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Abstract

This review describes the role of cytokines and their downstream signaling cascades on the
modulation of learning and memory. Immune proteins are required for many key neural processes
and dysregulation of these functions by systemic inflammation can result in impairments of
memory that persist long after the resolution of inflammation. Recent research has demonstrated
that manipulations of individual cytokines can modulate learning, memory, and synaptic plasticity.
The many conflicting findings, however, have prevented a clear understanding of the precise role
of cytokines in memory. Given the complexity of inflammatory signaling, understanding its
modulatory role requires a shift in focus from single cytokines to a network of cytokine
interactions and elucidation of the cytokine-dependent intracellular signaling cascades. Finally, we
propose that whereas signal transduction and transcription may mediate short-term modulation of
memory, long-lasting cellular and molecular mechanisms such as epigenetic modifications and
altered neurogenesis may be required for the long lasting impact of inflammation on memory and
cognition.
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1. Introduction

Immune proteins and signaling play many key roles in the brain (Shatz, 2009). The central
nervous system’s own immune cells, microglia and astrocytes are required for normal
synaptic functions including synaptic pruning, synapse formation and synaptic transmission
(Benarroch, 2013; Papa, De Luca, Petta, Alberghina, & Cirillo, 2014; Stephan, Barres, &
Stevens, 2012). A wealth of literature in animal models of inflammation supports the causal
role of inflammatory signaling in memory and cognitive deficits. Systemic injection with
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lipopolysaccharide (LPS) impairs memory consolidation (Pugh et al., 1998), acquisition of
operant conditioning (Aubert, Vega, Dantzer, & Goodall, 1995) and learning in Morris
Water Maze tasks (see C. Cunningham & Sanderson, 2008).

In humans, systemic triggers of inflammation, including illness, injury or major surgery
(Hudetz et al., 2009; Selnes et al., 2003; Shapira-Lichter et al., 2008) are associated with
deficits in a variety of cognitive and memory tasks. Patients with cancer, after myocardial
infarction, or major surgery commonly develop post-traumatic stress disorder (Ginzburg &
Ein-Dor, 2011; Meister et al., 2013) or cognitive deficits (Fredericks, 2012) long after the
illness, suggesting a persistent role for immune function in alterations of memory.
Inflammatory signaling is thus considered to be a critical contributor to the short- and long
term modulation of mood and cognition. However, the precise role and mechanisms by
which cytokines modulate memory remain unknown.

The intricacy of inflammatory signaling presents several complications in understanding the
roles and mechanisms of cytokines in neural and cognitive functions. Inflammatory events
are not specific to a single cytokine increasing at a single timepoint, instead inflammation
produces dynamic regulation of many cytokines (Conti et al., 2008; Gayle, llyin, Miele, &
Plata-Salaméan, 1998; Schindler et al., 1990). Cytokines are also extremely pleiotropic (e.g.,
Guzmén & Hallal-Calleros, 2010) and exhibit extensive redundancy, with many distinct
proteins exerting overlapping effects (X. Liu, Fang, Guo, Mei, & Zhang, 2013). In contrast,
the downstream effects of cytokines differ depending on the presence of other cytokines and
specific cell types (S. Lund et al., 2006; Norden, Fenn, Dugan, & Godbout, 2014). Despite
well-delineated interactions between cytokines within the immune system, the dynamic
regulation of cytokines in the central nervous system remains unclear. Similarly, the precise
roles of inflammatory signaling in the physiology of neurons, circuits, and cognitive
function is not known.

Recent work has made significant progress in establishing the effects of specific cytokines in
the brain on learning, memory and plasticity. However, these studies have also uncovered
contradictory roles of cytokines in modulation of memory. Given the complexity of
inflammatory signaling in the brain, we propose that shifting the focus from individual
cytokines to networked activation of cytokines will be a constructive way to understand the
impact of inflammatory signaling on memory and cognitive function.

Here we will review the current work on individual cytokines and their effects on learning
and plasticity, and begin to unpack potential mechanisms by which cytokine-dependent
signaling may intersect with molecular mechanisms of memory. We will discuss both short-
lasting effects via intracellular signaling cascades, as well as long lasting effects due to
persistent changes in neurogenesis and epigenetic modifications.

