses to glutamate
through complex effects on NMDA and AMPA receptor function
(reviewed in (Viviani and Boraso, 2011)). Acute application of IL-18
has generally been shown to reduce Area CA1 plasticity in hippo-
campal slices and in vivo (Bellinger et al., 1993; Lynch, 2010; Ross
et al.,, 2003). However, Nistico and colleagues (Nistico et al., 2013)
have reported that acute application of IL-1B increased early LTP
(evoked by a single train of high frequency stimulation) in hippo-
campal slices from mice previously injected with complete
Freund's adjuvant (CFA) (an inflammatory agent sometimes used as
an immunobooster for other autoantigens). Effects on NMDA
receptor-mediated currents show similar variability, with both re-
ductions and enhancements (and accompanying stabilization of the
NMDA receptor in the synapse) reported (Coogan and O'Connor,
1997; Viviani et al., 2003).

Chronic elevations in IL-1f also produce varied effects on syn-
aptic plasticity. Intraventricular infusions of LPS over 28 days have
been reported to produce reductions in NMDAR-dependent and
NMDAR-independent forms of LTP evoked by high frequency and
theta burst stimulation (Min et al., 2009). Effects of a more limited,
one time immune challenge with E. coli appear to be more specific
— reducing theta burst evoked L-LTP, while leaving E-LTP and high
frequency train-evoked L-LTP intact (Chapman et al., 2010). In
contrast, when E-LTP was examined in hippocampal slices from
mice with experimental autoimmune encephalomyelitis (EAE) — a
mouse model of multiple sclerosis (MS) — it was enhanced relative
to that in CFA controls (injected with CFA without the EAE-inducing
autoantigen) (Nistico et al., 2013). When IL-1 was acutely applied
to the slices from the CFA controls, the E-LTP was comparable to
that in slices from the EAE mice. Increased glutamate transmission
(and associated excitotoxicity) is thought to play a role in the
inflammation-driven neurodegenerative process of MS. In the
model system used by Nistico et al., IL-1f secreted by activated
microglia was found to suppress GABAergic inhibitory trans-
mission, with limited effects on glutaminergic transmission — in
contrast to the impaired hippocampal glutamatergic transmission
observed in another EAE model (Xing et al., 2011). However, in both
cases the normal balance between excitation and inhibitory inhi-
bition was disrupted, subverting normal synaptic function.

Other potential mechanisms for the effects of IL-1 on plasticity
and memory may involve activation of p38 mitogen-activated
protein kinase (MAPK), c-jun NHy-terminal kinase (JNK), caspase
1, and NFkB (Curran et al., 2003; Kelly et al., 2003; Tong et al., 2012;
Vereker et al., 2000a, 2000b). These molecules lie within, and in
some cases link, multiple signaling cascades likely to play a role in
inflammation-driven cognitive impairments (Tong et al., 2012).
Intriguingly, these cascades also intersect with those sometimes
used by the neurotrophin BDNF. BDNF plays a critical role in the
survival and development of certain populations of neurons. BDNF

can also be neuroprotective, mitigating the damaging effects of a
variety of insults. In addition, BDNF plays a central role in forms of
long-lasting synaptic plasticity associated with consolidation of
hippocampus-dependent memory (Bramham and Messaoudi,
2005; Lu, 2003; Tyler et al., 2002) — the same memory-related
plasticity processes compromised by excessive IL-1f.

The capacity to produce BDNF is generally very tightly
controlled. The gene gives rise to numerous BDNF mRNA tran-
scripts, all of which are translated into the same protein. All of the
transcripts are found in the hippocampus, though at different
levels, and with different cellular and subcellular distributions (An
et al., 2008; Kokaia et al.,, 1994; Timmusk et al., 1993). Their
expression is differentially regulated by a variety of inputs
including alterations in neuronal activity (Metsis et al., 1993;
Nakayama et al., 1994; Timmusk et al, 1993), exercise (e.g.
(Garcia et al., 2003; OIliff et al., 1998)), treatment with antidepres-
sants (Russo-Neustadt et al., 2004), and various stress paradigms
(reviewed in (Lauterborn et al., 1998)).

