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Abstract
Microglia develop an inflammatory phenotype during normal aging. The mechanism by which this
occurs is not well understood, but may be related to impairments in several key immunoregulatory
systems. Here we show that miR-29a and miR-29b, two immunoregulatory micro-RNAs, were
increased in the brain of aged BALB/c mice compared to adults. Insulin-like growth factor-1
(IGF-1) and fractalkine ligand (CX3CL1) are negative modulators of microglial activation and
were identified as targets of miR-29a and miR-29b by luciferase assay and primary microglia
transfection. Indeed, higher expression of miR-29b in the brain of aged mice was associated with
reduced mRNA levels of IGF-1 and CX3CL1. Parallel to these results in mice, miR-29a and
miR-29b were also markedly increased in cortical brain tissue of older individuals (mean 77 yrs)
compared to middle-aged adults (mean 45 yrs). Moreover, increased expression of miR-29b in
human cortical tissue was negatively correlated with IGF-1 and CX3CL1 expression. Collectively
these data indicate that an age-associated increase in miR-29 corresponded with the reduction of
two important regulators of microglia, IGF-1 and CX3CL1.
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1. Introduction
An increase in the inflammatory potential of the brain is a normal consequence of aging. For
example, inflammatory cytokines including interleukin (IL)-1β, tumor necrosis factor
(TNF)-α, and IL-6 are increased in the brain of aged mice (Godbout et al., 2005; Njie et al.,
2012; Ye and Johnson, 1999). Microglia are resident innate immune cells of central nervous
system (CNS) and contribute to the increased level of pro-inflammatory cytokine expression
in the aged brain (Corona et al., 2012). In support of this notion, several studies indicate that
microglia from aged rodents have a “primed” phenotype with increased expression of major
histocompatibility complex (MHC)II (Frank et al., 2006; Henry et al., 2009). This is
important because primed (MHCII+) microglia produce exaggerated levels of IL-1β in the
brain of aged mice after a peripheral immune challenge (Henry et al., 2009). Increased IL-1β
production is associated with dendritic atrophy, acute cognitive impairment, and prolonged
sickness and depressive-like complications (Chen et al., 2008; Godbout et al., 2005;
Godbout et al., 2008; Richwine et al., 2008). While the cause of microglial priming with age
is unclear, several studies indicate that a decrease in microglial regulatory systems may be
involved. For instance, brain aging is associated with reduced expression of several
mediators of microglial regulation including antiinflammatory cytokines (e.g., IL-10, IL-4)
(Maher et al., 2005; Ye and Johnson, 2001a), neuronal-derived proteins (CD200, CX3CL1)
(Jurgens and Johnson, 2012; Lyons et al., 2007; Wynne et al., 2010), and growth factors
(IGF-1, NGF) (Deak and Sonntag, 2012; Larkfors et al., 1987; Sonntag et al., 2005b).

In rodent models of aging, fractalkine (CX3CL1) is an integral modulator of microglia
activation that is decreased in the brain with age (Bachstetter et al., 2011; Deak and Sonntag,
2012; Lyons et al., 2009; Wynne et al., 2010). Within the brain, CX3CL1 is a chemokine
constitutively expressed by neurons that binds to the fractalkine receptor (CX3CR1) on
microglia (Harrison et al., 1998). Thus, CX3CL1-CX3CR1 binding creates a unique
regulatory relationship between neurons and microglia (Cardona et al., 2008). Disruption of
this CX3CL1-CX3CR1 signaling pathway by loss of either CX3CL1 or CX3CR1 allows for
inflammatory-induced activation of microglia (Cardona et al., 2006; Lyons et al., 2009;
Wynne et al., 2010). For example, an age-associated reduction in CX3CL1 corresponds with
an increased number of primed/MHCII+ microglia (Bachstetter et al., 2011), increased IL-1β
production in the hippocampus (Lyons et al., 2009), and increased reactivity of microglia to
a secondary immune challenge (Wynne et al., 2010). This increased microglial activity has
functional consequences in reduced learning and memory (Rogers et al., 2011), reduced
neurogenesis (Bachstetter et al., 2011), and increased depressive-like behavior (Godbout et
al., 2008). Moreover, central infusion of CX3CL1 reduced the primed MHCII+ microglia
profile in the brain of aged rats (Bachstetter et al., 2011; Lyons et al., 2009). The idea that
CX3CL1 is important in modulating microglia responses within the brain is also supported
by studies using mice deficient in the fractalkine receptor (CX3CR1KO). CX3CR1KO mice
have a hyper-reactive microglial response to an inflammatory challenge (Cardona et al.,
2006) that results in amplified pro-inflammatory cytokine production, prolonged sickness
behavior, and the development of depressive-like behavior (Corona et al., 2010). Therefore,
CX3CL1-CX3CR1 interactions are critical in the modulation of microglial activation.

IGF-1 is another modulator of microglia activation that is reduced in aged brain. Classically,
IGF-1 is a growth factor that increases neuroprotection (Sonntag et al., 2005a; Sonntag et
al., 2005b), neurogenesis (Llorens-Martin et al., 2009), long-term potentiation (Maher et al.,
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2006; Sonntag et al., 2005b), and dendritic growth and complexity (Niblock et al., 2000).
IGF-1, however, can also modulate immune function. For example, IGF-1 reduces
inflammatory cytokine responses in the brain (O'Connor et al., 2008) and ameliorates LPS-
induced sickness behaviors (Dantzer et al., 1999) that are primarily driven by microglia-
dependent production of IL-1β and TNF-α (Dantzer et al., 2008). Moreover, central
injection of a viral vector that upregulated IGF-1 in a mouse model of amyotrophic lateral
sclerosis (ALS) reduced microglial secretion of TNF-α and nitric oxide (NO) (Dodge et al.,
2008). Thus, age-related reduction in IGF-1 may also contribute to the enhanced
inflammatory profile of microglia in the aged brain.

