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Leukocyte response is regulated by

microRNA let7i in patients with acute
ischemic stroke

ABSTRACT
Objective: To evaluate microRNA let7i in ischemic stroke and its regulation of leukocytes.

Methods: A total of 212 patients were studied: 106 with acute ischemic stroke and 106 controls
matched for risk factors. RNA from circulating leukocytes was isolated from blood collected in
PAXgene tubes. Let7i microRNA expression was assessed using TagMan quantitative reverse
transcription PCR. To assess let7i regulation of gene expression in stroke, messenger RNA
(mRNA) from leukocytes was measured by whole-genome Human Transcriptome Array Affymetrix
microarray. Given microRNAs act to destabilize and degrade their target mMRNA, mRNAs that
inversely correlated with let7i were identified. To demonstrate let7i posttranscriptional regula-
tion of target genes, a 3’ untranslated region luciferase assay was performed. Target protein
expression was assessed using ELISA.

Results: Let7i was decreased in patients with acute ischemic stroke (fold change —1.70, p <
0.00001). A modest inverse correlation between let7i and NIH Stroke Scale score at admission
(r=-0.32, p =0.02), infarct volume (r = —0.21, p = 0.04), and plasma MMP9 (r = —-0.46, p =
0.01) was identified. The decrease in let7i was associated with increased expression of several of
its MRNA targets, including CD86, CXCL8, and HMGB1. In vitro studies confirm let7i posttran-
scriptional regulation of target genes CD86, CXCL8, and HMGB1. Functional analysis predicted
let7i regulates pathways involved in leukocyte activation, recruitment, and proliferation including
canonical pathways of CD86 signaling in T helper cells, HMGB1 signaling, and CXCLS8 signaling.

Conclusions: Let7i is decreased in circulating leukocytes of patients with acute ischemic stroke.
Mechanisms by which let7i regulates inflammatory response post stroke include targeting CD86,
CXCL8, and HMGB1. Neurology® 2016;87:2198-2205

GLOSSARY

cDNA = complementary DNA; HTA = Human Transcriptome Array; IL = interleukin; mRNA = messenger RNA; NIHSS = NIH
Stroke Scale; 3'UTR = 3’ untranslated region; TNF-a = tumor necrosis factor a.

Ischemic stroke remains a leading cause of disability. Although early reperfusion therapy can
improve outcomes, it is available to a minority of stroke patients. Specific therapies are needed
to reduce brain injury and improve outcomes after stroke. The immune system responds rapidly
following cerebral ischemia. A range of damage-associated molecular patterns, cytokines, and
chemokines are released to activate circulating leukocytes, vasculature, and brain cells."* This
inflammatory response has an important role in acute ischemic stroke and can contribute to the
final extent of brain damage. Improved understanding of the immune response in stroke and its
regulation may afford novel opportunities to optimize recovery in ischemic stroke.

microRNAs are important epigenetic regulators of the immune system. They fine tune gene
expression with known roles in regulating nuclear factor kB signaling, toll-like receptor signal-
ing, and cytokine expression. We previously identified let7i to be decreased in leukocytes of
patients with acute ischemic stroke.” In this study, we evaluate let7i regulation of the peripheral
immune response in patients with acute ischemic stroke.

Let7i is part of the let7 microRNA family. It is a broadly conserved microRNA that has impor-
tant roles in cell regulation, differentiation, and signaling. In stroke, members of the let7 family
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have been shown to modulate endothelial cells
as well as brain insulin-like growth factor-1.%°
However, let7i regulation of leukocytes follow-
ing stroke remains unknown. Further under-
standing of let7i microRNA and its target
gene regulation in stroke is required to under-
stand its role in brain injury and its regulation of
the immune system post stroke.

METHODS Standard protocol approvals, registrations,
and patient consents. Participants were recruited from the
University of California Davis from December 2012 to January
2015. The institutional review board at the University of California
Davis approved the study protocol, and all participants provided

written informed consent.

