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Abstract

A mouse and human brain-enriched micro-RNA-146a (miRNA-146a) is known to be important in 

modulating the innate immune response and inflammatory signaling in certain immunological and 

brain cell types. In this study we examined miRNA-146a levels in early-, moderate- and late-stage 

Alzheimer’s disease (AD) neocortex and hippocampus, in several human primary brain and retinal 

cell lines, and in 5 different transgenic mouse models of AD including Tg2576, TgCRND8, 

PSAPP, 3xTg-AD and 5xFAD. Inducible expression of miRNA-146a was found to be significantly 

up-regulated in a primary co-culture of human neuronal–glial (HNG) cells stressed using 

interleukin1-beta (IL-1β), and this up-regulation was quenched using specific NF-κB inhibitors 

including curcumin. Expression of miRNA-146a correlated with senile plaque density and 

synaptic pathology in Tg2576 and in 5xFAD transgenic mouse models used in the study of this 

common neurodegenerative disorder.
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Micro-RNAs (miRNAs) constitute a novel class of small, evolution-arily conserved non-

coding regulatory RNAs that interact with the 3′ un-translated region (3′-UTR) of specific 

messenger RNA (mRNA) populations, and in doing so function in mRNA processing, 

inhibition, or termination of that mRNA’s expression [22,11,13,14]. A number of miRNAs, 
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such as the brain-enriched micro-RNA-146a (miRNA-146a) have been strongly implicated 

in regulation of innate immune, viral, and inflammatory responses in neurodegenerative 

disorders, including Alzheimer’s disease (AD) [11,13,14,16,24,23,5,20]. In this report we 

have studied miRNA-146a abundance in the superior temporal lobe neocortex and 

hippocampal CA1 region in the early, middle and late stages of AD, in several distinct types 

of human brain and retinal cells in primary culture (Figs. 1 and 2), and in 5 different 

transgenic mouse models of AD (Tg-AD; Table 1). The expression of miRNA-146a was 

found to be significantly expressed in the human neocortex and the limbic system and 

significantly increased as the severity of AD advanced (Fig. 1A). In primary human 

neuronal–glial (HNG) cell co-cultures miRNA-146a was found to be induced by IL-1β, a 

pro-inflammatory cytokine known to be elevated in AD brain (Fig. 1B) [12]. Interestingly, 

the levels of miRNA-146a were found to correlate with the senile plaque density and the 

appearance of synaptic pathology in the brain cortex of certain Tg-AD mouse models (Fig. 

2, Table 1) [19]. Transfection of HNG cells with a miRNA-146a luciferase reporter 

(construct A547), and the inclusion of 3 different classes of NF-κB inhibitors, indicated that 

in IL-1β-stressed HNG cells, as in other cell types, miRNA-146a is under transcriptional 

regulatory control by NF-κB. This suggests an important, potentially pathogenic, interplay 

between a pro-inflammatory transcription factor and an inducible miRNA under NF-κB 

regulatory control in specific types of human brain cells, tissues, and in amyloid over-

expressing Tg-AD models (Figs. 2 and 3) (2–6,13).

Reagents used in these experiments were obtained from commercial suppliers and were used 

without further purification. RNAse-free plasticware and RNAse-free isolation reagents 

including diethyl pyrocarbonate (DEPC; Ambion, Austin TX; Invitrogen, Carlsbad CA; 

Sigma–Aldrich, St Louis, MO) were used as previously described [13,14,16,24,12]. The NF-

κB inhibitors curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione 

diferuloylmethane; purity >98.5%, Axxora, San Diego, CA), dissolved in dimethylsulfoxide 

as a 100 mM stock solution, was used at 5 uM ambient concentration in HNG cell medium; 

the metal chelator, anti-oxidant and NF-κB translocation inhibitor pyrrolidine 

dithiocarbamate (PTDC; P8765; Sigma, St Louis, MO) was used at 20 uM; and the 

polyphenolic trans-stilbene resveratrol analog CAY10512 (10009536; Cayman Chemical, 

Ann Arbor, MI) was used at 0.5 uM as previously described [16]. Primary HNG cells were 

cultured as previously described [14,16,24,15].