We hypothesize that the reduction of multiple microglial regulatory pathways with age,
including CX3CL1 and IGF-1, indicate that there is loss of a global regulator of gene and
protein expression. One possibility is that micro-RNA (miRNA) regulation is altered in the
aged brain. miRNAs are small (19–24 nucleotides in length) non-coding RNAs that reduce
post-transcriptional gene expression by binding to complementary target regions on mRNA
to inhibit translation or promote mRNA degradation (Ambros, 2004; Bartel, 2004). miRNAs
provide global regulation of gene expression and influence inflammatory processes
(Baltimore et al., 2008; O'Connell et al., 2010). Target prediction algorithms of CX3CL1 and
IGF-1 revealed that both of these genes are potentially regulated by the miR-29 cluster. We
have previously shown that the miR-29a/b cluster is upregulated in immune cells during the
course of chronic inflammation, including multiple sclerosis (MS) and the animal model of
MS, experimental autoimmune encephalomyelitis (EAE) (Smith et al., 2012). Moreover,
miRNAs in the miR-29 cluster were increased in the liver and muscle in a rodent model of
accelerated aging (Zmpste24-null mice) (Ugalde et al., 2011). Thus, increased expression of
miR-29 in the more inflammatory aged brain may contribute to the progression of microglial
dysregulation and hyperactivity.

The purpose of this study was to determine the degree to which immunomodulatory
miRNAs were altered in the aged brain and investigate their potential influence on
microglial regulatory systems. Here, we show that miR-29a and miR-29b were increased in
the brain of both aged mice and older humans. Moreover, this increase in miR-29a and
miR-29b expression was associated with the down-regulation of specific CNS targets
involved in the modulation of microglial activation, IGF-1 and CX3CL1. Indeed, increased
expression of miR-29b in the brains of older humans significantly and negatively correlated
with IGF-1 and CX3CL1 expression. We interpret these results to suggest that age-
associated increases in miR-29 in the brain suppress multiple factors, including IGF-1 and
CX3CL1, contributing to the development of an inflammatory profile of microglia in the
aged brain.

2. Methods
2.1. Mice

Adult (2–3 mo) male BALB/c mice were obtained from a breeding colony kept in barrier-
reared conditions in a specific pathogen-free facility at the Ohio State University. Aged (18–
20 mo) male BALB/c mice were obtained from the National Institute on Aging specific
pathogen-free colony (maintained at Charles River Laboratories, Inc., MA). Aged mice were
allowed one week to acclimate to the facility prior to experimentation. All mice were
individually housed in polypropylene cages and maintained at 25° C under a 12 h light/12 h
dark cycle with ad libitum access to water and rodent chow. All procedures were in
accordance with the National Institute of Health Guidelines for the Care and Use of
Laboratory Animals and were approved by The Ohio State University Institutional
Laboratory Animal Care and Use Committee.
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2.2. Postmortem human brain tissue
Postmortem human brain tissue was obtained from the Harvard Brain Tissue Resource
Center (Belmont, MA, supported by the PHS grant R24 MH068855) (10 samples) and the
Human Brain and Spinal Fluid Resource Center (VA West Los Angeles Healthcare Center,
Los Angeles, CA which is sponsored by NINDS/NIMH, National Multiple Sclerosis Society
and Department of Veterans Affairs) (17 samples). The tissue consisted of eleven adult (14 –
55 years old with a mean age of 45 years old) and sixteen aged (58 – 91 years old with a
mean age of 73 years old) brain samples (Table 1). The differentiation between “Adult” or
“Aged” brain tissue was 57 yrs (<57 = Adult; >57 = Aged). Tissue sections were collected
from the normal appearing white matter or postcentral parietal area (Brodmann 3, 1, 2, 5)
and all samples were immediately flash frozen in liquid nitrogen (−196° C) after collection,
shipped on dry ice, and stored at −80° C until use. All brains were designated healthy and
non-CNS diseased controls with the exception of four samples obtained from epileptic
patients (3 adult, 1 aged).

2.3. Microglial isolation
An enriched population of microglia was isolated from whole brain homogenates of mice as
previously described (Wynne 2010, Fenn 2012). In brief, brains were homogenized in PBS
through a 70 µm nylon cell strainer. Resulting homogenates were centrifuged and cell pellets
were re-suspended in 70% isotonic Percoll. A discontinuous Percoll density gradient was
layered, centrifuged, and enriched microglia were collected from the interphase between the
70% and 50% Percoll layers. Microglia were washed and re-suspended in PBS. Each brain
extraction yielded approximately 3 × 105 viable cells. We have previously characterized
these cells enriched (～85%) microglia (CD11b+/CD45low ) (Henry et al., 2009).

2.4. miRNA/mRNA isolation and real-time PCR
miRNA and mRNA were isolated from enriched microglia using either a miRNA isolation
kit (AM1561; Ambion, Austin, TX) or a PrepEase mRNA kit (USB, CA). From the coronal
brain section, both miRNA and mRNA were isolated using the Tri Reagent protocol (Sigma,
MO). miRNA was reverse transcribed to cDNA using miRNA specific primers from
Taqman® (Applied Biosystems; Foster, CA) for each miRNA of interest (e.g., miR-29a,
miR-29b, etc). mRNA was reverse transcribed to cDNA using the high capacity protocol
(Applied Biosystems; Foster, CA) according to manufacturer instructions.