2. Modulation of memory by cytokines

Interleukin 1B (IL-1p), Interleukin 6 (IL-6) and tumor necrosis factor a (TNFa) are among
the most commonly studied cytokines in the brain (Capuron & Miller, 2011; Goehler, 2008).
These proteins are strongly upregulated in the bloodstream after systemic inflammatory
events such as LPS injection (Skelly, Hennessy, Dansereau, & Cunningham, 2013), sepsis
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model (Mina et al., 2013), surgery (Terrando et al., 2011), and other peripheral injuries (O.
T. Bagdatoglu, Polat, Bagdatoglu, & Atik, 2008). In addition, IL-1p, IL-6 and TNFa are
strongly expressed in the hippocampus after manipulations in the periphery (Burton,
Sparkman, & Johnson, 2011; Cibelli et al., 2010; Datta & Opp, 2008; Ren et al., 2011) or
brain (Belarbi et al., 2012) and are therefore well placed to modulate memory.

There is some evidence for involvement of IL-18, TNFa, and IL-6 in specific memory
processes including acquisition, consolidation, or retrieval. For example, peripheral IL-6
levels correlate with memory retrieval (Elderkin-Thompson, Irwin, Hellemann, & Kumar,
2012), and post-training injection of LPS disrupts consolidation of context fear conditioning
via IL-1 (Pugh et al., 1998). Most studies, however, have used transgenic models, chronic
injection, or acute injection of cytokine or inflammatory stimulus prior to training,
demonstrating roles in modulation of learning and memory, but obscuring their role in
specific memory processes.

In this section, we will describe current findings and conflicting results on the role of
specific cytokines in learning and memory. Furthermore, we will describe how an
interactive framework of cytokine signaling may begin to resolve difficulties in
understanding the role of inflammatory signaling in the modulation of learning and memory.

2.1 Interleukin 18

Several studies demonstrate a critical role for IL-1f in the formation of hippocampal
dependent memory. IL-1p is upregulated by context fear conditioning (Goshen et al., 2007)
and LTP (Balschun et al., 2003; del Rey, Balschun, Wetzel, Randolf, & Besedovsky, 2013;
Schneider et al., 1998), suggesting a role for this cytokine in normal memory processing.
Consistent with this, small increases (1ng) of IL-1p injected centrally enhance context fear
conditioning (Goshen et al., 2007), passive avoidance and spatial memory (C. Song,
Phillips, & Leonard, 2003; Yirmiya, 2002). Adding to the evidence for the requirement of
IL-1p are studies of the endogenous IL-1 receptor antagonist, IL-1ra. Overexpression of
IL-1ra blocks context fear conditioning (Goshen et al., 2007), passive avoidance (Depino et
al., 2004), and spatial memory (Spulber, Mateos, Oprica, Cedazo-Minguez, et al., 2009b;
Yirmiya, 2002), as well as LTP (Goshen et al., 2007; Ross, Allan, Rothwell, & Verkhratsky,
2003). Together these findings strongly suggest that IL-1f is required for hippocampal-
dependent learning and memory.

In contrast, acute intrahippocampal injection of IL-1f leads to impairments of both context
fear conditioning (Gonzalez, Schidth, Lasaga, & Scimonelli, 2009) and reconsolidation
(Machado, Gonzalez, Schiéth, Lasaga, & Scimonelli, 2010). Chronic overexpression of
IL-1p in the hippocampus also leads to impairments of spatial memory (Moore, Wu, Shaftel,
Graham, & O’Banion, 2009) and context fear conditioning (Hein et al., 2010). Similarly,
application of IL-1f impairs induction and maintenance of LTP (Loscher, 2003; Ross et al.,
2003; Schneider et al., 1998; Vereker, O’Donnell, & Lynch, 2000) demonstrating an IL-1p-
induced deficit in hippocampal memory processes.

Adding to the complexity of the role of IL-1p, three different lines of IL-1 receptor (IL-1R)
knockout mice suggest three different roles of IL-1R in memory. In IL-1R knockout mice,
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several studies demonstrated impaired hippocampal LTP, spatial memory, or context fear
conditioning, but intact auditory fear conditioning (Avital et al., 2003; Goshen et al., 2009).
In direct contradiction of this finding, other groups have shown that IL-1R knockout mice
exhibit enhanced context and auditory fear conditioning (Koo & Duman, 2009). A third
IL-1R knockout line failed to show any alterations in spatial or non-spatial learning tasks, or
context fear conditioning (C. L. Murray, Obiang, Bannerman, & Cunningham, 2013).

These findings suggest that although IL-1f does play a role in modulating memory, the
precise function strongly depends on the site of injection, timing, and dose (Goshen et al.,
2007; Yirmiya, 2002). The effects are consistent with the tight negative regulation of
cytokine activity by endogenous receptor antagonists (IL-1ra) (Spulber, Bartfai, &
Schultzberg, 2009a) and decoy receptors (IL-1R2) (Garlanda, Dinarello, & Mantovani,
2013). Further supporting the synergistic role of interactions between IL-1p and IL-1ra is the
finding that despite the impairing effects of either on their own, application of IL-1f and
IL-1ra together normalizes the maintenance of LTP (A. J. Cunningham, Murray, O’NEeill,
Lynch, & O’Connor, 1996; Loscher, 2003; Ross et al., 2003).

