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Balivada S, Ganta CK, Zhang Y, Pawar HN, Ortiz R], Becker
KG, Khan AM, Kenney MJ. Microarray analysis of aging-associ-
ated immune system alterations in the rostral ventrolateral medulla of
F344 rats. Physiol Genomics 49: 400-415, 2017. First published June
16, 2017; doi:10.1152/physiolgenomics.00131.2016.—The rostral
ventrolateral medulla (RVLM) is an area of the brain stem that
contains diverse neural substrates that are involved in systems critical
for physiological function. There is evidence that aging affects some
neural substrates within the RVLM, although age-related changes in
RVLM molecular mechanisms are not well established. The goal of
the present study was to characterize the transcriptomic profile of the
aging RVLM and to test the hypothesis that aging is associated with
altered gene expression in the RVLM, with an emphasis on immune
system associated gene transcripts. RVLM tissue punches from
young, middle-aged, and aged F344 rats were analyzed with Agilent’s
whole rat genome microarray. The RVLM gene expression profile
varied with age, and an association between chronological age and
specific RVLM gene expression patterns was observed [P < 0.05,
false discovery rate (FDR) < 0.3]. Functional analysis of RVLM
microarray data via gene ontology profiling and pathway analysis
identified upregulation of genes associated with immune- and stress-
related responses and downregulation of genes associated with lipid
biosynthesis and neurotransmission in aged compared with middle-
aged and young rats. Differentially expressed genes associated with
the complement system and microglial cells were further validated by
quantitative PCR with separate RVLM samples (P < 0.05, FDR <
0.1). The present results have identified age-related changes in the
transcriptomic profile of the RVLM, modifications that may provide
the molecular backdrop for understanding age-dependent changes in
physiological regulation.

aging; rostral ventrolateral medulla; transcriptomics; neuro-immunol-
ogy, microarrays

THE ROSTRAL VENTROLATERAL MEDULLA (RVLM) is an important
division of the brain stem that contains diverse neural sub-
strates that are involved in neural systems critical for survival,
including those serving respiratory, cardiovascular, metabolic
sensing, and visceromotor functions (8, 37, 38). Originally
defined on the basis of its observed functional role in increas-
ing arterial blood pressure when stimulated, and less precisely
on the basis of anatomical criteria per se (50), the RVLM is
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now well characterized as harboring neurons that display
distinct morphological (35), electrophysiological (34), chemo-
architectural (54), and connectional (9, 10, 14) profiles that do
not readily lend themselves to classification within discrete
regions on the basis of cytoarchitecture alone (8, 49). Despite
our relatively coarse understanding of the locations of these
diverse neuronal populations within the RVLM, there remains
much attention in clinical circles that this region contains
important neural substrates whose dysfunction may be linked
to key disease states associated with nutrient sensing, visceros-
ensation, and sympathetic nervous system (SNS) regulation (5,
11, 58, 64). However, whether specific molecular expression
patterns change within the RVLM in relation to these disease
states remains largely unknown, nor is it clear whether such
patterns coincide with the normal development of these sys-
tems across time, such as during aging.

We are interested in how aging, and the heightened immune
reactivity in the brain that accompanies aging (6, 17, 18, 20,
23, 32, 39, 61), affects RVLM-related systems in general
and RVLM neuronal populations regulating the SNS in
particular. There is evidence that aging affects some neural
substrates within and connected to the RVLM that influence
respiratory and cardiovascular function (43, 55) and also
SNS regulation (24).

However, whether advanced age alters the molecular mech-
anisms of this critical brain-stem area remains unknown. Ac-
cordingly, we reasoned that determining global, age-associated
changes in RVLM gene expression would be a useful step
toward obtaining a molecular framework for determining
mechanisms associated with age-dependent alterations in the
critical subsystems served by RVLM neural substrates, includ-
ing neuronal populations that regulate sympathetic discharge,
nutrient sensing, cardiovascular, and respiratory or other crit-
ical functions. There remain many unsolved challenges for
ensuring that any specific subsystem within the RVLM can be
reliably and reproducibly sampled given the coarse understand-
ing of RVLM subregional anatomy. Therefore, determining if
aging-associated gene expression changes cut across multiple
cell types and subregions of the RVLM may facilitate the
understanding of associations between aging and RVLM-re-
lated disease states,

The goals of this study were to characterize the global
transcriptomic profile of the aging RVLM and to test the
hypothesis that aging is associated with altered gene expression
in the RVLM with an emphasis on immune system associated
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ALTERED IMMUNE REGULATION IN AGING RVLM

Bregma -12.0 mm

Fig. 1. Validation of the rostral ventrolateral medulla (RVLM) micropunch
method. A: representative image of a cresyl violet-stained hindbrain section,
rostral to the punched sections showing presence of the facial nucleus (marked
with dashed lines) (rostrocaudal confirmation). B: bright-field image of mi-
cropunched brain-stem section showing the location of the punched area
relative to other landmarks (dorsoventral confirmation). 4V; 4th ventricle,
AmbC; nucleus ambiguus, compact part; sp5; spinal trigeminal tract.

gene transcripts. Accordingly, brain tissue containing the
RVLM was micropunched from young, middle-aged, and aged
F344 rat hindbrain sections. Purified RNA samples from
RVLM-containing tissue punches were analyzed with Agi-
lent’s rat whole genome gene expression arrays. Gene set
enrichment analysis (GSEA) with Gene Ontology (GO) and
Pathway gene sets on microarray probe values revealed that
aging is associated with the upregulation of immune response-
and stress response-related genes and a concomitant downregu-
lation of lipid biosynthesis- and chemical neurotransmission-
related genes in the RVLM of F344 rats. Age-dependent
modifications in immune response genes associated with the
complement system and microglia were validated with quan-
titative (q)PCR from separate RVLM-containing samples.