Stringent selection parameters were used in choosing control and AD superior temporal lobe 

neocortex and hippocampal CA1 tissues employed in this study [16,24]. As post-mortem 

interval (PMI; the time of death to brain freezing at −81 °C) is a factor that affects total RNA 

quality [24,15,21], all total RNA fractions were derived from tissues having a PMI of 3 h or 

less. CERAD/NIH criteria were used to categorize AD tissues in accordance with 

established guidelines [15]. AD brain tissues were obtained from patients with a clinical 

dementia rating (CDR; an index of cognitive impairment) ranging from 0.5 to 3.0, indicating 

very mild- to severe-AD [15,21,8]. Brain tissues were used in accordance with the 

institutional review board (IRB)/ethical guidelines at the Louisiana State University Health 

Sciences Center and the donor institutions [15,21]. All total RNA isolation, micro-RNA 

enrichment, quality control, quantitation and characterization using Northern dot blot 

miRNA analysis for 5S rRNA, miRNA-132, and miRNA146a, and bioinformatics analysis 
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were performed as previously described [13,14,16,24,5,20,12,15,21]. All cell and tissue total 

RNA samples showed 28S/18S ratios larger than 1.45 indicating high spectral quality RNA 

[16,24]. Parameters involving control and AD superior temporal lobe neocortical tissues and 

detailed analysis of RNA spectral purity have been previously described, and most of these 

tissue samples have been previously subjected to wide spectrum gene expression analysis 

using DNA array technologies [12,15]. Samples of control and AD tissues used in these 

experiments exhibited no significant differences in age (69.0 ± 1.8 vs 70.3 ± 3.3 years, p < 
0.87), PMI (mean 2.1 ± 0.7 vs 2.0 ± 0.7 h, p < 0.96), RNA A260/280 indices (2.09 ± 0.2 vs 

2.09 ± 0.1, p < 0.97), control versus AD, respectively.

Samples of age-matched control and AD tissues, cultured brain and retinal cells, and the 

transgenic animals Tg2576, TgCRND8, PSAPP, 3xTg-AD and 5xFAD were analyzed for 5S 

RNA, miRNA-132 and miRNA-146a abundance using miRNA array and/or Northern dot 

blot hybridization as previously described by our group [13,14,16,24,5,20,12]. Human 5S 

ribosomal RNA (5S rRNA), a relatively abundant RNA polymerase III transcribed 107 

ribonucleotide marker, was used as an internal control for miRNA determinations in brain 

and retinal cell and tissue samples as described [14,16,24]. DNA array and Northern 

hybridizations were quantified using data-acquisition/statistical-analysis software provided 

with a GS250 molecular imager (Bio-Rad, Hercules, CA). Data analyses and graphic 

presentations were performed using Excel algorithms (Microsoft, Seattle, WA) and Adobe 

Photoshop 6.0 (Adobe Systems, San Jose, CA). Relevance of miRNA-regulated gene 

expression to brain aging and neurodegeneration and GenBank nucleic acid links for specific 

miRNAs were searched using the Medline nucleotide search website access at 

www.ncbi.nlm.nih.gov. Statistical significance was analyzed using a two-way factorial 

analysis of variance (p, ANOVA; Statistical Analysis System; SAS Institute, Cary, NC).