Interactions between IL-10 and other IL-1 family members (Garlanda et al., 2013) likely
contribute the effects on memory. For example, IL-1a is increased after passive avoidance
(Depino et al., 2004). Another IL-1 family cytokine, IL-18, also regulates memory. IL-18
knockout mice (Yaguchi, Nagata, Yang, & Nishizaki, 2010), or application of IL-18
(Cumiskey, Curran, Herron, & O’Connor, 2007; Curran & O’Connor, 2001) impair memory
and L TP, respectively. The ambiguity of the effects of IL-1p and IL-1R on memory,
therefore is likely due to co-regulation and compensatory mechanisms of IL-1 family
cytokines and their receptors (Garlanda et al., 2013).

2.2 Tumor necrosis factor a

In contrast to the bidirectional effects of IL-1p, inhibition of TNFa alone does not impair
memory (Belarbi et al., 2012) and TNFa has been consistently implicated in deficits of
memory and plasticity. Specifically, overexpression of TNFa in neurons or glial cells
impairs passive avoidance memory (Fiore et al., 2000), synaptic plasticity (Butler,
O’Connor, & Maoynagh, 2004; A. J. Cunningham et al., 1996; Tancredi et al., 1992) and
cerebellar learning (Paredes, Acosta, Gemma, & Bickford, 2010). Consistent with a memory
impairing effect of this cytokine, TNFa mediates memory deficits after chronic LPS
administration (Belarbi et al., 2012). Whereas these results suggest TNFa is not required for
normal learning or memory consolidation, both TNFa and its family member TNFf are
increased after learning (Cartford, Gemma, & Bickford, 2002), and genetic deletion of both
TNFa and P results in deficits across a variety of learning paradigms (Baune et al., 2008;
Camara et al., 2013). Together, these studies suggestthat TNFB, but not TNFa, is required
for normal memory processes.

Supporting a role for TNFJ in learning and memory, genetic manipulations of TNF
receptors alter both memory and plasticity. Deletion of all TNFR results in aberrant LTD
(Albensi & Mattson, 2000) and either TNFR1 or TNFR2 impairs spatial memory in the
Barnes maze (Baune et al., 2008; Camara et al., 2013). In comparison to TNFR17/~,
TNFR2 7~ mice have additional impairments in Y-maze (Camara et al., 2013) and in some
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cases, novel object recognition (Baune et al., 2008; Naude et al., 2014). The available
evidence suggests that TNFa impairs, but TNFp is required for learning and memory. The
precise role for TNF in learning, and its interactions with TNFa and other cytokines in the
brain are yet to be explored.

2.3 Interleukin 6

Studies of IL-6 in learning and plasticity show a similar pattern as seen for TNFa, where
genetic deletion of IL-6 fails to disrupt learning and memory (Braida et al., 2004) whereas
overexpression (Heyser, Masliah, Samimi, Campbell, & Gold, 1997; Wei et al., 2012) or
application of IL-6 (A.-J. Li, Katafuchi, Oda, Hori, & Oomura, 1997; Tancredi et al., 2000)
cause broad memory impairments and diminished LTP, respectively. Together, these
findings suggest that IL-6 is not required for learning and memory, but contributes to
impairments in cognitive function after an inflammatory event.

Additional evidence, however, suggests a more subtle modulatory role of IL-6 in learning
and memory. Hippocampal IL-6 levels are increased after learning (del Rey et al., 2013) and
as a consequence of LTP induction (Balschun et al., 2004; Jankowsky, Derrick, & Patterson,
2000). In addition, IL-6 application after tetanic stimulation results in a decrease of LTP
maintenance, suggesting that expression of IL-6 after learning may be an endogenous
mechanism for limiting plasticity (Balschun et al., 2004). Consistent with this interpretation,
IL-6/~ mice show enhanced learning of the radial arm maze compared with wild type mice
(Braida et al., 2004). Therefore, 1L-6 plays a limiting role in plasticity during memory
formation in the absence of inflammation and further impairs learning and memory during
inflammatory events.