MATERIALS AND METHODS
Animals and Tissue Collection

All procedures and protocols were approved by the Institutional
Animal Care and Use Committees and were completed in accordance
with the American Physiological Society’s guidelines for research
involving animals. Young (3 mo old, 301 * 20 g), middle-aged (12
mo old, 423 = 18 g), and aged (24 mo old, 413 * 20 g) male F344
rats were obtained from Charles River Laboratories (contracted with
the National Institute on Aging) and each rat is considered as an
experimental unit. F344 rats are a strain of rats provided by the
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National Institute on Aging for studies focused on aging research and
are widely used in this research domain (42). Three-month-old adult
rats were considered as young for the purpose of relative age group
comparisons and for consistency with previous studies from our
laboratory (21, 25, 26). Rats were housed in a conventional housing
facility with 0 or 1 cage companions. All the rats were held for more
than 1 wk after arrival to allow them to acclimate to their new
environment. Rats receiving rat chow and water ad libitum were
maintained in a temperature-controlled room at 24°C and on a 12:12
h light-dark cycle. On the day of the tissue harvest, rats were deeply
anesthetized with 5% isoflurane followed by decapitation with a
guillotine in laboratory conditions (time of day: between 9:00 AM and
4:00 PM). The adequacy of anesthesia was indicated by the absence
of a motor response to mechanical stimulation of the hindlimb. Brains
were removed within 5 min after decapitation and snap-frozen with
liquid nitrogen. All brains were stored at —80°C until use.

RVLM Micropunching Procedure

The stereotaxic coordinate system of the rat brain atlas by Paxinos
and Watson (47), along with its photographic documentation of
histologically stained hindbrain sections, served as the set of refer-
ences we used to locate and identify, respectively, the hindbrain
region containing the RVLM. This was achieved through two ap-
proaches 7): a priori: before sampling, we used inferred stereotaxic
space (28) to perform calibrated sectioning on the basis of stereotaxic
boundaries of the RVLM defined by the atlas (Bregma coordinate);
and 2) a posteriori: after sampling, we performed histological analysis
to identify cytoarchitectonically demarcated fiducial structures that
mark where the rostral pole of the RVLM is not yet present, and then
becomes present, within successive tissue sections, as documented
histologically by the photomicrographs within the atlas.

A priori approach. Coronal sections of the hindbrain were made
through the rostrocaudal extent of the RVLM with a cryostat (Leica
CM30508, Leica Biosystems). Following identification of lobule 2 of
the cerebellar vermis [abbreviated “2Cb"; Fig. 103 of Paxinos and
Watson (47)], which served as our rostral fiducial to mark the
beginning of calibrated sectioning, ninety 40 pum thick serial sections
(~3.6 mm) were obtained and discarded, and then, beginning imme-
diately from the remaining tissue block-face, two serial 200 pm thick
coronal sections were collected (beginning at an inferred distance
from Bregma of —12.0 mm, or approximately at Fig. 133 of Paxinos

Table 1. List of immune system genes used for quantitative
PCR validation of microarray analysis and their TagMan
assay IDs

Functional Category Gene Symbol TaqMan Assay ID
Complement system Clga Rn01519903_m1
Clgc(Clgg) Rn01516757_ml
Cd93(Clgrl) Rn00584525_g1
c3 Rn00584525_¢g1
Céa Rn00566466_m1
Cfd Rn00709527_m1
Cfh Rn01535436_g1
Vwf Rn00590326_m1
Klkbl Rn01488161_ml
Microglial cells Cdl4 Rn00572656_g1
Cd68 Rn01495634_g1
Tir2 Rn02133647_s1
Cx3crl Rn02134446_s1
Trem2 Rn01512170_m1
Ferl2 Rn01455191_m1
B2m Rn00560865_m1
Endogenous controls Actb Rn00667869_m1
Hprtl Rn01527840_m1
Ldha Rn00820751_g1
Rpipl Rn03467157_gH
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402 ALTERED IMMUNE REGULATION IN AGING RVLM

and Watson (47), and extending to —12.4 mm from Bregma, or
approximately at the level shown in Fig. 136 of the atlas).

Once the tissue sections were obtained, the RVLM-containing area
was micropunched bilaterally with a Harris micropunch (inner diam-
eter = 0.5 mm) on a frozen block maintained at —10 to —20°C, using
a modification of the Palkovits micropunch technique (45, 46). All
four tissue punches from each brain were pooled (tissue volume of
~0.8 mm?”) into an RNase-free centrifuge tube and stored at —80°C
until use. To decrease cross-contamination and RNA degradation, the
micropunch needle and the freezing block were cleaned with 70%
alcohol followed by application of RNaseZap (Ambion).

