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REVIEW

NEUROINFLAMMATION IN THE NORMAL AGING HIPPOCAMPUS

R. M. BARRIENTOS, * M. M. KITT, L. R. WATKINS AND
S. F. MAIER

Dept. of Psychology and Neuroscience, Center for
Neuroscience, University of Colorado Boulder, Boulder,
CO 80309, USA

Abstract—A consequence of normal aging is a greater sus-
ceptibility to memory impairments following an immune
challenge such as infection, surgery, or traumatic brain
injury. The neuroinflammatory response, produced by these
challenges results in increased and prolonged production
of pro-inflammatory cytokines in the otherwise healthy
aged brain. Here we discuss the mechanisms by which
long-lasting elevations in pro-inflammatory cytokines in the
hippocampus produce memory impairments. Sensitized
microglia are a primary source of this exaggerated neuroin-
flammatory response and appear to be a hallmark of the nor-
mal aging brain. We review the current understanding of the
causes and effects of normal aging-induced microglial sen-
sitization, including dysregulations of the neuroendocrine
system, potentiation of neuroinflammatory responses
following an immune challenge, and the impairment of
memories. We end with a discussion of therapeutic
approaches to prevent these deleterious effects.

This article is part of a Special Issue entitled:
Hippocampus. © 2015 Published by Elsevier Ltd. on behalf
of IBRO.

Key words: normal aging, neuroinflammation, memory
impairments, microglial priming, danger signals, neuroen-
docrine dysregulation.

This work was supported by grants from the National Institute on
Aging R0O1AG028271 to R.M.B., L.R.W., & S.F.M.

*Corresponding author. Address: Dept. of Psychology and
Neuroscience, Center for Neuroscience, Campus Box 345,
University of Colorado Boulder, Boulder, CO 80309-0345, USA.
Tel: +1-303-492-0777; fax: +1-303-492 2967.

E-mail address: ruth.barrientos@colorado.edu (R. M. Barrientos).
Abbreviations: 11B-HSD1, 11p-hydroxysteroid dehydrogenase type 1;
BDNF, brain-derived neurotrophic factor; CCI, controlled cortical
impact; CD11b, complement receptor 3; CORT, corticosterone; ERK,
extracellular signal-regulated protein kinase; GC, glucocorticoid; GLT1,
glutamate transporter subtype 1; GR, glucocorticoid receptor; ICM, intra
cisterna magna; IL-1RA, IL-1 receptor antagonist; IL-1p, interleukin-1
beta; IL-6, interleukin-6; JNK, c-jun N-terminal kinase; LPS,
lipopolysaccharide; LTP, long-term potentiation; MAP, mitogen-
activated protein; MHC 1l, major histocompatibility complex II; NLRP3,
Nucleotide-binding domain, Leucine-Rich Repeat, Pyrin domain
containing protein 3; POCD, post-operative cognitive decline; ROS,
reactive oxygen species; TBI, traumatic brain injury; TNF-o, tumor
necrosis factor-alpha.

http://dx.doi.org/10.1016/j.neuroscience.2015.03.007
0306-4522/© 2015 Published by Elsevier Ltd. on behalf of IBRO.

Contents
Introduction 00
Communication between the peripheral immune system and the
brain 00
Microglial phenotype in normal aging: a shift toward an
immunologically primed state 00
Aging-related potentiation of the neuroinflammatory response to
challenge 00
Effects of potentiated neuroinflammatory responses on
hippocampal memory 00
Mechanisms of pro-inflammatory cytokine-induced hippocampal
memory impairments 00
Causes of microglial priming 00
Therapeutic interventions 00
Pharmacological treatments 00
Dietary treatments 00
Exercise 00
Summary 00
References 00
INTRODUCTION