Infusion of IL-1p into the hippocampus decreased its capacity for
transcription of BDNF following learning (Barrientos et al., 2004),
and infusion of IL-1ra protected it from the deleterious effects of IL-
1P induced by a social isolation stress paradigm (Barrientos et al.,
2003). Since slight, transient elevations in IL-1f improved
hippocampus-dependent memory, but levels in excess of or below
the physiological range resulted in deficits (Goshen et al., 2007), it
seemed plausible that a similar relationship might be observed
with the expression of BDNF. It has recently been reported that a
single intracerebroventricular (i.c.v.) injection of IL-1f increased
expression of BDNF mRNA, but 8 days of repeated injections did the
opposite (Song et al., 2013). However, this is in contrast to the re-
sults of an earlier study that found that a single injection of LPS
resulted in deficits in spatial learning, while repeated injections
apparently did not (though these rats showed evidence of signifi-
cant sickness behavior), and neither treatment produced any
alteration in BDNF mRNA in the dentate at the time point examined
(Shaw et al., 2001).

As the authors of Shaw et al. note, the links between alterations
in IL-1 and BDNF expression are likely to be highly dependent on
subject, manipulation, assay and timing of assay. Highlighting these
potential subtleties, aging and a recent E. coli infection in rats
reduced the hippocampal expression of specific activity-and plas-
ticity-associated BDNF mRNA transcripts, and reduced the capacity
to recruit these transcripts following learning (Chapman et al.,
2012).

The BDNF protein is synthesized as a precursor proBDNF
molecule that is cleaved to produce mature BDNF (mBDNF). Inter-
estingly, the pro- and mature forms of BDNF can activate different
receptors, intracellular pathways, and cellular functions and they
have generally opposing effects (Lu et al., 2005). Pro-BDNF binds
preferentially to the pan-neurotrophin receptor p75™'} (a member
of the tumor necrosis factor receptor superfamily), elicits neuronal
apoptosis (Friedman, 2010; Lee et al., 2001; Teng et al., 2005;
Volosin et al., 2006), and facilitates long-term depression (LTD) in
the hippocampus (Rosch et al., 2005; Woo et al., 2005). In contrast,
mature BDNF binds to the TrkB receptor, promotes cell survival
(Volosin et al., 2006), and facilitates LTP. Activation of p75N® re-
duces dendritic complexity and spine density in the hippocampus;
activation of TrkB does the opposite (McAllister et al., 1999;
Zagrebelsky et al., 2005). There was initially considerable contro-
versy about whether proBDNF was secreted in non-pathological
conditions (Matsumoto et al., 2008; Yang et al., 2009) (reviewed
in (Barker, 2009)), but recent studies support a role in normal
developmental programmed cell death and pruning of dysfunc-
tional or rejected connections (Je et al., 2012; Taylor et al., 2012)
reviewed in (Deinhardt and Chao, 2014).
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Interestingly, the combination of aging and an E. coli immune
challenge was associated with reduced levels of the mature BDNF
protein isoform in hippocampal synaptoneurosomes (Cortese et al.,
2011). The reduction could be blocked with IL-1ra. Levels of the
pan-neurotrophin receptor p75NTR and the BDNF receptor TrkB
were not significantly altered. However, activation of TrkB, and
downstream activation of PLCy1 (phospholipase Cy1) and p40/42
MAPK, but apparently not PI3-K/Akt was attenuated. These obser-
vations are consistent with reduced availability of mature BDNF to
activate TrkB signaling for memory-related plasticity processes.

There are also indications that IL-18 can compromise neuronal
survival by interfering with the neuroprotective effect of BDNFE.
Using primary cultures of trophic support-deprived cortical neu-
rons, Tong and colleagues found that IL-1B didn't affect the acti-
vation of TrkB receptors, but instead altered BDNF signaling at the
level of the docking sites for proteins mediating the signaling
functions of the receptor (Tong et al., 2008). IL-1 did not alter the
activation of PLC gamma, but suppressed activation the docking
proteins linked to activation of the p40/42 MAPK and survival
promoting PI3-K/Akt pathways. This effect of IL-13 appeared to
involve the activation of the ceramide pathway, since the IL-18
induced suppression of BDNF neuro-protection and signal trans-
duction could be reduced by inhibitors of ceramide production, and
mimicked by the cell-permeable C2 ceramide (Tong et al., 2008).
Activation of the ceramide pathway is known to increase with aging
and many neurodegenerative diseases (Cutler et al., 2004).

Tong et al. also found additional evidence consistent with the
idea that excessive production of IL-1f might disrupt BDNF-
dependent synaptic plasticity processes (Tong et al., 2012). Addi-
tion of IL-1B to organotypic rat hippocampal cultures suppressed
BDNF-dependent regulation of Arc and cAMP response element-
binding protein (CREB). IL-18 upregulated p38 mitogen-activated
protein kinase (MAPK), and inhibiting p38 MAPK prevented IL-1
from disrupting BDNF signaling. In acute hippocampal slices, IL-1f
blocked the formation of filamentous actin (F-actin) in dendritic
spines (required for the production of L-LTP) and disrupted the
consolidation, but not the induction, of theta-burst induced BDNF-
dependent LTP. Inhibiting p38 MAPK also blocked these effects of
IL-1B (Tong et al., 2012).