A posteriori approach. To confirm the accuracy of our a priori
approach for identifying our sample area, a fiducial analysis was
performed of the tissue using two parameters. First, a tissue section
(40 pm thick) rostral to the micropunched sections was collected and
stained with cresyl violet to confirm the presence of the various parts
of the facial nucleus (which mark the tissue that is situated just outside
the rostral pole of the RVLM; i.e., the rostrocaudal level situated
between that shown in Figs. 132 and 133 of Paxinos and Watson (47),
at Bregma coordinate —11.96 mm). As shown in Fig. 1A, the Nissl-
stained section shows clearly the location of neurons within this
nucleus, and no micropunch is visible. Second, the micropunched

young-blue, middle-aged— green, aged- red

sections themselves were examined for the presence of the nucleus
ambiguus, which is situated dorsal to the RVLM, and this combina-
tion occurs within stained sections at the same rostrocaudal level
where the rostral pole of the RVLM has already emerged (at Bregma
—12.24 mm) (47). As shown in Fig. 1B, the micropunched area is
observed just ventral to the nucleus ambiguus, confirming that the
tissue sample we obtained contained the RVLM.

RNA Purification and Analysis

Following removal of the RVLM-enriched tissue punches from
—80°C storage, RNA from the tissue samples was extracted and
purified using RNeasy Lipid Tissue mini kit (Qiagen) with QIAzol
Lysis reagent (Qiagen) according to the manufacturer’s protocol. The
quality and quantity of the RNA used for microarray analysis were
tested with the Agilent Bioanalyzer with RNA 6000 nano kit (Agilent
Technologies). The RNA integrity number (RIN) for the RNA sam-
ples was =7. The purity of the RNA samples used for gPCR was
estimated using Agilent High Sensitivity RNA ScreenTape System on
an Agilent TapeStation (Agilent Technologies) and RNA samples
with =7 RIN were used for gPCR. The quantity of the RNA samples
used for qPCR was estimated using a Qubit RNA HS assay kit on

G aged vs middle-
aged (153 probes)
40,
aged vs young middle-aged vs
(369 probes) young (207 probes)

Fig. 2. Unsupervised classification and global differentially expressed (DE) gene comparisons. A: principal component analysis (PCA) plot of analyzed young
(blue), middle-aged (green), and aged (red) RVLM microarrays (PCI, Principal Component 1; PC2, Principal Component 2; PC3, Principal Component 3),
Highest variance was observed between young and aged RVLM microarrays (PC1, 71.3%). B: hierarchical clustering dendrogram of microarray sample Z-score
values showing intergroup and intragroup relatedness. For each group the vertical distances were marked with a circle. C: a Venn diagram showing comparisons
between aged vs. young, middle-aged vs. young, and aged vs. middle-aged DE genes. Upregulated genes are in red, and downregulated genes are in blue. The
sample size for each group n = 3. Statistical criteria for selecting DE genes: ANOVA <0.05, multiple-comparison Z-ratio <—1.5 or >1.5, Z-statistic P va-

lue <0.05, false discovery rate (FDR) <(0.3, and probe signal intensity >0.

Physiol Genomics - doi:10.1152/physiolgenomics.00131.2016 - www.physiolgenomics.org

L10Z ‘81 18qojoQ uo 9'¢€'02Z 01 Aq /Bio ABojoisAyd-sonuouabloisAydy/:dpy woy papeojumog




aged vs middle-aged
(133 GO terms)

aged vs young
(191 GO terms)

middle-aged vs young
(50 GO terms)

Fig. 3. Relationship between significant Gene Ontology (GO) gene sets
identified in aging RVLM gene set enrichment analysis (GSEA). Venn dia-
gram showing relationship between aged vs. young, aged vs. middle-aged, and
middle-aged vs. young significant GO gene sets. Subset percentages are
represented with increasing background grayscale values.

Qubit Fluorometer (ThermoFisher Scientific) following manufactur-
er’s instructions. Extracted RNA samples were stored at —80°C until
use.

Microarray Method

Microarray procedures and analyses were conducted at the Gene
Expression and Genomics Unit at the National Institute on Aging
(Baltimore, MD). Genome-wide gene expression analysis was per-
formed on young (n = 3), middle-aged (n = 3), and aged (n = 3)
RVLM-containing RNA samples by using Agilent’s whole rat ge-
nome 4x44K microarray kit (product # G413F, design ID-014879,
Agilent Technologies). Each array contained 60-mer oligonucleotide
probes for 43,379 genes/transcripts and a one-color microarray-based
gene expression analysis was conducted according to the manufactur-
er's instructions. Briefly, 200 ng of total RNA from each sample was
labeled with Cy-3 using the Low Input Quick Amp Labeling Kit
(product # 5190-2305, Agilent Technologies) following the manufac-
turer’s protocol. The labeled RNA samples were tested for cRNA
quantity and Cy-3 specific activity by a NanoDrop ND-1000 UV-vis
Spectrophotometer v3.8.1 (Nano Drop Technologies). Labeled sam-
ples were hybridized onto the whole rat genome microarray for 17 h
at 65°C in a rotator oven, washed following Agilent protocols, and
scanned in an Agilent Technologies Array Scanner, G2505A (Agilent
Technologies).

gPCR Method

The altered expression of selected immune response-related genes
observed in microarray analysis was validated using TagMan-based
qPCR. Ten nanograms of RNA collected from young (n = 35),
middle-aged (n = 5), and aged (n = 5) RVLM-containing tissue
punches was reverse transcribed to cDNA using a ThermoScript
RT-PCR System (ThermoFisher Scientific). The reverse transcription
reaction was performed using a Bio-Rad T100 thermal cycler (Bio-
Rad) under the following conditions: 25°C (10 min), 50°C (50 min),
85°C (5 min). To increase the number of gPCR reactions from each
sample, cDNA was preamplified using TagMan PreAmp Master Mix
(Life Technologies) following manufacturer’s instructions. Briefly, 5
wl of cDNA was mixed with 0.2X pooled assay mix containing 20