It has long been noted in the clinical literature that
otherwise healthy aging individuals often suffer
precipitous declines in cognitive abilities, including long-
term memory function, following an inflammatory
challenge such as an infection (Anttila, 1992; Craft et al.,
2012), a surgery (Bedford, 1955; Ramaiah and Lam,
2009), or a head injury (McAllister, 1992; Tokutomi et al.,
2008; Senathi-Raja et al., 2010). Importantly, these mild
cognitive impairments have been shown to increase sus-
ceptibility to the development of dementia later in life
(Alzheimer’s Association, 2014). Notably, advanced age
is the highest risk factor for suffering these mild cognitive
impairments, as well as for developing dementia (Moller
et al., 1998; Alzheimer’s Association, 2014). With the first
of the baby boomer generation now turning 65, by the year
2030, approximately 23% of the U.S. population will be
over 65 (Wimo et al., 2013; Alzheimer's Association,
2014), a demographic phenomenon that has earned the
term “silver tsunami” to characterize its magnitude.
Because our unique memories are what make us individu-
als and give our lives meaning, insults that threaten to
destroy already stored memories or disrupt our ability to
form new memories can have devastating consequences.
Caring for people with dementia in the U.S. has been
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projected to cost $20 trillion over the next 40 years
(Alzheimer’s Association, 2014). Thus, in addition to the
tremendous human suffering, the economic strain on the
health care system and the federal budget is enormous.
Therefore, scientific advances in the area of aging-related
cognitive declines are of great and immediate importance.
In this article, we will review the current literature related to
hippocampal-dependent memory in normal aging and how
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it is negatively impacted by an inflammatory challenge. An
important issue that merits attention here is the distinction
between “normal” brain aging and “pathological” brain
aging. Our work, as well as the preponderance of studies
reviewed here, focuses on studying normal aging in which
obvious neurodegeneration and senescence is not a
prominent feature. Instead, older animals exhibit primed
neuroinflammatory responses that require a secondary
challenge for overt neuroinflammation or memory impair-
ments to occur. A considerable amount of literature has
also studied senescent animals, which exhibit basal
behavioral and brain cytokine profiles dramatically differ-
ent from those of younger animals, and whose brains
are generally classified under the heading of “neurode-
generation” (Cacabelos et al., 1994; Luterman et al.,
2000; Remarque et al., 2001). Neurodegeneration and
the memory changes that depend on neurodegeneration
are outside the scope of this review (see Fig. 1).

COMMUNICATION BETWEEN THE
PERIPHERAL IMMUNE SYSTEM AND
THE BRAIN

Before considering the literature concerning immune
challenge-induced hippocampal memory impairments, it
is critical to understand that there is extensive
bi-directional communication between the immune
system and the central nervous system. Infection or
injury initiates a peripheral acute phase response that
involves a cascade of local and systemic events.
Interleukin-1 beta (IL-1B), a pro-inflammatory cytokine,
is a principal player in this cascade. As part of its role in
this response, IL-1p enhances T and B Ilymphocyte
proliferation and stimulates natural killer cell cytocidal
activity to eliminate the injured cells or invading
pathogen. IL-1f also induces the production of other
cytokines from many cell types such as tumor necrosis
factor-alpha (TNF-at), and interleukin-6 (IL-6), which in
turn have secondary effects on other cells. Blood-borne
and neural routes of communication between the
peripheral and central nervous systems have been well
defined over the last two decades (Dinarello et al.,
1988; Ericsson et al., 1994; Goehler et al., 1997;
Gaykema et al., 1998; Banks et al., 1999; Maier, 2003;
Bachstetter et al., 2009). As a result of this communica-
tion, neural activity is altered quite dramatically during
and following a peripheral immune challenge (Maier and
Watkins, 1998; Maier, 2003), leading to de novo cytokine
production within the brain parenchyma, with this
response being driven primarily by activated microglial
cells (Van Dam et al., 1995; Laye et al., 1996; Nguyen
et al., 1998; Turrin et al., 2001). Conversely, acute and
chronic brain injury induces significant cytokine and
chemokine expression in the liver causing leukocyte
recruitment, liver damage, as well as sickness and
depressive-like behaviors (Campbell et al., 2003, 2005,
2007a), and blocking cytokine production in the periphery,
modulates the central inflammatory response, and pre-
vents some of the behavioral alterations (Campbell
et al., 2007b; Jiang et al., 2008). As we will discuss in
more detail in the sections that follow, microglial cells in
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