Higher miRNA-146a levels were consistently found in the superior temporal lobe neocortex 

when compared to the hippocampal CA1 region. As the CDR increased from CDR = 0.5 

(mild cognitive impairment) to CDR = 3.0 (severe cognitive impairment; Fig. 1A) 

miRNA-146a levels in AD versus age-matched control brain neo-cortex increased 1.3-fold 

over control at CDR 0.5 and increased to 2.7-fold over control at a CDR = 3.0, exhibiting a 

positive correlation coefficient of CDR to miRNA146a abundance of r2 = 0.90, p < 0.001 

[15,8]. Similarly, in comparison to a related brain-enriched miRNA-132 in the same sample 

which did not change, miRNA-146a increased 1.45-fold after 1 week in culture to over 3-

fold over 0 time controls in IL-1β-stressed HNG cells (Fig. 1B). We further note relatively 

unchanging miRNA-132 levels in several human retinal and neural cells and tissues and 

transgenic mouse brain cortex, and relatively high miRNA-146a levels in moderate and late 

stage AD, and in transgenic tissues after the onset of AD-type neuropathology, especially in 

12-month-old Tg-2576 and 3-month-old 5xFAD animals (Fig. 2). In IL-1β-stressed HNG 

cells the NF-κB inhibitors CAY10512, curcumin and PDTC were found to reduce 

expression of the A547 construct containing the miRNA-146a promoter with luciferase 

reporter to 0.51-, 0.47- and 0.39-fold of untreated controls, respectively (Fig. 3), suggesting 

a novel, genetic regulatory circuit between NF-κB and miRNA-146a expression. Interesting 

both NF-κB and miRNA-146a are known to participate in regulating innate immune 

signaling and the inflammatory response in several human immune and brain cell types 

[11,13,14,16,24,15].
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Of the ~835 human miRNAs so far identified, only specific subsets are detectable or 

abundant in specific human cells and tissues of the central nervous system (CNS) 

[22,11,13,14,16,24,23,5,20,12]. The 22 nucleotide A + U-rich human miRNA-146a (5′-

UGAGAACUGAAUUCCAUGGGUU-3′), also abundant in murine brain cells where it was 

originally described, is encoded from a single copy gene on human chromosome 5q34 

[11,13,14,16,24,23,5,20,25]. Stressors that induce miRNA-146a include neurotropic viruses 

such as HSV-1, microbial endotoxins, pro-inflammatory cytokines such as IL-1β, the 42 

amino acid amyloid-beta (Aβ42) peptide and oxidative-stress induced in vivo by 

pathological generation of neurotoxic metals, reactive oxygen species or in vitro by 

hydrogen peroxide [5,20,25].

In this study we have further assayed for miRNA-146a abundance in several different human 

brain and retinal cell types and tissues, and in 5 Tg-AD mouse models developed between 

1996 and 2006 (Fig. 2; Table 1). Each of the Tg-AD mouse models analyzed here was 

specifically developed using the insertion of one or more human pathological transgenes, 

and involved incorporation of mutated human genes encoding the beta amyloid precursor 

protein (βAPP), presenilin or tau proteins [25,7,9,2,6,10,27,18,17]. These transgenic animals 

have been propagated to study specific genetic and pathological aspects of AD against a 

background of aging (Table 1). Importantly, while no transgenic mouse model of AD 

recapitulates every aspect of the in vivo human brain condition, all transgenic models used 

in the current studies employed specific βAPP, PS1 and/or tau gene mutations that result in 

transgenic animals exhibiting age-related changes in the accumulation of amyloid-

containing senile plaques and other AD-related pathology [15,7,9,2,6,10,27,18]. In fact, each 

of the transgenic AD models studied have variable ages when senile plaques first appear, 

exhibit varying senile plaque densities as they age, show varying degrees of CNS-specific 

expression of amyloid, display variable presence or absence of synaptic pathology, and 

exhibit other interrelated pathological features [19,25,7,9,2,6,10,27,18,17,1,29,4].