ALTERED IMMUNE REGULATION IN AGING RVLM
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TagMan assays (Table 1) and TagMan PreAmp Master Mix, and
pre-amplification was performed using a Bio-Rad T100 thermal cycler
under the following conditions: denaturation step at 95°C for 10 min
followed by 14 cycles of 95°C (15 s) and 60°C (4 min) steps. gPCR
for each gene was performed on these preamplified samples using
TagMan Gene Expression Master Mix on the Step One Plus master
cycler (Applied Biosystems) under the following conditions: 50°C (2
min), 95°C (10 min), followed by 40 cycles of 95°C (15 s) and 60°C
(1 min). Two technical replicates were conducted for each preampli-
fied sample/gene, and reaction mixes with no template were used as
negative controls. Actb, Hprtl, Ldha, and Rplpl genes were used as
endogenous controls and the geometric average of their Ct values was
used to calculate each gene’s ACt value (1).

Microarray Data Analysis

Hybridization signal intensities from microarrays were extracted
with Agilent Feature Extraction Software, version 9.5.1.1. (Agilent
Technologies) (Gene Expression Omnibus accession number
GSE90956). The resulting data set was analyzed with DIANE 6.0, a
spreadsheet-based microarray analysis program. By using DIANE, the
results were normalized with a Z-Score transformation (12). Z-nor-
malized data were analyzed with principal component analysis (PCA)
and unsupervised hierarchal clustering analysis (HCA). To determine
the gene expression changes within each specific RNA comparison,
Z-scores for paired treatment groups (aged vs. young, middle-aged vs.
young, aged vs. middle-aged RVLM) were compared using the
Z-Ratio statistic (12). Expression changes for individual genes were
considered significant if they met five criteria: ANOVA F-test P <
0.05, |Z-ratiol not less than 1.5, false discovery rate (FDR) (56) of <
0.3, a z-test P value statistic for Z-score replicability <0.05; and mean
background-corrected signal intensity >0. GSEA for GO was per-
formed using GO gene sets with the PAGE (parametric analysis of
gene set enrichment) algorithm (29) as described previously (13).
GSEA for canonical pathways was performed using BIOCARTA,
KEGG, REACTOME gene sets with the PAGE algorithm (29) as
described previously (13). GO or pathway terms with PAGE that have
more than three genes for the test gene set (GO or pathway) and a
t-test value between the test gene set and whole gene distribution P
value <0.05 were considered as significant. GO or pathway terms
with positive PAGE Z-score values and more than three genes were
interpreted as upregulated, with negative PAGE Z-score values and
more than three genes interpreted as downregulated.

Statistical Analysis

Microarray data were analyzed using the JMP12 microarray anal-
ysis program and statistical specifications for significance were com-
pleted as explained above. PCA plot and differentially expressed (DE)
genes’ Venn diagrams were constructed using JMP-SAS. GO and
Pathway analyses line segment plots were graphed using RStudio with
ggplot2 package. GO and pathway terms Venn diagrams were con-
structed using Venny 2.1.0 online Venn diagram tool (44). Heat maps
were constructed using Heatmap builder software (31).

qPCR data were analyzed by taking each sample/gene base 2
logarithm-transformed 24" value as a parameter (1). Expression
changes for individual genes were considered significant if they met
three criteriaz ANOVA P value <0.05, Benjamini-Hochberg FDR
<0.1, and least significant difference post hoc test P value <0.05.
Shapiro-Wilk normality test and equal variance test were used to asses
ANOVA assumptions. Aged vs. young, aged vs. middle-aged, and
middle-aged vs. young rats RVLM gene expression differences are
represented as fold change values calculated using the 2-*4“* method
(36). Correlation between tested genes microarray and qPCR fold
change values was analyzed by calculating the coefficient of deter-
mination (r?) in RStudio. Graphs were plotted in RStudio with ggplot2
package.
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404 ALTERED IMMUNE REGULATION IN AGING RVLM

RESULTS
Microarray Analysis and DE Genes Comparison

Normalized microarray probe values derived from RVLM-
containing samples [young (n = 3), middle-aged (n = 3), aged
(n = 3)] were analyzed with PCA and unsupervised HCA to
confirm array quality and sample level variances. The PCA
plot shown in Fig. 24 demonstrates that the largest amount of
data variation was observed between young and aged RVLM-
enriched microarrays [Principal Component 1 (PC1)-71.3%],
with the microarrays from middle-aged rats located in between
those of young and aged rats. The relative position of the
microarrays in the PCA plot indicates a higher correlation in
intragroup than intergroup arrays. Similar relative comparisons
were observed in the response patterns shown in the HCA

wm-ﬂmdmmmmmu

aged vs young RVLM

Fig. 4. Comparison of biological process (BP)

dendrogram (Fig. 2B); that is, the discrete vertical distance for
each age group (Fig. 2B, age group vertical distances were
marked with circle).

To determine the presence of age-associated DE genes in
RVLM, age groups were analyzed with aged vs. young, mid-
dle-aged vs. young, and aged vs. middle-aged multiple com-
parisons. Results are shown as a Venn diagram in Fig. 2C;
upregulated genes are colored red and downregulated genes are
colored blue. The highest number of DE genes was observed in
the aged vs. young (369 probes) comparison, followed by the
middle-aged vs. young (207 probes), and aged vs. middle-aged
(153 probes) comparisons. The percentage of upregulated
genes vs. downregulated genes as of total DE genes was
higher in all three comparisons; aged vs. young (71.9%),
middle-aged vs. young (67.1%), and aged vs. middle-aged
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(77.1%) (Fig. 2C). DE genes identified in the aged vs. young
comparison were more common with DE genes identified in
middle-aged vs. young, than in the aged vs. middle-aged
comparison (Fig. 2C Venn diagram, aged vs. young N middle-
aged vs. young-165 probes, aged vs. young N aged vs. middle-
aged-110 probes).