Study population. In total, 106 patients with acute ischemic
stroke and 106 controls with vascular risk factors were studied.
The diagnosis of ischemic stroke was made based on clinical
presentation consistent with stroke and evidence of diffusion
restriction on brain MRI (restricted diffusion on diffusion-
weighted MRI). Two board-certified neurologists reviewed
cach patient independently, and agreement was required for
diagnosis. Patients excluded from the study had infection
(active or in the preceding 14 days of stroke), treatment with
immunosuppression, leukemia, or lymphoma. Controls were
patients similar in age, sex, and race/ethnicity with vascular
risk factors but with no history of cardiovascular disease

(stroke, peripheral vascular disease, or coronary ischemia).

microRNA isolation. microRNA was isolated from whole
blood acquired in PAXgene tubes (BD/PreAnalytiX, Franklin
Lakes, NJ). PAXgene tubes contain an RNA stabilizing reagent
that acts at time of blood draw to prevent RNA degradation.
RNA in whole blood is derived mainly from peripheral blood cells
(monocytes, neutrophils, T cells, B cells, and megakaryocytes).
Blood samples were acquired in the first 72 hours from the onset
of stroke and placed in storage at —80°C. RNA was isolated using
a PAXgene microRNA kit (PreAnalytiX). Concentration of RNA

Table 1

Functional and canonical pathways of genes expressed in leukocytes

that inversely correlated with let7i in patients with acute ischemic

stroke

Pathways
Functional pathways

Leukocyte/T cell activation

Leukocyte recruitment
Leukocyte differentiation
Cell cycle/proliferation

Canonical pathways

CD86 signaling in T helper cells

HMGB1 signaling
CXCLS8 signaling
NF-«xB signaling

TGFp signaling

Genes in pathways associated with change in let7i in
leukocytes of patients with acute ischemic stroke

BMPR1A, CD28, CD86, CHUK, CXCL8, FAS,
HMGB1, PPIA, TNFSF10

ATG16L1, CD28, CYSLTR1, CXCL8, HMGB1
CD28, CXCL8, FAS, TNFSF10
E2F6, RB1, YWHAE, AURKA, PIN1

CD28, CD86, CHUK, FAS, PLCG2

CHUK, CXCL8, HMGB1, MAP2K6

CXCL8, CHUK, PLCG2

BMPR1A, CHUK, MAP2K6, PLCG2, PIK3C3
ACVR2A, BMPR1A, MAP2K6, SKIL

Abbreviations: NF-kB = nuclear factor kB; TFNg = transforming growth factor g.

was ascertained by NanoDrop (ThermoFisher, Waltham, MA)
and quality by an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA). All samples had a 285/18S ribosomal
RNA ratio =1.8, RNA integrity number =8, Ajg0/Az30 ratio

=1.8, and an A,50/Aygo ratio =1.8.

Let7i measurement. A TagMan microRNA assay was used to
evaluate hsa-let-7i-5p (referred to as let7i) expression (TagMan
microRNA assay 1D 002221) (mature microRNA  sequence:
UGAGGUAGUAGUUUGUGCUGUU) (Applied Biosystems,
Foster City, CA). Total RNA (25 ng for each participant) was
reverse transcribed into complementary DNA (cDNA) using
a TagMan microRNA RT Kit and RT Primers. cDNA was
amplified by RT-PreAmp Primer and TagMan PreAmp Master
Mix (ThermoFisher). The PreAmp product was combined with
TagMan microRNA assay ID 002221 and TagMan Universal
PCR Master Mix and processed using a 7900HT Fast Real-Time
PCR System (ThermoFisher). RQ manager was used to ascertain
cycle thresholds with U75 serving as the endogenous control.
The expression of let7i in ischemic stroke was assessed in rela-
tion to controls. To identify factors that differed between patients
with ischemic stroke and controls, univariate analysis was per-

2, and Mann—Whitney test as

formed using 2-tailed # test, X
appropriate (Stata 11.0; StataCorp, College Station, TX). Mul-
tivariate analysis using analysis of variance was then performed to
evaluate the expression of let7i in ischemic stroke and controls
including factors identified on univariate analysis with a p < 0.2

(Partek Genomics Suite 6.6; Partek Inc., St. Louis, MO).

Messenger RNA targets of let7i. To identify the messenger
RNA (mRNA) targets that may be regulated by let7i, we per-
formed an analysis comparing the expression level of let7i to
mRNA in circulating leukocytes. mRNA was measured using
whole-genome Affymetrix Human Transcriptome Array (HTA)
2.0 microarray (Affymetrix, Santa Clara, CA). mRNA was
isolated from whole blood collected and stabilized in PAXgene
tubes (PreAnalytiX/BD). Total RNA was isolated using the
PAXgene Blood mRNA isolation kits with quantity assessed by
Nanodrop and quality by an Agilent 2100 Bioanalyzer. For
each sample, 75 ng of total RNA was prepared using the
GeneChip WT PLUS Reagent Kit following manufacturer’s
protocols. Labeled cDNA from each sample was hybridized to
an HTA 2.0 microarray and scanned using a GeneChip Scanner
3000 7G (Affymetrix).