These results are particularly interesting in light of recent
studies demonstrating a rich and varied role for microglia in
shaping appropriate synaptic connectivity during development and
into adulthood (Paolicelli et al., 2011; Parkhurst et al., 2013; Zhan
et al.,, 2014) — functions frequently mediated by BDNF. Neurons
are the major source of BDNF in the healthy adult brain (Rauskolb
et al., 2010), but a recent study suggests that BDNF from micro-
glial can also contribute to learning-related synapse formation
(Parkhurst et al., 2013). Conditional removal of BDNF from micro-
glia resulted in deficits in motor-learning tasks and in learning-
dependent synapse formation. These deficits were very similar to
those seen in mice with targeted, diphtheria toxin-driven depletion
of microglia (Parkhurst et al., 2013). Together, these observations
suggest that aging-associated, inflammation-driven alterations in
microglia BDNF might also contribute to cognitive deficits.

Data from conventional aging and neurodegenerative disease
models suggest that when age-related cognitive deficits occur, they
do not arise from loss of neurons, or initially even from loss of
synapses (Geinisman et al., 2004; Rapp and Gallagher, 1996), but
rather from more subtle alterations in synaptic efficacy (Rapp et al.,
1999; Selkoe, 2002; Smith et al., 2000). BDNF is a key mediatory of
synaptic efficiency. BDNF regulates dendritic (local) protein syn-
thesis (Aakalu et al., 2001), thought to be a mechanism by which
the protein complement of individual synapses can be altered and
long-lasting changes in efficiency can be maintained (Schuman
et al., 2006). BDNF can also regulate the structural plasticity of

individual dendrites spines (Tanaka et al., 2008), an observation
that has led observers to suggest a link between aging-associated
alterations in dendritic spines and reduced expression of BDNF
and TrkB (Tapia-Arancibia et al., 2008).

It's long been suspected that disruptions in BDNF production,
processing or signaling might be a significant factor in the devel-
opment and or progression of age-associated cognitive decline.
Rather surprisingly, the available evidence suggests that basal
levels of BDNF and its receptor TrkB do not change greatly as a
result of aging alone (reviewed in (Pang and Lu, 2004)), although
BDNF is significantly reduced in Alzheimer's disease (Phillips et al.,
1991). The observation that aging increases cognitive vulnerability
to infection suggests a new twist on an old theme. Perhaps is not
aging per se that disrupts BDNF-dependent processes in the hip-
pocampus, but rather the combination of aging and challenging life
events.

9. Concluding remarks

Aging increases cognitive vulnerability to secondary stressors,
particularly those that produce a significant peripheral immune
response. Although relatively little is known about the underlying
mechanisms, the data available suggest that immune signals from
the periphery trigger an exaggerated inflammatory response in the
aging brain, which in turn compromises plasticity processes
required for cognitive functions.

Aging-associated dysregulation of microglial function appears
to be a critical component of this progression. Microglia can take on
a variety of phenotypes and perform a wide range of important
functions: surveillance for indications of infection or injury,
orchestration of inflammatory processes, clearance of dead cells
and debris, stripping of damaged synapses, promoting a return to
homeostasis, and as recently recognized, helping to establish and
maintain appropriate neuronal connectivity. Aging induces a shift
in microglial phenotype, sensitizing them to immune stimuli,
which can further tip the balance between pro-inflammatory (M1)
and more anti-inflammatory (M2) phenotypes. Similar mecha-
nisms may contribute to increased risk of cognitive dysfunction in a
variety of disorders associated with some degree of potentially
“sensitizing” inflammation (e.g. autoimmune diseases, depression,
diabetes, and head injury (Perry et al., 2007)).

In the aging brain, immune challenge-evoked overproduction of
IL-1B by microglia has been shown to produce specific deficits in
consolidation of hippocampus-dependent memory, and associated
forms of synaptic-plasticity. These are BDNF-dependent processes,
and excess IL-1f appears to disrupt BDNF production and signaling.
Inflammation-driven alterations in BDNF signaling may be one
mechanism by which microglial dysregulation can produce
discrete, but deleterious alterations in synaptic structure and
function. However, there are undoubtedly others.
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