The various neuropathological characteristics observed in different Tg-AD animal models 

(Table 1) were graded using (1) a scoring system adapted from Philipson et al., [19], (2) 

genotypic and phenotypic characteristics listed at the βAPP Tg-AD model database 

(www.alzforum.org/res/com/tra/app/default.asp), (3) specific source references describing 

the initial neuropathological findings in aged Tg-AD animals [7,9,2,6,10,27,18,17], and (4) 

consideration of deficits in the abundance of several important synaptic and cytoarchitectural 

support proteins, including synapsin, spectrin, syntenin, synaptophysin and neurofilament 

light (NFL) chain protein assayed in the brains of the various Tg-AD models studied (Table 

1; data not shown). While our multifaceted scoring system for Tg-AD neuropathology is 

supported by several independent lines of evidence, it may need to be further refined. 

However, the CNS abundance and location of amyloid, senile plaque accumulation and 

density, synaptic pathology, synaptic loss, and abnormal synapse morphology in aged, 

symptomatic Tg2576 and 5xFAD mice in Table 1 is further reiterated in additional 

neuropathology reports from aged Tg-AD animals [1,29,4,26,3,28,30]. We observe the 

greatest up-regulation in miRNA-146a levels in Tg2576 and 5xFAD transgenic animals, 

exceeding 3-fold or more over controls. Interestingly, symptomatic Tg2576 and 5xFAD mice 

also appear to exhibit the greatest deviation from controls in senile plaque density and 

Li et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2017 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synaptic pathology, the later considered to hold the strongest correlation to cognitive 

changes observed in AD affected brain (Table 1, Fig. 2) [13,29,4].

The work in this study also showed that IL-1β-induced transcription of the pre-miRNA-146a 

gene was significantly attenuated by three different types of NF-κB activation inhibitors; 

CAY10512, the potent trans-stilbene analog of the anti-inflammatory antioxidant resveratrol; 

curcumin, the principal anti-tumor and anti-viral phytochemical curcuminoid of the Indian 

spice turmeric; and PDTC, an antioxidant, metal ion-chelator and inhibitor of NF-κB 

nuclear translocation (Fig. 3) [16]. The efficacy and variation among these 3 NF-κB 

inhibitors have both research and therapeutic significance—with PDTC being consistently 

the most effective miRNA-146a expression inhibitor at the dosage used in our stressed HNG 

cell test system [16]. The observation that miRNA-146a is an NF-κB-regulated gene in 

monocytes, neurons and astrocytes further underscores a significant pro-inflammatory 

transcription factor-miRNA interplay in certain immune and neural cell types 

[11,13,14,16,25]. Related studies have shown miRNA-146a to base-pair with sequences in 

the 3′-UTR of the TNF receptor-associated factor 6 (TRAF6), the IL-1 receptor-associated 

kinase 1 (IRAK1) and complement factor H (CFH) mRNAs, and to function in the control of 

Toll-like receptor (TLR) and cytokine signaling through a complex negative feedback 

regulation loop involving down-regulation of TRAF6, IRAK1 and CFH (5–10,23). In AD, 

NF-κB-mediated miRNA-146a and TLRs may provide a critical link between immune 

stimulants, such as Aβ42 peptides, and the initiation of host innate immune defenses and 

further activation of TLR-NF-κB signaling, which further modulates the release of pro-

inflammatory cytokines [11,16,25]. It will be interesting to further compare the degree of 

TLR and NF-κB activation within primary human astroglial cells, which are key mediators 

of the brain’s innate immune and inflammatory response, and in the brains of various Tg-

AD models to understand how miRNA-146a levels change in response to the onset of 

neuropathology against a background of brain cell and tissue aging.