Real-time (RT)-PCR was performed for both miRNA and mRNA using the Applied
Biosystems (Foster, CA) Taqman® Gene Expression assay as previously described (Wohleb
et al., 2011). Fluorescence was determined on an ABI PRISM 7300-sequence detection
system (Applied Biosystems, CA). Data were analyzed using the comparative threshold
cycle (Ct) method and results are expressed as the relative expression across both groups or
fold difference from control. To reduce inter-test variability, relative expression and fold
change for miRNA and mRNA expression was evaluated after each individual experiment
and values were then combined.

2.5. Luciferase assay
The 3’ untranslated region (3’UTR) segments containing the target sites for miR-29a and
miR-29b from the murine IGF-1 and CX3CL1 gene were amplified from genomic DNA
isolated from the brains of BALB/c mice (Table 2), and inserted into the PGL3 control
vector (Promega) using the XBA1 site immediately downstream from the luciferase stop
codon. HEK-293 cells were transfected with 800 ng firefly luciferase vector, 100 ng Renilla
luciferase control vector, and 200 nM of precursor miR-29a, miR-29b, or scrambled
oligonucleotides (negative control precursor; Ambion) using Lipofectamine 2000
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(Invitrogen) according to the manufacturer’s protocol. Cells were lysed in Passive Lysis
Buffer and assayed in duplicate using the Dual-Luciferase Reporter Assay System
(Promega). Firefly luciferase activity was normalized to Renilla luciferase activity as
measured by a Veritas microplate luminometer (Promega) and was then calculated relative
to the scrambled control in each independent replicate.

2.6. Primary cultures and miR Transfection
Primary microglia cultures were established from neonatal mice (P0-P3) as previously
described (Godbout et al., 2004). After 10–12 d in culture primary microglia were shaken at
180 rpm for 3.5 h and plated at 300,000 cells / well in a 12-well plate and used the following
day for transfection.

Transfections were performed using the TransIT-TKO Transfection Reagent according to
manufacturer’s protocol with minor modifications (Mirus Bio LLC, WI). In brief, primary
microglia cells were maintained in 500 µL of 20% growth medium (DMEM supplemented
with 20% FBS, sodium bicarbonate 3.7 g/L, 200 mM glutamine, 100 U/ml penicillin G, 100
Ag/mL streptomycin, 50 Ag/mL gentamicin) and medium was changed just prior to
transfection. 100 µL of the transfection complexes (100 µL serum-free medium + 2.5 µL
TransIT-TKO Reagent + siRNA [50 nM final concentration]) was added to the appropriate
wells. siRNAs included miR-29b and miR-542-5p (Thermo Fisher Scientific, MA). For
controls, 100 µL of serum-free medium + 2.5 µL TransIT-TKO was added. Primary
microglia were incubated with transfection complexes at 37° C / 5% CO22 for 24 h. After 24
h supernatant was aspirated and 500 µL of fresh growth medium was added.

2.7 IGF-1 ELISA Assay
Twenty-four h after transfection, primary microglia were treated with vehicle (0.1% BSA)
or 5 ng/mL recombinant IL-4 (R&D Systems, MN). After 24 or 48 h supernatants were
collected and stored at −80° C until use. IGF-1 ELISA was performed on undiluted
supernatants according to the manufacture’s protocol (Abcam, MA). Detection limits were
50 pg/mL + 5 pg/mL.

2.8. Statistical Analysis
To ensure a normal distribution, data were subjected to the Shapiro-Wilk test using
Statistical Analysis Systems (SAS) statistical software (Cary, NC). To determine significant
main effects and interactions between main factors, data were analyzed with a one-way (i.e.
Age) ANOVA using the General Linear Model procedures of SAS. When appropriate,
differences between treatment means were evaluated by an F-protected t-test using the
Least-Significant Difference procedure of SAS. Correlation analyses were performed by
calculating the Pearson correlation coefficient (R) and determining p-value based on sample
size (t = R/(√(1-R2)/n-2)). All data are expressed as treatment means ± standard error of the
mean (SEM). Values were considered significant at p-values < 0.05 and a tendency at p-
values < 0.1. Statistics are represented as F(degrees of freedom, sample size-1) = f-value, p-value.

3. Results
3.1. Increased expression of miR-146a, miR-155, miR-29a, and miR-29b in the brain of aged
mice

miRNAs are important immunoregulatory factors (Baltimore et al., 2008; O'Connell et al.,
2010) and aging is associated with an increase in brain inflammation (Fenn et al., 2012;
Godbout et al., 2005; Henry et al., 2009). Thus, we sought to determine the extent to which
miRNA expression was altered in the brain with normal aging. Expression of miRNAs
associated with modulating inflammation (i.e., miR-146a, miR-155, miR-124, miR-29a,
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miR-29b, and miR-29c) was determined in a 1 mm coronal brain section (−0.5 Bregma)
from adult (3–4 mo) and aged (20 mo) BALB/c mice. This 1 mm section was selected
because it contains cortex and striatum to provide a cortical representation of alterations in
miRNA or mRNA levels. Fig.1 shows that miR-146a (Fig.1A, F(1,23)=2.33, p=0.1) and
miR-155 (Fig.1B, F(1,21)=2.66, p=0.1) tended to be increased in the brain with age, but
miR-124 was unchanged (Fig. 1C). Moreover, there were significant alterations in the
miR-29 cluster in the brain with age. For instance, miR-29a was increased with age (Fig.1D,
F(1,31)=22.97, p<0.0001), miR-29b tended to be increased with age (Fig.1E, F(1,34)=2.71,
p=0.1) and miR-29c was reduced with age (Fig.1F, F(1,21)=7.78, p<0.02). Overall, miRNAs
known to modulate inflammatory responses (miR-146a, miR-155, miR-29a, and miR-29b)
were increased in the brain of aged BALB/c mice.