2.4 Networked inflammatory signaling

The evidence described above clearly shows a role for IL-18, TNFa, and IL-6 in the
modulation of memory, however there are many instances in which the findings are clearly
contradictory despite similar methods and manipulations across studies. For example, IL-1f
has been shown to both enhance (Goshen et al., 2007) and impair (Gonzalez et al., 2009;
2013) context fear conditioning. Such discrepancies may arise because rather than direct
effects on memory, cytokines exert their effects indirectly via network properties of
inflammatory signaling. IL-1p, for example, is not increased in isolation, and also leads to
increases in TNFa, IL-6, IL-1 family proteins, and cytokine receptors (Anisman, Gibb, &
Hayley, 2008; Moore et al., 2009; Shaftel et al., 2007; Skelly et al., 2013) across multiple
brain regions. Similarly, targeting either TNFa or IL-6 leads to changes in expression of
other inflammatory cytokines (Balschun et al., 2004; del Rey et al., 2013; Schindler et al.,
1990; Skelly et al., 2013). The feed forward nature of cytokine expression means that many
of the effects on learning and memory attributed to any individual cytokine are more likely
due to the cumulative effects of all active cytokines.

Network interactions of cytokines are not limited to regulation of, and between IL-18,

TNFa, and IL-6. Rather, activation of any of these cytokines results in altered expression of
a variety of additional cytokines including IL-10 (C. Platzer, Meisel, Vogt, Platzer, & Volk,
1995; Steensberg, Fischer, Keller, Mgller, & Pedersen, 2003) and I1L-4 (Nolan et al., 2005),
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chemokines such as macrophage inflammatory protein (MIP-2, CXCL2), the monocyte
chemotactic protein (MCP-1, CCL2), and karatinocyte derived cytokine (KC; CXCL1)
(Moore et al., 2009), as well as growth factors including NGF and BDNF (Y .-L. Lin &
Wang, 2014; C. Song, Zhang, & Dong, 2013). The modulation of learning memory by
commonly studied inflammatory markers is therefore likely due to indirect effects via a
network of inflammation-related signals. Of particular interest in understanding the
influence of networked cytokines on learning and memory are regulators of the
inflammatory response, including IL-4 and IL-10 (A. M. Lynch et al., 2004; Nolan et al.,
2005; Steensberg et al., 2003), and CCL2 (Cazareth, Guyon, Heurteaux, Chabry, & Petit-
Paitel, 2014).

Consistent with a regulatory role, IL-4 and IL-10 alleviate the deleterious impact of
inflammatory processes on memory and plasticity (A. M. Lynch et al., 2004; Nolan et al.,
2005; Richwine, Sparkman, Dilger, Buchanan, & Johnson, 2009). IL-10 alleviates the
impairing effects of LPS (A. M. Lynch et al., 2004) or IL-1§ (Kelly et al., 2001; Nolan et al.,
2005) on LTP. Both IL-4 and IL-10 can abrogate learning and memory deficits observed in
inflammatory models of Alzheimer’s disease (Kawahara et al., 2012; Kiyota et al., 2012;
2010). Finally, decreased IL-4 correlates with upregulation of IL-13 (Maher, Martin, &
Lynch, 2004) and contributes to IL-1p3-associated memory deficits (Maher, Nolan, & Lynch,
2005; Nolan et al., 2005).

Chemokines also play a key role in the inflammatory network. The monocyte
chemoattractant protein 1 (MCP-1/CCL2) is induced by inflammatory signaling (Cazareth et
al., 2014) and together with its receptor CCR2, has been implicated in modulation of
memory (Naert & Rivest, 2011; 2012). Like IL-4 and IL-10, most effects of CCL2 on
learning and memory observed thus far are protective. Overexpression of CCL2 prevents the
impairments in fEPSP due to acute ethanol exposure (Bray, Reyes, Roberts, Ransohoff, &
Gruol, 2013). Similarly, chronic transgenic overexpression of CCL2 protects against
ethanol-induced impairments in context and cued fear conditioning (Bray et al., 2013).
Consistent with this protective effect of CCL2, CCR2 deficiency leads to exaggerated
deficits in spatial memory and contextual fear conditioning deficits in an Alzheimer’s model
(Naert & Rivest, 2011). Together with IL-4 and 1L-10, chemokines including CCL2, are
therefore central to the modulation of learning and memory by inflammatory signaling, and
differential activation of these cytokines may explain inconsistent effects of IL-18, TNFa
and IL-6 in other studies.

Many of the conflicting results from studies of individual cytokines on the modulation of
memory may thus be explained by compensatory and synergistic effects of other cytokines,
chemokines, and growth factors (Yogeetha et al., 2013) in the network of inflammatory
signaling. For example, IL-4, IL-10 and CCL2 interact with IL-1B, IL-6, and TNFa in the
modulation of memory processes (Figure 1). Elucidating the larger network of cytokine
interactions will be required to understand the conditions under which inflammatory
signaling enhances or impairs learning and memory. This network-level analysis will
provide a framework for understanding the contradictory effects of individual cytokines on
learning and memory
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3. Kinase signaling and transcriptional regulation

Given the complexity of inflammatory networks at the level of cytokines and their receptors,
an alternative approach to studying the role and mechanisms of inflammatory signaling is to
focus on their downstream effectors. Here, the patterns of intracellular signaling provide a
“readout” of the summed cytokine activity during an inflammatory event. Therefore,
defining the intracellular mechanisms of cytokine signaling may provide a way to move
from the study of individual cytokines toward understanding the effect of cytokine networks
on learning and memory.