HTA 2.0 microarray data were normalized using Robust Mul-
tiarray Average (RMA), log,-transformed, and summarized to the
gene transcript level (Partek Genomics Suite 6.6). Gene transcripts
were filtered to targets of let7i based on databases of microRNA
gene targets (TargetScan 7.0 homo sapiens, Ingenuity Pathway
Analysis, Tarbase v7.0, miRecords). Gene transcripts were deemed
targets if previous regulatdon by let7i had been reported or the
weighted context+ =+ score was less than —0.2 indicating increased
likelihood of being a target.® The expression of let7i was compared
to the expression of predicted gene targets using Pearson correla-
tion. Gene targets that inversely correlated with let7i expression
with an 7 = —0.2 and p < 0.05 were considered regulated targets
in stroke. This is based on the principle that a microRNA causes
mRNA degradation and translational repression. Functional anal-
ysis of the identified targets was performed in Ingenuity Pathway
Analysis. Overrepresented pathways predicted to be regulated by

let71 in ischemic stroke were identified (table 1).

Enzyme-linked immunosorbent assay. Plasma protein
expression was determined using ELISA for human MMP9 accord-
ing to the manufacturer’s protocol (R&D Systems, Minneapolis,

MN). Plasma from patients was acquired in an EDTA tube.
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Samples were centrifuged at 1,000¢ for 10 minutes with plasma

removed and stored frozen at —80°C within 1 hour of collection.

The 3’ untranslated region luciferase assay. Although
a genome-wide transcript analysis can identify let7i target
transcripts, further study is needed to demonstrate that let7i alters
a transcript’s stability or translational efficiency. For selected genes
identified that were previously associated with ischemic stroke,
a let7i targeting experiment was performed using a luciferase
reporter assay. A microRNA reporter vector construct was used
(Active Motif; SwitchGear Genomics, Carlsbad, CA). This vector
contains a constitutive promotor expressing Renilla luciferase with
the 3" untranslated region (3'UTR) for the transcript of interest
cloned downstream. microRNA binding the 3'UTR would be
expected to reduce luciferase expression. The 3"UTR sequences
for CD86, CXCL8, HMGBI, MMP9, ACTN (housekeeping
gene), or empty control cloned downstream of a Renilla luciferase
sequence were used (Active Motf, SwitchGear Genomics).
HT1080 cells at 80% confluency were transfected with 100 ng of
the 3'UTR constructs with DharmaFECT Duo (GE Dharmacon,
Lafayette, CO) in serum-free media. Reporter vectors were
cotransfected with let7Zi mimic (7.5 nM or 15 nM), or
nontargeting scrambled microRNA  control (15 nM), or no
microRNA  (Life Technologies, mirVana microRNA, Applied
Biosystems). After 24 hours, luciferase activity was measured by
LightSwitch luciferase assay (Active Motif) using a Biotek Synergy
HT Mult-Mode Microplate Reader (Biotek, Winooski, VT). The
decrease in translation induced by the let7i effect on the 3"UTR of
interest was assessed by comparing the luciferase signal in let7i-
treated samples relative to untreated control. Experiments were

performed in triplicate and repeated twice.

RESULTS A total of 212 patients were studied: 106
patients with acute ischemic stroke and 106 controls.
Patient characteristics are summarized in table 2. The
average age was 61.1 years, 49.5% were men, 61.8%
Caucasian, 9.4% Asian, 10.8% African American,
9.0% Hispanic, and 9.0% of other race. Controls
were similar in age, sex, and vascular risk factor status
compared to patients with ischemic stroke (table 2).