Aging RVLM GO Analysis and Comparison of GO Terms

To characterize the ontological profile of the aging RVLM-
containing samples, microarray probe Z-score values were
compared between age groups using PAGE- based GSEA
[young (n = 3), middle-aged (n = 3), aged (n = 3)]. To
illustrate age-dependent GO changes in the RVLM, relation-
ships between significant GO terms identified in aged vs.

ALTERED IMMUNE REGULATION IN AGING RVLM
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young, aged vs. middle-aged, and middle-aged vs. young
RVLM comparisons are represented with a Venn diagram in
Fig. 3. The aged vs. young comparison yielded the highest
number of significant GO terms (191 terms, 84.5% in GO
terms identified in all three comparisons) followed by aged vs.
middle-aged (133 GO terms, 58.8% in GO terms identified in
all three comparisons) and middle-aged vs. young comparisons
(50 GO terms, 22.1% in GO terms identified in all three
comparisons) (Fig. 3, Supplemental File 1). (The online ver-
sion of this article contains supplemental material.) The top
30 = PAGE Z-score significant GO terms identified in biolog-
ical process (BP), cellular component (CC), molecular function
(MF) GO domains describing aged vs. young, aged vs. middle-
aged, and middle-aged vs. young comparisons are represented

Cellular component (CC) GO terms
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as horizontal line segment plots in Figs. 4-6. Nineteen signif-
icant GO terms were common in all three comparisons (Fig. 3,
Supplemental File 1). Significantly upregulated BP GO terms
that were common in all three comparisons were associated
with an “immune system process” and “response to stress” GO
hierarchy (“immune response,” “defense response,” “inflam-
matory response”) (Fig. 4). In MF domain, the “endopeptidase
inhibitor activity” GO term was significantly upregulated in all
three comparisons (Fig. 6). Significantly downregulated BP
GO terms that were common in all three comparisons were
associated with “lipid biosynthetic process,” “organ morpho-
genesis,” and “transport” GO hierarchy (Fig. 4, Supplemental
File 1). “extracellular matrix, nucleus” GO branch associated
CC GO terms (Fig. 5, Supplemental File 1) and “nucleic acid
binding, transporter activity” MF GO terms were identified as

aged vs young RVLM

Fig. 6. Comparison of molecular function (MF)
GO terms in aging RVLM. Horizontal line seg-
ment plots of significant top 30 = Z-score MF
GO terms identified in aged vs. young, aged vs.
middle-aged, and middle-aged vs. young RVLM
GSEA. GO terms with PAGE Z-score <—1.5 or
>1.5 (dotted reference lines on plots) with P
values <0.05 were considered as significant.
GO term with positive Z-scores and >3 specific
genes were considered as upregulated, and GO
terms with negative Z-scores and >3 specific
genes were considered as downregulated. Hori-
zontal line segments with empty circles repre-
sent GO terms that were present in all 3 com-
parisons; horizontal line segments with black
circles represent GO terms that were present in
aged vs. young and aged vs. middle-aged com-
parisons. The sample size for each group n = 3.

aged vs middle-aged RVLM

middle—aged vs young RVLM

ALTERED IMMUNE REGULATION IN AGING RVLM

downregulated in all three comparisons (Fig. 6, Supplemental
File 1).

GO terms identified in aged vs. young GSEA were more
common with GO terms identified in aged vs. middle-aged,
than in middle-aged vs. young comparisons (Fig. 3, aged vs.
young M aged vs. middle-aged, 45.1%; aged vs. young N
middle-aged vs. young, 19.9% GO terms). A total of 102
common significant GO terms were present in aged vs. young
and aged vs. middle-aged comparisons (Fig. 3). GO terms
related to innate and adaptive immune responses like “positive
regulation of phagocytosis,” “antigen processing and presen-
tation of exogenous peptide antigen via MHC class II,”” “im-
munoglobulin mediated immune response,” and “complement
activation alternative pathway” were observed to be upregu-
lated in aged vs. young and aged vs. middle-aged comparisons
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aged vs middle-aged

UGN (117 pathway terms)

(150 pathway terms)

middle-aged vs young
(66 pathway terms)

Fig. 7. Relationship between significant pathway gene sets identified in aging
RVLM GSEA. Venn diagram showing relationship between aged vs. young,
aged vs. middle-aged, and middle-aged vs. young significant pathway gene
sets, Subset percentages are represented with increasing background grayscale
values.

(Fig. 4). Immune- and stress response-related MF GO terms
such as “chemokine activity” and “glutathione transferase
activity” were upregulated in these two comparisons (Fig. 6).
Apart from these sets, CC GO terms associated with protein
translation and degradation were significantly upregulated
(Fig. 5). Intermolecular binding MF- related GO terms were
downregulated significantly in aged vs. young and aged vs.
middle-aged comparisons (Fig. 6). Neurotransmission-related
GO terms like “synapse,” “synaptic transmission,” “synaptic
vesicle,” “post synaptic membrane” and “ionotropic glutamate
receptor activity” were present in aged vs. young and aged vs.
middle-aged comparisons downregulated GO terms (Supple-
mental File 1).