Multiple cytokines converge on the same signal transduction pathways. In particular, many
exert their action via Janus Kinase (JAK)-Signal Transduction and Activator of
Transcription (STAT) cascade (Heim, 1999; Murray, 2007) (see Figure 2) and mitogen
activated protein kinase (MAPK) pathways (Kaminska, 2005). Second messenger and
transcriptional pathways are also largely conserved across systems and the same signaling
cascades are required for both immune and cognitive functions. For example, the mitogen-
and stress-activated protein kinase families, including promiscuous extracellular signal
regulated kinase (ERK)-1/2 and p38MAPK (Alonso, Bevilaqua, 1zquierdo, Medina, &
Cammarota, 2003; Shalin et al., 2004) play critical roles in memory formation as well as
immune signaling (Ashwell, 2006; Kaminska, 2005). Points of convergence between
cytokine-dependent signal transduction and those of memory may be one way in which
these systems interact.

3.1 MAPK signaling

Indeed, decreased ERK1/2 activation after IL-6 or IL-1p application correlates with
impairments of LTP (Tancredi et al., 2000) and fear conditioning (Gonzalez et al., 2013),
respectively. In contrast, pP38MAPK and c-Jun-N-Terminal Kinase (JNK) are increased in
the hippocampus after systemic administration of LPS (Lonergan, Martin, Horrobin, &
Lynch, 2004), and inhibition of p38 blocks the LPS-induced alterations in plasticity (Barry,
Nolan, Clarke, Lynch, & Lynch, 2005). Consistent with these findings, p38MAPK and JNK
are activated during (Vereker et al., 2000) and play causal roles in the inhibition of LTP by
IL-1B (Coogan, O’Neill, & O’Connor, 1999; Kelly, Laroche, & Davis, 2003a; Kelly et al.,
2003b; Tong et al., 2012), IL-18 (Curran, Murray, & O’Connor, 2003), or TNFa (Butler et
al., 2004). This is also true for memory, where inhibition of pP38MAPK prevents the
impairing effects of IL-1p (Gonzalez et al., 2009). Therefore, the disruptive effects of
inflammatory signaling on memory and plasticity are mediated, at least in part, by
p38MAPK and JNK.

More interesting is that interactions between cytokines also seem to be mediated via
p38MAPK and JNK. For example, either IL-10 (Kelly et al., 2001) or IL-4 (Nolan et al.,
2005) counteract the effects of IL-18 on LTP via inhibition of this pathway. The role of
p38MAPK may also be involved in the regulation of inflammatory signaling by other
hormones including melanocortin stimulating hormone (Gonzalez et al., 2009) and
glucocorticoids. The role here is not straightforward, however, as activity of this kinase is
increased by both inflammatory stimulation, and glucocorticoid receptor activation
(Munhoz, Sorrells, Caso, Scavone, & Sapolsky, 2010). Multiple mediators of inflammatory
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signaling, therefore, converge onto p38MAPK and JNK activation, suggesting that this
pathway may integrate information from not just individual cytokines, but patterns of
cytokine activity.

3.2 JAK-STAT signaling

STAT has been extensively studied for its role in the canonical cytokine and neurotrophin
signaling pathway. STAT3 is downstream of many cytokines, several with opposing effects
including IL-2, IL-6, IL-10, and TNFa (Lai et al., 1996; P. J. Murray, 2007). Although few
studies have examined a role for STAT3 in learning, there is evidence for a role of JAK/
STAT signaling in memory and synaptic plasticity. In drosophila, JAK/STAT plays a key
role in formation of long term olfactory avoidance memory (Copf, Goguel, Lampin-Saint-
Amaux, Scaplehorn, & Preat, 2011). More recently, STAT3 has been demonstrated to play a
key role in NMDA receptor dependent LTD (Nicolas et al., 2013; 2012). The presence of
STAT in the post-synaptic density (Murata, Usuda, Okano, Kobayashi, & Suzuki, 2000)
further suggests that this kinase/transcription factor plays a broader role in synaptic
plasticity than is currently known. As a kinase, STAT may play a role in NMDA receptor
phosphorylation, and AMPA receptor trafficking (Nicolas et al., 2013; Sacktor, 2012). In its
role as a transcription factor, STAT may influence both interactions between cytokines
(YYasukawa et al., 2003) and plasticity via expression of Suppressors of Cytokine Signaling
(SOCS) (Campbell, 2005) (Figure 2). This pathway also mediates the effects of growth
factors including Brain Derived Neurotrophic Factor (BDNF) on memory (1. V. Lund et al.,
2008). At this stage, however, the direct role of STAT signaling in the integration of
inflammatory effects on memory remains unknown.