3.2. Increased expression of miR-155, miR-29a, and miR-29b in microglia of aged mice
Because microglia develop a more inflammatory and primed phenotype with age, these
same miRNAs were determined in enriched CD11b cells (～85% microglia) that were
collected by Percoll gradient separation from whole brain homogenates (Fenn et al., 2012).
Fig.2A & B shows that both miR-29a (Fig.2A, F(1,20)=8.51, p<0.009) and miR-29b (Fig.2B,
F(1,19)=8.09, p<0.02) were increased in the microglia of aged mice compared to adult
controls. Fig.2C shows the average relative expression of miR-146a, miR-155, miR-29c, and
miR-124 in microglia of adult and aged mice. These data indicate that miR-155 tended to be
increased in the microglia of aged mice (F(1,6)=3.06, p=0.1), but that no other miRNA was
altered in microglia of aged mice compared to adults. Taken together these data indicate that
miR-29a, miR-29b, and miR-155 were increased in microglia of aged BALB/c mice.

3.3. Peripheral injection with LPS increased miR-29b expression in the brain
Our previous studies show that a peripheral injection with lipopolysaccharide (LPS) resulted
in microglial activation with increased IL-1β production in the brain after 4 h (Fenn et al.,
2012; Henry et al., 2009). Our current results indicate that miR-29a and miR-29b were
increased in the aged brain (Figs.1&2), but the degree to which this related to increased
inflammatory potential in the aged brain was unclear. Therefore, we next assessed the
degree to which miR-29a and miR-29b were increased in the brain following a peripheral
injection of LPS. Adult mice were injected i.p. with LPS (0.33 mg/kg), a 1 mm coronal
section was collected after 4 h, and expression of IL-1β mRNA, miR-29a, and miR-29b
were determined. As expected, LPS injection increased IL-1β mRNA expression in the brain
(Fig.3A, F(1,17)=61.49, p<0.0001). miR-29a was unaffected by LPS (Fig.3B) and miR-29b
was increased by LPS (Fig.3C, F(1,13)=5.85, p<0.04). These results indicate that brain
inflammation associated with a peripheral LPS injection corresponded with increased
expression of miR-29b, but not miR-29a.

3.4. IGF-1 and CX3CL1 were targets of miR29a/b mediated suppression
Because miR-29a and miR-29b were increased in the aged brain (Figs.1&2) we sought to
identify targets that: 1) are regulated by miR-29a/b and 2) promote increased microglia
reactivity when suppressed. Using the online TargetScan program (www.targetscan.org,
release 6.2, MIT, Cambridge, MA) insulin-like growth factor (IGF)-1 and fractalkine ligand
(CX3CL1) were identified as potential targets of miR-29a and miR-29b (Fig. 4A). For
example, TargetScan analysis of the possible targets for miR-29a and miR-29b showed that
IGF-1 was a strongly projected target with a Total Context score below −0.3 and two
conserved sites, while CX3CL1 was a projected target with a Total Context score of −0.09
and one conserved site. IGF-1 and CX3CL1 are relevant because both modulate the
activation of microglia (Dodge et al., 2008; Lyons et al., 2009) and are influenced by normal
aging (Bachstetter et al., 2011; Deak and Sonntag, 2012; Wynne et al., 2010).
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While TargetScan predicts the likelihood that a miRNA binds to the 3'UTR of a target gene,
it is important to validate these predictions. To confirm that IGF-1 and CX3CL1 were targets
of miR-29a and miR-29b, the 3'UTRs of murine IGF-1 or CX3CL1 were cloned downstream
of the firefly luciferase gene. In these assays, if the transected miRNA binds the 3'UTR of
the target gene then luciferase expression is suppressed. HEK-293 cells were co-transfected
with miR-29a, miR-29b, or a negative control miRNA together with the firefly luciferase-
IGF-1 or CX3CL1 3’UTR construct. Fig.4B shows that miR-29a and miR-29b repressed
luciferase activity of the IGF-1 3’UTR more than 50% at two independent sites (p<0.005 for
all). Luciferase activity of the constructs containing the CX3CL1 3’UTR was reduced by
30% by miR-29a (p=0.08), but was not reduced by miR-29b. These results indicate that
miR-29a and miR-29b directly target the 3'UTR of IGF-1 and that miR-29a targets the
3'UTR of CX3CL1.

Next, mRNA expression of IGF-1 and CX3CL1 was determined in the brains of adult and
aged mice. Corresponding with increased miR-29a and miR-29b (Figs.1&2), mRNA levels
of IGF-1 (Fig.4C, F(1,34)=20.36, p<0.0001) and CX3CL1 (Fig.4D, F(1,35)=6.21, p<0.02)
were significantly reduced with age. Taken together, these data indicate that the age-
associated increase in brain levels of miR-29a and miR-29b coincided with the reduction of
two confirmed targets, IGF-1 and CX3CL1.

3.5. IGF-1 was decreased in the brain after peripheral injection with LPS and suppressed
by miR29b in microglia

We show that LPS injection increased miR-29b expression in the brain, but had no effect on
miR-29a (Fig.3B&C). In addition, IGF-1 was a confirmed target of miR-29b as transfection
with miR-29b repressed luciferase activity of the IGF-1 3’UTR (Fig.4B). Therefore, to
continue to investigate the relationship between increased miR-29a/b and reduced
expression of its predicted targets, mRNA expression of IGF-1 and CX3CL1 in the brain of
mice injected with saline or LPS was determined. Fig.5A shows that IGF-1 mRNA was
significantly reduced in the brain of mice injected with LPS compared to saline controls
(p<0.02). CX3CL1 mRNA expression, however, remained unchanged after LPS injection
(Fig.5B). These data are consistent with previous data that LPS resulted in increased
expression of miR-29b, but not miR-29a (Fig.3C), and that IGF-1, but not CX3CL1, is a
target of miR-29b (Fig.4B). Overall, these data indicate that the LPS-induced miR-29b
expression in the brain corresponded with reduced mRNA expression of IGF-1.