LI

Aging RVLM Pathway Analysis and Comparison of
Pathway Terms

Altered RVLM canonical pathways were identified through
GSEA between young (n = 3), middle-aged (n = 3), and aged
(n = 3) F344 rats RVLM microarrays. To illustrate age-
dependent changes in biological pathways in the RVLM,
relationships between significant canonical pathway terms
identified in aged vs. young, aged vs. middle-aged, and middle-
aged vs. young RVLM comparisons are represented with a
Venn diagram in Fig. 7. Aged vs. young RVLM GSEA
analysis yielded the highest number significantly altered ca-
nonical pathway terms (150 terms) followed by aged vs.
middle-aged (117 terms) and middle-aged vs. young (66 terms)
(Fig. 7, Supplemental File 2). For aged vs. young, aged vs.
middle-aged and middle-aged vs. young comparisons, the
significant top 30 = PAGE Z-score GO terms were represented
as horizontal line segment plots in Figs. 8-10. Significantly
altered pathway terms that were common in all three compar-
isons (Fig. 7; 13 pathway terms, 6.4% in pathway terms
identified in all three comparisons) were associated with im-
mune system regulatory functions and lipid metabolism (Figs.

ALTERED IMMUNE REGULATION IN AGING RVLM
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8-10, Supplemental File 2). In all three comparisons, the
majority of the genes related to immune system regulatory
pathways were upregulated and genes related to lipid metabolic
pathways were downregulated. The “reactome immunoregula-
tory interactions between a lymphoid and a non-lymphoid cell”
pathway term was present in all three comparisons as desig-
nated by a high absolute Z-score value (Figs. 810, |Z-scorel
>5, P value <0.05, FDR <0.3). Similar to GO analysis,
pathways terms related to innate and adaptive immune re-
sponses like “reactome initial triggering of complement,”
“KEGG complement and coagulation cascades,” “Biocarta
CTL pathway,” and “reactome signaling in immune system”
were present in all three comparisons (Figs. 8-10). Lipid
metabolism-related pathway terms, such as “reactome choles-
terol biosynthesis,” “reactome steroid metabolism,” “reactome
transformation of lanosterol to cholesterol,” “KEGG steroid
biosynthesis,” and “KEGG terpenoid biosynthesis,” and the
neuroplasticity-related pathway term, “reactome NCAM sig-
naling for neurite out growth,” were present in all three
comparisons with downregulated genes. Immune system- and
lipid biosynthesis-related DE genes are represented as a heat
map in Fig. 11.

Pathway terms identified in aged vs. young GSEA were
more common with pathway terms identified in aged vs.
middle-aged comparisons, than in middle-aged vs. young (Fig.
7, aged vs. young N aged vs. middle-aged- 39.9%, aged vs.
young N middle-aged vs. young, 23.1% pathway terms). A
total of 81 common significant pathway terms were present in
aged vs. young and aged vs. middle-aged comparisons (Fig. 7).
Apart from immune and lipid pathways, neurotransmission-
and protein metabolism-related pathways were identified as
significant in aged vs. young and aged vs. middle-aged RVLM
GSEA (Figs. 8 and 9). Chemical neurotransmission pathways
that can effect RVLM function, such as “reactome neurotrans-
mitter release cycle,” “KEGG neuroactive ligand receptor
interaction,” “reactome transmission across chemical syn-
apses,” “KEGG axon guidance,” “reactome transmembrane
transport of small molecules,” and the “KEGG calcium signal-
ing pathway” were significant in aged vs. young and aged vs.
middle-aged RVLM GSEA analysis. Genes associated with
these pathways were downregulated in the RVLM of aged rats.

gPCR Validation of Aging RVLM Immune Response Genes'
Differential Expression

To validate the microarray results, we selected 16 genes
based on two selection criteria. Genes that belong to the
“immune response” GO term as well as several pathway terms
(e.g., “reactome immunoregulatory interactions between a
lymphoid and a non-lymphoid cell,” “reactome initial trigger-
ing of complement,” and “KEGG complement and coagulation
cascades”) and DE genes that were significant with the five
statistical criteria identified in MATERIALS AND METHODS. These
16 genes were categorized into complement system and mi-
croglial cell associated genes based on the extant literature and
tabulated in Table 1. Expression differences observed through
gPCR for these genes in all three comparisons are shown in
Fig. 12 as relative mean fold change values with their standard
error [young (n = 5), middle-aged (n = 5), aged (n = 5)]. For
direct comparisons, fold change values identified by microar-
ray were also plotted in Fig. 12. Similar expression differences
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Fig. 8. Immune system- and neurotransmission-related pathway terms identified in aged vs. young RVLM pathway analysis. Horizontal line segment plot of
significant top 30 *+ Z-score pathway terms identified in aged vs. young RVLM GSEA. Pathway terms with PAGE Z-score <—1.5 or >1.5 (dotted reference
lines on plots) and with P values <0.05 were considered as significant. Immune system-related pathway terms line segment ends were marked with red circles,
and neurotransmission-related pathway terms line segment ends were marked with blue circles. The sample size for young and aged RVLM groups n = 3.

were observed between microarray and qPCR with higher
correlation in aged vs. young comparison fold change values
(- 0.919) followed by aged vs. middle-aged and middle-aged
vs. young RVLM comparisons (Fig. 13).