In brief, transcription of miRNA-146a is significantly induced by pathophysiological stress 

factors, such as the pro-inflammatory cytokine IL-1β. Relatively high levels of 

miRNA-146a, but not of other miRNAs, in AD superior temporal lobe neocortex and 

hippocampus, in stressed human brain cells, and in Tg-AD animal models underscore the 

potential importance of this NF-κB-regulated, brain-enriched miRNA species in 

neurodegenerative disease. In Tg-AD studies, those aged models that exhibited higher senile 

plaque density and synaptic pathology also exhibited higher miRNA-146a levels. Specific 

murine Tg-AD models, such as Tg2576 and 5xFAD may prove superior platforms to study 

the miRNA-146a-mediated innate immune response, inflammatory and synaptic 

pathobiology, and the manipulation of physiological stressors and environmental factors 

which drive the AD process.
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Fig. 1. 
Up-regulation of an inducible miRNA-146a (A) in various stages of AD and (B) in IL-1β-

stressed HNG cells. (A) Abundance of miRNA-146a in superior temporal lobe neocortex 

(nctx) and hippocampus (hipp) compared to 5S RNA in the same sample and to age-matched 

controls; number of samples used CON = 6, CDR 0.5 = 6, CDR 1.5 = 6, CDR 3.0 = 6 (3 

males and 3 females in each group; see text), and (B) miRNA-146a abundance in stressed 

HNG cells compared to miRNA-132 in the same sample and to age-matched controls [16]. 

For ease of comparison control miRNA-146a levels in the neocortex arbitrarily set to 1.0; 

dashed horizontal line. In (B) HNG cells were treated with human recombinant IL-1β (10 

ng/ml cell culture medium) and were cultured for 0–3 weeks, representing inflammatory 

cytokine IL-1β-mediated stress for up to one half of their in vitro lifetime of 6 weeks. The 

results indicate a specific up-regulation of miRNA-146a; a related miRNA-132 showed no 

change in either AD or in stressed HNG cells. Hence miRNA-146a is up-regulated in HNG 

cells stressed with inflammatory cytokines known to be abundant in AD brain. For ease of 

comparison control miRNA-132 levels arbitrarily set to 1.0; dashed horizontal line; N = 3–5; 

*p < 0.05, **p < 0.01 (ANOVA).
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Fig. 2. 
Relative signal strength of miRNA-146a in comparison to a lower abundance miRNA-132 in 

various human primary brain and retinal primary cells, control (N = 6) and Alzheimer-

affected (N = 6 for each CDR rating) neocortex, and in 5 different transgenic mouse models 

of Alzheimer’s disease (Tg-AD). In the Tg-AD models, two ages of animals are given, the 

first is a younger animal with no neuropathology and the second is after the onset of 

neuropathology (Table 1). Only the Tg-2576 and 5xFAD Tg-AD models showed 

miRNA-146a induction of 3-fold or greater over controls. HRE, human retina, HEC, human 

brain microvessel endothelial cells, HAG, human astroglia, HBN, human brain neocortex; 

CON, control; AD, Alzheimer’s disease, CDR, clinical dementia rating; see Table 1 for 

further description of the Tg-AD; time in months (mo); N = 3–6 animals for each 

determination; for ease of comparison control (CON) miRNA-146a levels arbitrarily set to 

1.0; dashed horizontal line;*p < 0.05, **p < 0.01 (ANOVA).
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Fig. 3. 
Transfection of pre-miRNA-146a promoter-luciferase reporter pGL3 expression A547 

construct into HNG cells—inhibition with the NF-(B inhibitors CAY10512, a resveratrol 

analog, curcumin and pyrrolidine dithiocarbamate (PDTC) [14,16]. Two-week-old HNG 

cells were transfected with the pre-miRNA-146a promoter and luciferase reporter vector 

(construct A547; Addgene, Cambridge, MA) as described [16]. Cells were untreated or 

treated with CAY10512 (0.5 uM), curcumin (5 uM) or PDTC (20 uM) or just prior to 

[IL-1β]-induced stress; 24 h post-transfection treated cells and controls were processed 

using a luciferase reporter assay kit (Dual Luciferase System, Promega) as previously 

described [16]. For ease of comparison control (untreated) HNG cell A547 expression levels 

arbitrarily set to 1.0, dashed horizontal line; N = 3–5 for each experiment; significance over 

control *p < 0.01 (ANOVA).
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