Next, the ability of miR-29b to suppress IGF-1 expression specifically in microglia was
assessed. In these experiments, primary microglia were untransfected or transfected with
either miR-29b or the non-specific miR-542-5p. Microglia were stimulated with interleukin
(IL)-4, an inducer of IGF-1 (Zhao et al., 2006), and IGF-1 protein concentration was
determined 24 and 48 h later. Fig.5C&D show that IL-4 increased IGF-1 protein secretion
by microglia 24 h and 48 h later (main effect of IL-4: F(1,15)=14.52, p<0.003). Transfection
with miR-29b reduced IL-4 induced IGF-1 protein levels in primary microglia by 15% at 24
h and by 30% at 48 h (p=0.08). Thus, by 48 h levels of IGF-1 retuned to baseline in the
microglia transected with miR-29b. The non-specific miR control (542-5p) had no effect on
IL-4-induced IGF-1 levels in microglia at either time point. Taken together, these data
indicate that miR-29b directly suppresses IGF-1 production by microglia, as predicted by
target scan analysis and luciferase assay.

3.6. miR-29a and miR-29b were increased in the brain of aged humans
To determine the degree to which increased miR-29a and miR-29b levels were relevant to
human brain aging, cortical brain tissue was obtained from brain bank donor adults and
older individuals (Harvard Brain Tissue Resource Center and the Human Brain and Spinal
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Fluid Resource Center). The tissue consisted of eleven adult (14 – 55 years old with a mean
age of 45 ± 4.2 years old) and sixteen aged (58 – 91 years old with a mean age of 73 ± 2.2
years old) brain samples (Table 1).

Expression of miR-29a tended to be increased in the brain of older individuals compared to
middle aged controls (Fig.6A, F(1,24)=2.87, p=0.1), and miR-29a expression was positively
correlated with advancing age (Fig.6B, R=0.41, p=0.07). Similarly, miR-29b expression was
significantly increased in the brains of older individuals compared to the middle aged
controls (Fig.6C, F(1,24)=5.28, p<0.04), and miR29b expression was positively correlated
with increasing age (Fig.6D, R=0.45, p<0.04). Taken together, these data indicate that
miR-29a and miR-29b are increased in the brains of older individuals and increase as a
function of advancing age.

3.7. The age-associated increase in brain levels of miR-29a and miR-29b was negatively
correlated with reduced expression of CX3CL1 and IGF-1

Using the same post-mortem brain tissue as above, mRNA expression of IL-1β, IGF-1, and
CX3CL1 was determined. Fig.7A shows that IL-1β mRNA levels appeared to increase in the
brain with age, but this increase in older individuals was not statistically different from
middle aged controls (Fig.7A). Consistent with the increase in miR-29a and miR-29b (Fig.
7), there was a robust reduction in the mRNA levels of IGF-1 (Fig.7B, F(1,18)=14.17,
p<0.002) and CX3CL1 (Fig.7C, F(1,20)=5.41, p<0.04) in the brains of older individuals
compared to controls. To begin to address the relationship between increased miR-29a and
miR-29b and reduced IGF-1 and CX3CL1 expression, a correlation analysis was performed.
Fig.7D shows that increased miR-29a expression negatively correlated with reduced
expression of IGF-1 (R=−0.42, p<0.05). Increased miR-29a, however, was not correlated
with a reduction in CX3CL1 expression (Fig. 7E). Similar to miR-29a, Fig. 7F shows that
increased miR-29b expression negatively correlated with reduced IGF-1 mRNA expression
(R=−0.74, p<0.0002). In contrast to miR-29a, increased miR-29b expression also negatively
correlated with reduced CX3CL1 mRNA expression (Fig.7G, R=−0.64, p<0.002). Taken
together, age-associated increases in miR-29b correlated with reduced expression of both
IGF-1 and CX3CL1 in the brains of older individuals.

4. Discussion
We have previously reported that microglia from aged mice have a primed (MHCII+)
phenotype (Henry et al., 2009; Wynne et al., 2010). This is important because a primed
microglial profile leads to an exaggerated inflammatory response following a central or
peripheral immune challenge (Fenn et al., 2012; Henry et al., 2009; Huang et al., 2008;
Wynne et al., 2010). The mechanisms underlying this age-associated increase in brain
inflammation may be related to deficient regulation of microglia by anti-inflammatory
mediators, including IGF-1 and CX3CL1. Here we present novel evidence that the age-
associated reduction in IGF-1 and CX3CL1 expression in the brain corresponded with
increased expression of the miR-29a/b cluster. Moreover, the miR-29a/b cluster was found
to target IGF-1 and CX3CL1 by luciferase assay and transfection studies confirmed that
miR-29b attenuated IGF-1 protein expression in primary microglia. Parallel to the results in
the brain of aged mice, miR-29a and miR-29b were increased in the brains of older humans
and these increases were correlated with reductions in IGF-1 and CX3CL1 mRNA
expression. Collectively, the results of this study indicate that the miR-29a/b cluster is
increased in the brain with age corresponding in the reduced expression of two key
mediators of microglial regulation.