DISCUSSION

The goals of this study were to characterize the transcrip-
tomic profile of the aging RVLM and to test the hypothesis that
aging is associated with altered gene expression in the RVLM
with an emphasis on immune system associated gene tran-
scripts. The current results support this hypothesis in a number
of important ways. First, the RVLM gene expression profile
varied with age, and age-related RVLM gene expression
changes were often characterized by progressive changes as-
sociated with chronological age. For example, higher numbers
of DE genes were identified in aged vs. young comparison than
in middle-aged vs. young comparison. Second, the expression
of immune- and stress response-related genes was increased in
the RVLM of aged compared with young and middle-aged rats.
Age-related upregulation of immune- and stress response-
associated GO and pathway sets, coupled with independent
gPCR validation of selected immune response genes, supports
this interpretation. Third, a decrease in the expression of genes

associated with lipid metabolism, molecular transport, and
chemical neurotransmission was identified in the aged RVLM.
Fourth, the majority of RVLM chemical neurotransmission-
related GO and pathway sets were significantly different in
aged vs. middle-aged and aged vs. young RVLM comparisons
yet were absent in the middle-aged vs. young comparison.

Brain aging is a complex process, and age-associated alter-
ations contribute to central nervous system dysfunction (61).
Deciphering cellular and molecular mechanisms associated
with brain aging is essential for understanding age-dependent
mental and physiological disorders, and a primary experimen-
tal step in this discovery process involves comparing brain
gene expression patterns in young and aged brains (20). The
results of studies using high-throughput analyses of brain tissue
have identified age-related nonuniform changes in gene expres-
sion between separate brain areas, suggesting brain areas may
age differently (18, 20, 23, 32). The approach used in the
current study of combining micropunching with microarray-
based, high-throughput analyses provided a strategy for deter-
mining if the RVLM-containing hindbrain area is characterized
by age-related changes in gene expression.

Consistent with the results of previous studies focused on
understanding the effects of aging on gene expression in the
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Fig. 9. Immune system- and neurotransmission-
related pathway terms identified in aged vs.
: middle-aged RVLM pathway analysis. Horizon-
5w tal line segment plot of significant top 30 * Z-
: score pathway terms identified in aged vs. mid-
dle-aged RVLM GSEA. Pathway terms with
PAGE Z-score <—1.5 or >1.5 (dotted reference
lines on plots) and with P values <0.05 were
considered as significant. Immune system-rel-
ated pathway terms line segment ends were
marked with red circles, and neurotransmission-
related pathway terms line segment ends were
marked with blue circles. The sample size for
middle-aged and aged RVLM groups n = 3.

brain (6, 23, 32, 39, 48, 57, 60), the present findings indicate
that immune response-associated genes and pathways were
upregulated with advancing age (Table 2). Specifically, the
complement cascade and several activation-related genes, in-
cluding Clga, Clgb, Clgg, C3, C4a, Cfd, Cfh, Vwf, and Kikb1,
were upregulated significantly in the aged RVLM, and com-
plement-related GO and pathway terms were significant in the
RVLM of middle-aged and aged rats compared with young
rats. The contribution of the complement cascade in synaptic
remodeling in the developing brain is well established (52, 53,
62). On the other hand, the role of complement-mediated
modulation in the adult brain is not well understood despite the
fact that in response to injury or inflammation adult brain areas
produce complement proteins (40, 52). It may be that increased
expression of complement proteins and their activation con-
tribute to the remodeling of RVLM-residing synaptic connec-
tions during aging, leading to alterations in RVLM-enriched
sympathetic premotor neuron activity. In support of this notion,
genes related to extracellular matrix degradation through acti-
vation of matrix metalloproteinases, which is necessary for
synaptic structural remodeling (22), such as Mmpl4, Timpl,
Timp2, Serpinhl, and Col5a3, were altered in the RVLM of
aged rats. Immune system cellular signaling pathways that play
a role in mediating extracellular matrix degradation and syna-
ptic remodeling, such as receptor-mediated phagocytosis and
antigen presentation were upregulated in the RVLM of middle-
aged and aged rats. Specifically, central nervous system (CNS)
resident microglial cells and their activation-related genes,

including CdI4, Cd68, Tir2, Cx3crl, Trem2, Msr2, and B2m,
and toll-like receptor signaling pathways, were upregulated in
the RVLM of aged rats, consistent with the presence of
activated microglial cells known to be present in aged brains
(40). Activation of microglia in the RVLM has been observed
in rats with heart failure (15), a syndrome in which abnormal
sympathoexcitation plays a critical role. Although, it is not
clear how activated microglia influence RVLM functionality,
Dworak et al. (15) observed a relationship between activated
microglia and neuronal activation in the RVLM of heart failure
rats. Similar mechanisms might be occurring in the aged
RVLM, and studies focused on the influence of activated
microglia on the functionality of neurons in the aged RVLM
are needed to confirm this hypothesis. In concert, it is plausible
to speculate that activated microglial cells and the complement
system might modulate synaptic structural connectivity in the
aging RVLM.

In addition to innate inflammatory response-related ele-
ments, an upregulation of adaptive immune T and B cell
pathways was observed in the RVLM of middle-aged and aged
rats (Table 2). Peripheral lymphocytes are not typically present
in the brain because of the protective nature of the blood-brain
barrier (BBB), which restricts the migration of peripheral cells
and transport of molecules into the brain parenchyma (4, 16,
19). Although aging-associated alterations in BBB functions
have been observed, such as increased permeability and trans-
port (3, 7, 19, 51), there was a lack of evidence for an
age-dependent increase in the infiltration of lymphocytes into
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groups n = 3.

the brain parenchyma (19). It is possible that inflammatory
responses mediated via cytokines in the aged RVLM might be
causing infiltration of peripheral immune cells into this brain-
stem region. In support of this notion, gene sets that might be
associated with altering BBB permeability, such as tight junc-
tions and those for the extracellular matrix (19), were down-
regulated in middle-aged and aged RVLM. It is unclear how
infiltrated lymphocytes may affect RVLM functionality, al-
though it is worth speculating that reorganization of extracel-
lular matrix in the RVLM may directly affect synaptic connec-
tivity between RVLM neurons. Further studies are required to
confirm infiltration of peripheral immune cells into the RVLM
of aged rats, as well as the hypothesis that an age-dependent
activated immune system may mediate RVLM synaptic remod-
eling.