3.3 C/EPBB and NFxB

Two additional transcription factors, CCAAT enhancing binding protein § (C/EPB,
Nuclear Factor-1L6, NF-1L6) and Nuclear kappa B (NFxB) are of particular interest for the
intersection of inflammatory signaling and memory. Whether C/EBPp plays a role in the
integration of inflammatory signaling and memory is unknown, however this transcription
factor is critical for both memory consolidation and the effects of IL-6. In memory research,
C/EBPg is well known to play a critical role in consolidation of long-term memory in
Alplysia (Alberini, Ghirardl, Metz, & Kandel, 1994), as well as consolidation of
hippocampal-dependent memory (Taubenfeld, Milekic, Monti, & Alberini, 2001a;
Taubenfeld et al., 2001b) and amygdala-dependent reconsolidation (Milekic, Pollonini, &
Alberini, 2007) in rodents. Dysregulation of C/EPB as a consequence of inflammation may
prevent its normal role in memory consolidation.

NFkB also has well-described roles in both memory (Ahn et al., 2008; Freudenthal &
Romano, 2000; Freudenthal et al., 2005; Kaltschmidt et al., 2006; Yeh, Lin, & Gean, 2004)
and regulation of inflammatory effects in the brain (Moynagh, 2005; Munhoz et al., 2008),
and thus may be a mechanism by which inflammatory signaling may exert effects on
memory. Several studies have identified NFkB as playing a key role in the interactions
between inflammation and memory. Inhibition of NFxB reverses the impairing effects of
inflammation (Choi et al., 2012), IL-1p (Kelly et al., 2003b), or TNFa (Albensi & Mattson,
2000) on memory and synaptic plasticity. These findings strongly implicate NFxB in the
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modulation of memory by inflammation. It is not clear, however whether NF«B affects
memory by upregulation of the inflammatory network (Z.-Q. Li et al., 2013), or via direct
influence on memory-related signaling pathways (Chou et al., 2011). The precise role of
NF«B in the modulation of memory by inflammation, and the second messenger pathways
that mediate these effects, require additional study.

Modulation of memory by an inflammatory event requires integration of signaling
mechanisms from both systems. This likely occurs at multiple levels, including kinase
signaling and transcriptional regulation. The MAPK family, in particular pP38MAPK and
JNK, appear to play an important role in mediating inflammatory effects on memory. Less is
known about the effects of other kinases and transcription factors, including STAT, C/EPBf
and NFxB, all of which are well placed to act as signal integrators in the modulation of
memory by inflammatory signaling.

4. Long lasting effects of inflammatory event

Research on the modulation of memory and synaptic plasticity by inflammatory signaling
has focused on the short-term effects of cytokines and immediate activation of signaling
cascades and gene transcription. However, a single inflammatory event has long lasting
consequences for cognition, memory, and mood. After surgery, many patients exhibit both
memory loss (Fredericks, 2012) and cognitive decline (Selnes et al., 2003) in the months
after surgery. Similarly, in animal models, a single inflammatory insult impairs later
memory (Y. Wang et al., 2013) and results in lasting changes in gene expression (Bilbo et
al., 2008). Animals previously exposed to an inflammatory event show reductions of
hippocampal BDNF expression after learning, and altered BDNF and IL-1f expression after
a second inflammatory stimulus (Bilbo et al., 2008; Yin et al., 2013). Such persistent
changes in memory cannot be explained solely by the cytokine-dependent signaling during
inflammation. Therefore, the initial inflammatory event must trigger intervening variables
that mediate these long lasting changes in memory and gene expression (Figure 3).

No studies to date have directly examined the mechanisms by which cytokines cause
persistent changes in gene expression and cognitive function. Two candidate mechanisms
for mediating these long lasting effects are adult neurogenesis and epigenetic modifications.
These processes have previously been shown to be directly modulated by immune signaling
(J. Liu, Solway, Messing, & Sharp, 1998; Monje, Toda, & Palmer, 2003; Takeshima et al.,
2012), and independently, are known to alter behavior long after an initial insult (Rudenko
& Tsai, 2014; Shors et al., 2001; Shors, Townsend, Zhao, Kozorovitskiy, & Gould, 2002).
Here we discuss the possibility that neurogenesis and epigenetic modifications mediate the
sustained effects of inflammatory signaling on memory.