One important finding of this study was that the expression of several miRNAs was
increased in the brain of aged mice compared to adults. While there are numerous identified
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miRNAs, we focused on immunomodulatory miRNAs including miR-146a, miR-155, and
the miR-29 cluster (Steiner et al., 2011; Taganov et al., 2006; Tili et al., 2007). For instance,
our data indicate that miR-146a tended to be increased in the brain of aged BALB/c mice
compared to adults. This is consistent with a previous report using aged C57BL/6J mice (Li
et al., 2011). In addition, increased miR-146a levels support the notion of a more
inflammatory CNS environment with age as miR-146a is increased by inflammatory-
induced NF-κB (Labbaye and Testa, 2012). Indeed, several studies in aged rodents indicate
that NF-κB nuclear binding and subsequent gene expression are increased in the aged brain
(Kim et al., 2000; Korhonen et al., 1997; Ye and Johnson, 2001b). Similar to the results with
miR-146a, miR-155 was also increased in the brain of aged mice. Higher miR-155
expression was also detected specifically in microglia. Previous work denotes that the
expression of miR-155 is increased by c-Jun N-terminal kinase (JNK) (O'Connell et al.,
2007) and functions to suppress genes involved in toll like receptor signaling (e.g., fas
associated protein with death domain and IKKε), but also to increase the production of TNF-
α (Sonkoly et al., 2008). Thus, higher miR-155 in microglia is relevant as microglia from
aged mice show higher production of TNF-α (Njie et al., 2012). Overall, an increase in both
miR-146a and miR-155 is indicative of an increased inflammatory state within the aged
brain.

Our results indicate that miR-29a and miR-29b are increased in the brain with age. A
previous study showed that miR-29 expression gradually increased in the human brain from
birth until puberty, but no further elevation was noted with age (Somel et al., 2010).
Nonetheless, in animal models, miR-29a and miR-29b were increased in the liver and lung
of aged mice and in the Zmpste24-null mouse model of accelerating aging (Ugalde et al.,
2011). Moreover, miR-29b was decreased in these same tissues in a rodent model of delayed
aging (Bates et al., 2010). Here, our data support that miR-29a and miR-29b are increased in
the brain as a function of age. It is important to highlight that this age-associated increase in
miR-29a and miR-29b expression was reflected in microglia. Microglia are the primary
immune cell within the CNS and, thus, increases in immunoregulatory miRNAs likely
contribute to microglial dysregulation and an enhanced inflammatory profile in the aged
brain. It is also important to mention that miR-29c is part of the miR-29 cluster, but was
reduced in the brain of aged mice. This is similar to our previous report showing that the
miR-29a/b cluster was elevated in memory T-cells of patients with MS, but expression of
the miR-29b/c cluster was unchanged (Smith et al., 2012). Differential regulation of the
miR-29 isoforms is related to the finding that miR-29a/b cluster is on chromosome 7 and the
miR-29b/c cluster is on chromosome 1.

A key finding of this study was that increased miR-29a and miR-29b in the rodent brain was
paralleled in the cortical brain tissue of human subjects. Therefore, these data support the
relevance of using rodent models to study brain aging. In addition, brain tissue used was
from adult (mean 45 yrs) and aged (mean 77 yrs) individuals who did not have a
neurodegenerative disease. This is relevant to point out because a previous study indicates
that miR-29a/b were decreased in the brain of aged patients with Alzheimer’s disease
(Hebert et al., 2008). miR-29 was found to target BACE1 expression in vitro and indeed,
patients with sporadic Alzheimer’s disease that exhibited reduced levels of miR-29a and
miR-29b had abnormally high BACE1 expression (Hebert et al., 2008). In the current study,
however, miR-29a and miR-29b were elevated in the brain of older individuals compared to
adults, and increased expression of miR-29a and miR-29b was positively correlated with
advancing age. Reductions in miR-29a/b may, therefore, indicate a dysfunctional response
to increased neuroinflammatory load and a predisposition to Alzheimer’s disease (Blasko et
al., 2004), whereas increased miR-29a/b would suggest a normal response to increased
inflammation.
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Multiple studies indicate brain aging is associated with increased DNA damage, oxidative
stress, and inflammation (e.g., elevated NF-κB, IL-1β, TNF-α). Several of these factors have
been reported to increase miR-29 expression in the periphery and in vitro (Smith et al.,
2012; Ugalde et al., 2011). Although the function of the miR-29a/b cluster is to provide
negative feedback and reduce inflammation (Ma et al., 2011; Smith et al., 2012; Steiner et
al., 2011), this miR-mediated response does not appear to be effective in the aged brain. We
have demonstrated a similar relationship with miR-29a/b expression and its target IFNγ in
MS patients in which T-cells from MS patients had higher levels of IFNγ concordant with
higher expression of miR-29b (Smith et al., 2012). A possible explanation for this
relationship in the aged brain is that miR-29-dependent repression of key immuno-
regulatory genes, including IGF-1 and CX3CL1, may potentiate microglial priming and
contribute to increased inflammatory load. A similar relationship also exists between
inflammatory induced IL-10 in the aged brain. Indeed, inflammatory activation of aged
microglia promotes exaggerated expression of inflammatory (e.g., IL-1β) and anti-
inflammatory (e.g., IL-10) cytokines (Henry et al., 2009). Despite this exaggerated increase
in anti-inflammatory mediators, heightened inflammation persists. The cause for this is
unknown, but contributes to the idea that negative regulatory systems within the aged brain
are impaired on multiple levels.