Table 2

Characteristics of patients with ischemic stroke and controls with

vascular risk factors

Characteristic
Age, y (SD)
Sex, male, n (%)
Race/ethnicity, n (%)
Caucasian
African American
Asian
Latino, Hispanic
Other
Hypertension, n (%)
Hyperlipidemia, n (%)
Diabetes, n (%)

Atrial fibrillation, n (%)

2200

Ischemic stroke Controls Total

(n = 106) (n = 106) (n=212) p Value

61.9 (12.5) 60.3 (13.8) 61.1(13.1) 0.40

55 (51.8) 52 (49.1) 212 (50.5) 0.17
0.44

67 (63.2) 64 (60.4) 131 (61.8)

14 (13.2) 9 (8.5) 23(10.8)

10 (9.4) 10 (9.4) 20 (9.4)

6(5.7) 13(12.3) 19(9.0)

9 (8.5) 10(9.4) 19 (9.0)

61 (61) 53(58.2) 114 (59.7) 0.27

40 (41.7) 48 (50) 88 (45.8) 0.26

26 (27.1) 18 (20.0) 44 (23.6) 0.18

22 (20.8) 23 (21.7) 45 (21.2) 0.87
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Hypertension was present in 59.7% of patients,
hyperlipidemia in 45.8%, diabetes in 23.6%, and
atrial fibrillation in 21.2%. The median NIH Stroke
Scale (NIHSS) score was 5.3 (interquartile range 2-9)
with 8 participants having an NIHSS score between
10 and 15 and 6 with an NIHSS score >15. There
were 25 (23.6%) cardioembolic strokes, 25 (23.6%)
large vessel strokes, 25 (23.6%) small vessel lacunar
strokes, and 31 (29.2%) cryptogenic strokes.

microRNA let7i was significantly lower in ische-
mic stroke relative to controls (p = 0.00001, fold
change —1.70) (figure 1A). Let7i remained signifi-
cantly lower in stroke after adjusting for age, sex,
hypertension, diabetes, and hyperlipidemia. Over
the 72-hour period after stroke, let7i was significantly
decreased in participants acquired within the first 24
hours of stroke onset and continued to be decreased
from 24-48 hours and 48-72 hours (figure e-1 at
Neurology.org). The decreased expression of let7i
correlated modestly with an increase in admission
NIHSS score (r = —0.39, p = 0.02), infarct volume
(r=—0.20, p = 0.04), and plasma MMP9 (» = —0.
48, p = 0.01) (figure 1). Other clinical characteristics
were not found to correlate with let7i including age,
sex, systolic blood pressure, and admission serum
glucose.

To identify gene targets regulated by let7i in pa-
tients with acute ischemic stroke, the expression of
genes in circulating leukocytes was assessed. A
decrease in let7i correlated with an increase in several
of its predicted gene targets (table e-1). CD86 (r =
—0.43, p = 3.1 X 107%), CXCL8 (r = —0.23, p =
0.029), and HMGBI (r= —0.71, p = 1.6 X 107%)
(figure 2) were among the targets identified with pre-
viously described roles in stroke. Although plasma
MMP9 protein correlated with let7i, leukocyte
MMP9 mRNA did not (» = 0.02).

To determine functional pathways regulated by
let7i in circulating leukocytes of patients with ische-
mic stroke, gene targets that inversely correlated with
let7i expression were evaluated for common overrep-
resented pathways. Functional pathways identified
included leukocyte activation, recruitment, and pro-
liferation (table 1). Canonical pathways identified
included CD86 signaling in T helper cells, HMGB1
signaling, and CXCLS8 signaling.

To test the posttranscriptional regulation of let7i on
CD86, CXCLS8, and HMGBI, a luciferase reporter
assay was performed. The 3"UTR for CD86, CXCLS,
or HMGBI fused to a luciferase reporter gene was
cotransfected with let7i microRNA or scrambled mi-
croRNA, or no microRNA and assayed 24 hours after
transfection. No significant change was observed when
an empty reporter vector was cotransfected with let7i
or scrambled microRNA. No significant change
occurred when let7i mimic or scrambled microRNA
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[ Figure 1 Expression of let7i microRNA in ischemic stroke ]
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(A) Relative expression of let7i in patients with acute ischemic stroke (n = 106) compared to vascular risk controls
(n = 106). Let7i decreased in leukocytes of patients with acute ischemic stroke compared to controls (fold change =
—1.70, p = 0.00001). A decrease in level of let7i correlated modestly with (B) an increase in NIHSS score at admission,
(C) an increase in infarct volume (log10 mm?3), and (D) an increase in plasma MMP9 (log1o pg/mL) in patients with acute

ischemic stroke. CT = cycle threshold; NIHSS = NIH Stroke Scale; RQ = relative quantification.

mimic was cotransfected with ACTN control 3'UTR
or the 3'UTR of MMP9. Let7i did produce a 22% to
24% reduction in luciferase activity (p < 0.05) when
cotransfected with the 3’UTR of CXCLS, 33% to
41% reduction in luciferase activity for HMGBI
(p < 0.05), and a 22% to 25% reduction for CD86
(p < 0.05) (figure 3).