4.1 Neurogenesis

Adult neurogenesis plays a key role in hippocampal-dependent memory (Monje & Dietrich,
2012; Shors et al., 2001) and synaptic plasticity (Ge, Yang, Hsu, Ming, & Song, 2007;
Schmidt-Hieber, Jonas, & Bischofberger, 2004), and is modulated by immune signaling.
Upregulation of neurogenesis occurs following ischemia (J. Liu et al., 1998) and
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downregulation occurs as a consequence of LPS-triggered inflammatory signaling (Monje et
al., 2003).

As in memory, IL-1B, TNFa, and IL-6 are the main focus of studies on inflammatory
modulation of neurogenesis. Chronic exposure to IL-1 consistently impairs neurogenesis
(Goshen et al., 2008; Koo & Duman, 2008; Seguin, Brennan, Mangano, & Hayley, 2009;
Wu et al., 2012; Zunszain et al., 2012). The effects of IL-1 on neurogenesis are mediated via
SAPK/INK pathway (X. Wang et al., 2007) and NFxB pathway (Koo, Russo, Ferguson,
Nestler, & Duman, 2010). Similarly, TNFa (Chen & Palmer, 2013; losif et al., 2006) and
IL-6 (Monje et al., 2003; Valliéres, Campbell, Gage, & Sawchenko, 2002) decrease
neurogenesis, in part via NFxB signaling (Chen & Palmer, 2013).

There is also evidence suggesting that the overall pattern of cytokine activation is more
important than any individual cytokine in disrupting neurogenesis. For example,
overexpression IL-1ra leads to decreased neurogenesis, despite its antagonistic effect on
IL-1B (Spulber, Bartfai, & Schultzberg, 2009a). In addition, peripheral but not central
administration of TNFa impairs neurogenesis, with the reverse pattern true for IL-6 (Seguin
et al., 2009). These findings suggest that the network activation of cytokines is crucial to the
regulation of neurogenesis.

The results described here demonstrate that short-term inflammatory signaling results in
decreased neurogenesis within a limited time frame. However, there is also evidence that the
disruption of neurogenesis after transient inflammatory signaling has long lasting
consequences. For example, six weeks after LPS-induced disruption of neurogenesis, there
were still 65% fewer synaptic connections in the neurons born in the days after LPS
suggesting a persistently decreased capacity for plasticity. More striking, animals injected
with LPS six weeks prior to testing exhibited deficits in spatial learning (\VValero, Mastrella,
Neiva, Sdnchez, & Malva, 2014). Similarly, persistent effects of prenatal exposure to LPS
are also, in part, mediated by neurogenesis. In these animals, neurogenesis is reduced until at
least 90 days of age, spine density is decreased and depression-like behavior is persistently
increased (Y.-L. Lin & Wang, 2014), despite no lasting increase in baseline cytokine levels
(Bilbo et al., 2008). Disruption of neurogenesis is therefore a viable candidate for the
sustained alterations of memory and cognitive functions long after the resolution of
cytokine-dependent signaling. Whether alterations in cognitive ability persist after a
transient change in neurogenesis remains to be explored.

4.2 Epigenetic modifications

Epigenetic modifications are also of interest for both the immediate effects of inflammatory
signaling on learning and memory, and for changes to memory processes and cognition long
after resolution of the inflammatory event. Histone modifications are considered to be
mechanisms for dysregulation of subsequent gene expression, leading to cognitive decline
and memory impairments in a variety of disorders (Rudenko & Tsai, 2014) and aging (Peleg
etal., 2010). In particular, histone methylation and demethylation have been linked with
cognitive disabilities (Parkel, Lopez-Atalaya, & Barco, 2013). Therefore, lasting epigenetic
modification as a consequence of transient cytokine signaling (Y. Wang et al., 2013) are a
potential mediator of persistent changes in cognition and memory.
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Inflammatory signaling triggers histone acetylation (Ottaviani et al., 2013), histone
methylation (Takeshima et al., 2012), and DNA methylation (Hmadcha, Bedoya, Sobrino, &
Pintado, 1999), leading to increased cfos gene expression and methylation dependent
silencing of the memory-related fragile X mental retardation 1 gene (FMR1). Downstream
effectors of cytokines, STAT3 and NF B, also mediate DNA methylation (Thomas, 2012)
and histone acetylation (Lubin & Sweatt, 2007). These inflammation-mediated epigenetic
modifications can be very long lasting. For example, methylation at histone 3, lysine 27
(H3K27) and lysine 9 (H3K9) in a model of inflammatory colitis persists for at least 16
weeks, resulting in sustained dysregulation of gene expression (Takeshima et al., 2012).