Our results showing age-associated reductions in brain levels of IGF-1 and CX3CL1 mRNA
are consistent with previous studies investigating IGF-1 (Deak and Sonntag, 2012; Llorens-
Martin et al., 2009; O'Connor et al., 2008; Sonntag et al., 2005b) and CX3CL1 with age
(Lyons et al., 2009; Wynne et al., 2010). Here we extend these previous findings to show
that the reductions of IGF-1 and CX3CL1 were significantly correlated with an increase in
the miR-29a/b cluster in microglia. These correlations are consistent with the evidence that
both of these genes are confirmed targets of the miR-29a/b cluster by luciferase assay.
Moreover, transfection with miR-29b reduced IGF-1 protein secretion specifically in
microglia. Of note, even if miR-29a/b was only increased within microglia, it could still
influence CX3CL1 expression by neurons through the transfer of miRNAs in exosomes
(Valadi et al., 2007). Nonetheless, one discrepancy between the luciferase studies and
human brain correlations regarding CX3CL1 was that luciferase assay confirmed CX3CL1
as a target of miR-29a suppression, but CX3CL1 was not negatively correlated with
miR-29a in the brain of aged humans. This could be explained by the actions of miR-29a on
CX3CL1, which may be to inhibit translation rather than cause mRNA degradation
(Valencia-Sanchez et al., 2006). Another unexpected finding was that although miR-29b did
not repress CX3CL1 expression in the luciferase experiments, miR-29b negatively correlated
with CX3CL1 expression in human cortical tissue. A potential explanation for these results
is that murine sequences, rather than human sequences, were used for the target UTR sites
and thus target sites may differ in humans. Alternatively, miR-29b-promoted reductions in
IGF-1 could indirectly contribute to CX3CL1 reductions. Localized IGF-1 release by
microglia prevents neuronal apoptosis (Galli et al., 1995) and sustains neurogenesis (Choi et
al., 2008; Lichtenwalner et al., 2001), primarily under conditions of inflammation (Ekdahl et
al., 2009). Thus, reduced neuronal support by IGF-1 may contribute to reduced CX3CL1
levels as CX3CL1 is primarily released by healthy neurons in the brain (Cardona et al.,
2006). Indeed, IGF-1 significantly and negatively correlated with CX3CL1 in the current
study (data not shown).

Importantly, the data obtained using human cortical tissue indicates that the increase in
miR-29b with age correlated with the reduction of both IGF-1 and CX3CL1. The relevance
of miR-29b in the targeting of IGF-1 and CX3CL1 in the aged is consistent with its
induction by inflammatory stimuli (Smith et al., 2012). For example, our data indicate that a
peripheral challenge with LPS increased IL-1β and miR-29b expression in the brain, but did
not affect the expression miR-29a. Moreover, there was a 2-fold increase in IL-1β
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expression in the brain of the older individuals compared to the middle aged controls.
Therefore, we interpret these data to indicate that age-associated increases in pro-
inflammatory cytokines results in increased expression of miR-29b in rodents and humans.
Of note, miR-29a was not increased in the brain after a peripheral injection of LPS, but was
increased in the brain of aged mice and humans. One possibility for the age-related increase
in miR-29a is increased DNA damage in the aged brain. Indeed, miR-29a is preferentially
induced by DNA damage in a p53-dependent manner independent of an inflammatory
response (Ugalde et al., 2011). Taken together, these findings support our hypothesis that the
reduction of CX3CL1 and IGF-1 result from an increase in miR-29 dependent regulation.

In conclusion, miRNA-mediated immune regulation in the brain is altered as a function of
normal aging. While increased miR-29a/b expression with age may represent a homeostatic
negative feedback response to increased inflammatory potential within the aged brain, a
consequence is the suppression of IGF-1 and CX3CL1. Down-regulation of IGF-1 and
CX3CL1 contribute to an increased inflammatory profile of microglia in the aged brain.
These findings are important because a heightened inflammatory profile in aged microglia
may also lead to other impairments including reduced neuronal plasticity, cognitive
impairment, and hyperactivity of microglia following central or peripheral immune
challenges. Therefore, understanding how miRNAs regulate microglial activation is critical
in identifying novel therapies to reduce microglial priming with age.
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Figure 1. Increased expression of miR-146a, miR-155, miR-29a, and miR-29b in the brain of
aged mice
A 1 mm coronal brain section (−0.5 Bregma) was collected from adult (n=12–17) and aged
(n=12–18) mice and levels of A) miR-146a, B) miR-155, C) miR-124 D) miR-29a, E)
miR-29b, and F) miR-29c were determined. Samples represent three independent
experiments and are presented as fold change compared to Adult. Horizontal bars represent
the mean with each dot depicting a separate sample.
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Figure 2. Increased expression of miR-155, miR-29a, and miR-29b in the microglia of aged mice
Microglia were isolated from the remainder of the brain tissue collected in Figure 1 and the
expression of A) miR-29a and B) miR-29b were determined (n=10–11). C) In a subset of the
adult (n=5–10) and aged (n=4–10) mice, miR-146a, miR-155, miR-29c, and miR-124 were
determined in microglia and the mean value for each miRNA is shown. Samples represent
three sets of independent experiments and are presented as fold change compared to Adult.
Horizontal bars represent the mean with each dot depicting a separate sample. Means with +
have a tendency (p=0.1) to be different from Adult controls.
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Figure 3. Peripheral injection with LPS increased miR-29b expression in the brain
BALB/c mice received an intraperitoneal (i.p.) injection of saline or LPS (0.33 mg/kg)
(n=9). After 4 h a 1 mm coronal brain section (−0.5 Bregma) was collected and A) IL-1β
mRNA expression, along with expression of B) miR-29a, and C) miR-29b was determined.
Results represent two independent experiments and are presented as fold change from
Saline. Means with * are significantly (p<0.0001) different from Saline controls.
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Figure 4. miR-29a and miR-29b suppressed the expression of IGF-1 and CX3CL1
A) TargetScan analysis of the possible targets for miR-29a and miR-29b showed that IGF-1
was a strongly projected target and CX3CL1 was a projected target. B) HEK-293 cells were
transfected with a firefly luciferase vector and the 3’UTR segments containing the target
sites for miR-29a and miR-29b for murine IGF-1 and CX3CL1 immediately downstream
from the luciferase stop codon. Cells were co-transfected with miR-29a or miR-29b. The
ratio of firefly to renilla luciferase activity was normalized to the control miRNA within
each experimental replicate. Values represent the normalized luciferase activity of the
constructs. C) A 1 mm coronal brain section was collected from adult (n=16–18) and aged
(n=18) BALB/c mice and mRNA levels of IGF-1 and D) CX3CL1 were determined. Results
represent two (B) or three (C,D) independent experiments and are presented as fold change
compared to Control or Adult. Bars represent the mean ± SEM. Means with * are
significantly (p<0.05) different and means with + tend (p=0.08) to be different from Control.
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Figure 5. IGF-1 was decreased in the brain after peripheral injection with LPS and suppressed
by miR29b in microglia
BALB/c mice received an intraperitoneal (i.p.) injection of saline or LPS (n=9). After 4 h a 1
mm coronal brain section (-0.5 Bregma) was collected and A) IGF-1 and B) CX3CL1
mRNA expression was determined. In a separate set of studies, primary microglia cultures
were established and then transfected with miR-29b or a control miR (n=2–3). Protein levels
of IGF-1 were determined C) 24 or D) 48 h after IL-4 stimulation. Results represent two
independent experiments and are presented as fold change compared to Control or Adult.
Bars represent the mean ± SEM. Means with * are significantly (p<0.05) different and
means with + tend (p=0.1) to be different from Control. Means with # tend (p=0.08) to be
different from Control-IL-4.