DISCUSSION Let7i microRNA decreased in circulat-
ing leukocytes of patients with acute ischemic stroke. A
primary function of microRNA is to bind mRNA to
trigger degradation and translational repression. To
evaluate this regulatory role of let7i microRNA in
ischemic stroke, let7i gene targets expressed in leuko-
cytes were analyzed. Let7i gene targets identified were
involved in leukocyte proliferation and activation
including HMGBI, CD86, and CXCLS8. Let7i also
decreased as infarct severity and plasma MMP9
increased. These data suggest that let7i regulates the
peripheral immune system in patients with acute ische-
mic stroke, and this regulation may relate to severity of
ischemic brain injury.

The regulation of the immune response by let7i in
ischemic stroke is supported by prior studies demon-
strating that let7i regulates immune cell response to
infection.”” In stroke, let7i regulated leukocytes
through target genes involved in proliferation, activa-
tion, and recruitment. This raises the question as to

whether let7i could be used as a stroke therapy to
modulate the leukocyte response. It could potentially
modulate inflammatory response to ischemic brain
microRNA  has shown

promise as a treatment for a number of diseases

and blood-brain barrier.

including cancer, atherosclerosis, heart failure, hepa-
titis C, and spinal and bulbar muscular atrophy.'*-"5
microRNAs have several properties that make them
attractive as a therapeutic agent. Their nucleotide
sequence permits specific gene regulation, while their
small size facilitates delivery. microRNAs generally
target several genes in the same pathway or network
permitting modulation of a disease state at multiple
levels. While potentially useful in complex disease,
this property may also produce off-target effects
whereby a microRNA regulates expression of genes
not involved in the disease process. With further
study, improved targeting and delivery of microRNA
may reduce these off-target effects.

CD86 promotes inflammation post stroke and
may contribute to brain injury. Our data indicate that
let7i is a regulator of CD86-related inflammation in
stroke. CD86 increased as let7i decreased (r =
—0.43, p = 0.002) as did CD28, the receptor for
CD86 (r= —0.36, p = 0007). CD86 is expressed by
activated monocytes and B cells to promote inflam-
mation and T cell activation. In ischemic stroke, an
increase in CD86 monocytes (M1 proinflammatory
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[ Figure 2 Correlation of let7i with gene targets CD86, CXCL8, HMGB.1 in circulating leukocytes of patients with acute ischemic stroke ]
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phenotype) is associated with worse functional out-

come,'®!7

and CD86 monocytes can promote neu-
rotoxicity that worsens neurologic injury.'® CD86
stimulation of CD28 results in the production of
inflammatory cytokines (interleukin [IL]-6, tumor
necrosis factor o« [TNF-a], CCL2, TNEFSF11,
transforming growth factor B) as well as promotes
leukocyte activation, chemotaxis, and recruit-
ment.'” Blocking CD28 post stroke reduces infarct
size, improves behavioral outcomes, and reduces the
inflammatory response.””*' Our study suggests that
a decrease in let7i may promote this detrimental
immune response post stroke by increasing expres-
sion of CD86.

Let7i may also regulate CXCL8 (IL-8, neutrophil
chemotactic factor) in stroke. CXCLS is a chemokine
produced by activated macrophages and endothelial
cells. It binds CXCR1 and CXCR2 to promote neu-
trophil chemotaxis, activation, degranulation, and
release of MMP9.> CXCL8 can promote tissue
injury® and is associated with infarct severity in hu-
mans** and rodents.?>?® Thus, regulation of CXCL8
may be essential to limit injury to ischemic brain. We
found the decrease of let7i in stroke to be associated
with an increase in CXCL8 as well as an increase in
stroke severity. This suggests let7i may permit an
increase in CXCLS8, promoting neutrophil activation
in relation to stroke severity.