The role of cumulative histone acetylation during aging is an example of the long lasting
impact of epigenetic modifications on subsequent cognition. Specifically, age dependent
memory impairments are associated with acetylation of histone 4, lysine 12 (H4K12) (Peleg
et al., 2010). Here increased acetylation leads to impairments of memory and cognitive
function, most likely due to dysregulated gene expression.

Whether similar changes in histone acetylation or methylation, or DNA methylation mediate
persistent effects of an inflammatory event on learning and cognition is yet to be examined.
In addition, little is known about the specific histone residues that may lead to impairments
in memory processes. However, together with previous studies demonstrating altered gene
expression after prior inflammatory stimulation (Bilbo et al., 2008), the findings reviewed
here suggest that histone modifications are a strong candidate for mediating persistent
impairments in learning, memory, and cognition after an inflammatory event.

The long lasting nature of memory alterations and cognitive deficits after inflammatory
events including surgery (Fredericks, 2012) suggest that immune signaling results in both
acute changes in signaling during inflammation as well as alterations in neuronal function
that persist beyond the cessation of cytokine-dependent signaling. Here we propose that
alterations in neurogenesis and epigenetic modification are two candidate mechanisms that
may mediate such persistent dysregulation of cognitive function and memory processes.

5. Summary and Perspective

Inflammatory signaling triggered during learning plays a critical role in the normal
formation and regulation of memory and plasticity. In parallel, illness or injury can enhance
or impair memory depending on the patterns of cytokines activated in the brain. One major
complication in understanding the role of inflammatory signaling in the modulation of
memory is that cytokines do not function in isolation. Rather, manipulation of a single
cytokine causes network-level changes in inflammatory signaling by regulating levels of
other cytokines and their endogenous suppressors. Furthermore, relatively short-lasting
cytokine activity cannot explain the long lasting memory and cognitive changes after an
inflammatory event. Moving beyond single cytokines, analyses that focus on patterns of
cytokine activity or expression are required to unravel the complexity of network-level
activity and function.

We propose that signaling cascades and transcription factors at the intersection of memory
and inflammatory signaling, including MAPK, STAT, NF«B and C/EBP, mediate the
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immediate modulation of memory by network activation of cytokines during an
inflammatory event. Furthermore, we suggest that epigenetic modifications and
neurogenesis may mediate the long lasting effects of inflammation on memory and cognitive
function. Understanding both the short- and long-term mechanisms by which cytokine-
dependent signaling affect neural processes will be vital for treating and preventing the
debilitating memory loss and cognitive impairments after illness, injury, and major surgery.
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LEARNING/MEMORY

Figure 1.
Modulation of learning and memory by networked activation of cytokines. IL- 18, TNFa,

and IL-6 indirectly modify memory processes via interactions and regulation of cytokines
and chemokines with similar and opposing effects. The state of the cytokine network is
therefore more predictive of the effect on memory than the level of any single cytokine.
Arrows represent excitatory connections, bars represent inhibitory connections.

IL-1f Interleukin 18; TNFa Tumor Necrosis Factor a; IL-6 Interleukin 6; IL-4 Interleukin 4;
IL-10 interleukin 10; CCL2 C-C-motif ligand 2. Arrows represent positive influence.
Blocked head represents negative regulation.
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Figure 2.
Signal transduction pathways integrate activity of multiple cytokines. For example, despite

opposing effects on the modulation of memory, IL-6 and IL-10 converge on the JAK/
STAT3 pathway. STAT3 mediates transcription of SOCS3 which forms an inhibitory
feedback pathway, blocking JAK/STATS3 signaling specifically at the IL-6 receptor
complex. Thus high STATS3 activity with low SOCS3 suggests preferential IL-6 mediated
outcomes, whereas STAT3 and high SOCS3 activity suggests IL-10 dominated signaling.
Patterns of intracellular signaling cascades during inflammation therefore provide
complementary information about the role of networked cytokine activation on learning and
memory.

JAK Janus kinase; STAT3 Signal transduction and transcription 3; IL-6 Interleukin 6; 1L-10
interleukin 10; IL-6R Interleukin 6 receptor; IL-10R Interleukin 10 receptor; gp130
Glycoprotein130; SOCS3 Suppressor of Cytokine Signaling 3
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Figure 3.
Effects of an inflammatory event on memory and cognition may be mediated by different

mechanisms at different times. Cytokine-dependent signaling likely interacts directly with
mechanisms of memory processes in the hours to days after inflammation. These initial
events also trigger persistent changes in neuronal function via altered neurogenesis and
epigenetic modifications which mediate the memory and cognitive deficits observed in the
weeks to months after the resolution of inflammatory signaling.
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