Fenn et al. Page 19

Neurobiol Aging. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. miR-29a and miR-29b were increased in the brains of aged humans
Postmortem brain tissue was acquired for both adult (n=11) and aged (n=16) age groups and
A) miR-29a and C) miR-29b expression was determined. In addition, the correlation
between the individual’s age and B) miR-29a and D) miR-29b expression are shown. Bars
represent the mean ± SEM. Relative expression is compared to the average comparative Ct
for all samples. Means with * are significantly (p<0.04) different and means with + tend
(p<0.08) different from Adult controls.

Fenn et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. The aged-associated increase in brain levels of miR-29a and miR-29b was negatively
correlated with reduced expression of CX3CL1 and IGF-1
Postmortem brain tissue was acquired for both adult (n=9) and aged (n=13) age groups.
From the human brain tissue mRNA expression of A) IL-1β, B) IGF-1, and C) CX3CL1 was
determined. In addition, a correlation plot was created for IGF-1 and CX3CL1 compared to
miR-29a or miR-29b levels determined in Fig.5. Plots depict expression levels of miR-29a
versus D) IGF-1 and E) CX3CL1 in the human brain tissue. In addition, levels of miR-29b
versus F) IGF-1 and G) CX3CL1 are shown. Bars represent the mean ± SEM. Relative
expression is compared to the average comparative Ct for all samples. Means with * are
significantly (p<0.04) different from Adult controls.
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Table 1

Postmortem brain tissue samples.

Human Sample Number Age Sex Description Tissue

AN08855 64 M HC BA 3,1,2,5

AN10180 73 M HC BA 3,1,2,5

AN04932 55 F HC BA 3,1,2,5

AN01234 85 M HC BA 3,1,2,5

AN07334 47 M HC BA 3,1,2,5

AN19092 46 M HC BA 3,1,2,5

AN16467 79 M HC BA 3,1,2,5

AN06400 91 F HC BA 3,1,2,5

AN16017 55 M HC BA 3,1,2,5

AN09007 52 F HC BA 3,1,2,5

HSB3603 74 F HC Sect 8 NAWM

HSB3590 75 M HC Sect 6 NAWM

HSB3602 66 M HC Sect 6 NAWM

HSB3531 74 M HC Sect 7 NAWM

HSB3589 53 M HC Sect 3 NAWM

HSB3543 73 F HC Sect 7 NAWM

HSB3540 68 M HC Sect 7 NAWM

HSB3529 58 M HC Sect 8 NAWM

HSB951 45 M EP Sect 4 NAWM

HSB968 66 F EP Sect 7 NAWM

HSB891 14 M EP Sect 4 NAWM

HSB516 22 F EP Sect 3 NAWM

1B1 62 M HC NAWM

2B2 82 M HC NAWM

3B1 48 M HC NAWM

3175 54 F HC NAWM

2519 80 M HC NAWM

The sample number, age, sex, description, and tissue section are listed for each sample used. The tissue consisted of eleven adult (14 – 55 years old
with a mean age of 45 years old) and sixteen aged (58 – 91 years old with a mean age of 73 years old) brain samples.

Abbreviations: BA = Brodmann’s Area; EP = Epileptic; HC = non-CNS disease control; NAWM = normal appearing white matter.

Neurobiol Aging. Author manuscript; available in PMC 2014 December 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fenn et al. Page 23

Table 2

Murine 3’ UTR sequences for luciferase assay.

Murine gene UTR UTR sequence

mCX3CL1_UTR_F AATTTCTAGATGCCTGTCCCCCTGACCTCC

mCX3CL1_UTR_R AATTTCTAGACCGAGTGGGGACTGGACCCT

mIGF1_UTR_F1 AATTTCTAGAACGTACCTGACTCCATCTGTGGCA

mIGF1_UTR_R1 AATTTCTAGAGGCTCCAGGCTTTCGTTTGTTGT

mIGF1_UTR_F2 AATTTCTAGAGCACTTGGGAGGATGCGCAGA

mIGF1_UTR_R2 AATTTCTAGAGTGGTGGCTAGGGTGGTGGC

cDNA from the brain sections of BALB/c mice was used to clone the UTR sequences for CX3CL1 and IGF-1. Sequences were placed into a vector

downstream of the luciferase stop codon and transfected into HEK-293 cells for the luciferase assay. The forward and reverse sequences used for
each UTR site investigated are shown.
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