HMGBI expressed in circulating leukocytes post
stroke was found to be regulated by let7i. HMGBI is
released following tissue injury to mediate innate immu-
nity and repair. It promotes leukocyte proliferation and

Neurology 87 November 22, 2016

chemortaxis to sites of injury. It is produced by most
cells including brain and leukocytes. Previous studies
show that HMGBI increases in patients with ischemic
stroke and correlates with the number of circulating
leukocytes,” stroke severity (NIHSS score, infarct size),
and inflammatory markers (TNF-o, IL-1, IL-6,
MMP9).?#3" These findings are consistent with our
study whereby a decrease in let7i was associated with
arise in HMGB1 as well as an increase in inflammatory
response, MMP9, and infarct size.

Plasma levels of MMP9 increased with a decrease
in let7i. The explanation for this relationship requires
further study, as we did not find let7i to correlate with
MMP9 mRNA or to regulate MMP9 via its 3"UTR.
One explanation might be that a decrease in let7i
permits a proliferation of neutrophils, a major source
of plasma MMP9 post stroke.! However, let7i re-
mained correlated with MMP9 when neutrophil
count was adjusted for. Alternatively, MMP9 may
have increased because of let7i regulation of genes
that affect the production and release of MMP9.%
The decrease in let7i did correlate with an increase
in several genes that affect MMP?9, including CHUK,
PINI1, CRK, TNFSF10, IGFBP7. Potentially MMP9
plasma levels are indirectly affected by let71’s effect on
these targets.

In patents with more severe strokes (increased
infarct size, increased NIHSS score), let7i levels were
lower. While the significance of this finding requires fur-
ther study, it may indicate that let7i regulates the
immune response in relation to severity of stroke. A rela-
tionship between brain and leukocyte gene expression



[ Figure 3 Let7i regulation of the 3'UTR for HMGB1, CXCL8, CD86, and ACTN
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Aluciferase reporter vector with either (A) CXCL8-3'UTR or (B) CD86-3'UTR, or (C) HMGB1-3'UTR, or (D) ACTN-3'UTR was
cotransfected into cells with let7i mimic at 7.5 nm or 15 nm, or a nontargeting scrambled microRNA mimic, or no microRNA
(none). Following a 24-hour incubation, luciferase activity was measured. Ratio is relative to untreated control. Let7i pro-
duced a 22% to 24% reduction in CXCL8 (p < 0.05), a 33% to 41% reduction in HMGB1 (p < 0.05), and a 22% to 25%
reduction in CD86 (p < 0.05). 3'UTR = 3’ untranslated region.

and microRNA regulation has been observed in experi-
mental stroke.*** In stroke patients, infarct size has
been associated with inflammatory response, with
levels of TNF-o,®> IL-6,2%%” ICAM1,>> MMP2, and
MMP9%>3# correlating with infarct volume. Let7i may
regulate this inflammatory response post stroke through
its effect on CD86, CXCL8, and HMGBI. In addition,
let7i may regulate leukocyte proliferation through its
effect on cell-cycle genes (E2F6, RBI, YWHAE, AURKA,
and PINI) (table 1).

This study improves our understanding of
microRNA regulation of leukocyte response in human
ischemic stroke. Strengths include analysis of a large
cohort of patients with rapidly stabilized RNA, whole-
genome evaluation of let7i gene targets, and validation
of let7i targets by in vitro analysis. Further studies are
needed to evaluate the regulatory role of let7i at the indi-
vidual immune cell level. Functional analysis was based
on gene targets that inversely correlated with let7i and
predicted to be likely targets of let7i. Selected mRNA
targets were analyzed by in vitro analysis but additional
target analyses are needed to comprehensively under-
stand let7i regulation of targets and pathways important
in ischemic stroke. The representation of larger strokes

was small relative to the mild—moderate group, thus
further evaluation of let7i in severe strokes is needed.
Let7i microRNA is shown to decrease in patients
with acute ischemic stroke and to modulate the
peripheral immune system. Mechanisms by which
let7i regulates inflammatory response in stroke
include targeting CD86, CXCLS, and HMGBI.
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The AAN understands you face many complex practice issues. To help you on your way to mastering
such matters, we've boiled each topic down to the Top 5 things you need to understand. Each
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Visit hteps://www.aan.com/practice/top-five/ to see the latest “Top 5.
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FREE MOC Benefits Starting January 1, 2015

You asked and we listened. As of January 1, 2015, your robust AAN membership package includes
FREE* access to online learning programs designed specifically to help you take the necessary steps
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ABPN: NeuroPI*™, NeuroSAE®, NeuroLearn*™.

Learn more at AAN.com/view/MOC
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