The RVLM was also characterized by age-related alterations
in genes involved with lipid metabolism and transport, espe-
cially cholesterol biosynthesis. Gene expression analysis of the
hippocampus previously identified upregulation of cholesterol
biosynthesis- associated genes in aged rats, suggesting an
age-dependent increase in cholesterol metabolism (6). How-
ever, it has been speculated that aging-associated alterations in

cholesterol biosynthesis might depend on brain region (41, 63).
Contrary to age-dependent increased lipid biosynthesis, we
found cholesterol synthesis-associated genes (41) (Hmgcsl,
Hmgcr, and Dher7) and their respective pathways to be down-
regulated. Concomitantly, we observed the Abcal gene, which
is involved in cholesterol efflux (30, 41), to be upregulated in
the RVLM of middle-aged and aged rats compared with young
rats (Table 2, Fig. 11). Taken together, these data suggest that
cholesterol turnover may be decreasing in the RVLM of
middle-aged and aged rats. The membrane component of
cholesterol plays an essential role in insulating axons through
myelination, maintaining ion-balance, and supporting dendritic
and synaptic connectivity (41). Alterations in cholesterol ho-
meostasis may affect neurotransmission in the RVLM, and it
has been suggested previously that demyelination might cause
immune responses in CNS (6). In agreement with this idea,
gene sets associated with synapses, synaptic vesicles, and the
postsynaptic membrane were downregulated, and as previously
discussed, immune response-related genes were upregulated in
the RVLM of aged rats.

Collectively, age-related changes in immune response- and

. lipid metabolism-related gene expression support the hypoth-

Physiol Genomics - doi:10.1152/physiolgenomics.00131.2016 - www.physiolgenomics.org

L10Z ‘81 4890pQ uo 9'ee"02Z 04 Aq /B10"ABojoisAyd-sojwouabioisAydj/.dyy woy papeojumoq




ed
ed
ed

Young
)
g—ag
Middle-ag

Youn
Midd

k Youn
i

RGD1311086
Anxa3

Cc3
Aif1

esis of age-dependent synaptic remodeling in the RVLM of
middle-aged and aged rats. However, alterations in chemical
neurotransmission-associated pathways were observed only in
the RVLM of aged rats and were not altered in middle-aged
rats (Table 2). These data suggest that primary changes in
synaptic neurotransmission between RVLM neurons and/or
between RVLM and other central sympathetic components
might be occurring in F344 rats after middle age. Consistent
with this idea, Kenney and Fels (26) reported previously that
the reduced responsiveness of renal and splanchnic sympa-
thetic nerve discharge (SND) to heat stress, which depends on
the functional integrity of RVLM, was more pronounced in
aged compared with middle-aged F344 rats (24-27). Studies
focused on RVLM neurotransmission-associated gene and pro-
tein expression patterns are needed to confirm this hypothesis.

There are several methodological and analytical limitations
in the current study that need to be acknowledged. First,
although care was taken to use both stereotaxic and histological
reference information to identify the RVLM as being within
our sampled tissue, we cannot exclude the possibility that
micropunches collected to analyze RVLM gene expression
may have contained some tissue from areas surrounding the
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Fig. 11. Immune system (A) and lipid biosynthesis (B)
associated DE genes sorted from Fig. 2C global analysis
and their expression levels represented as a heat map
matrix. The Z-score value for each gene was used as a
parameter for its expression level. White cells indicate
age-related low expression, and red cells indicate age-
related high expression. To better represent each gene'’s
altered expression, the heat map was constructed using
row (each gene) normalization instead of data set
normalization.

RVLM. However, several techniques were used to minimize
this potential issue. First, we used an a priori approach to
measure, on the basis of inferred stereotaxic space (28), the
rostral boundary of the RVLM as delineated by the stereotaxic
rat brain atlas of Paxinos and Watson (47). This involved
identification of a known, easily identifiable cerebellar land-
mark within our tissue, matching its location to the correct
rostrocaudal level in the atlas, and then using this level as the
starting point to use our cryostat as a measuring device to count
off a fixed number of sections of known thickness until the
predicted stereotaxic location of the RVLM'’s rostral boundary
emerged. Second, we used an a posteriori approach to confirm
both the accuracy of our a priori approach and our sampling
technique. This was achieved by microscopic and photomicro-
graphic confirmation of landmarks on a cresyl violet-stained
tissue section rostral to the micropunched sections and again on
unstained micropunched sections. As predicted by the histo-
logical documentation provided by Paxinos and Watson (47),
our micropunches sampled the rostral portion of the RVLM
shortly after it appears in the tissue just ventral to the nucleus
ambiguus, and at a level just caudal to the level where the
facial nucleus last appears. Third, we used a tissue micropunch
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Fig. 12. quantitative (q)PCR validation of microarray identified immune system-associated genes differential expression in aging RVLM. Relative gene
expression differences observed in microarray (fop rows) and gPCR (bortom rows) in aged vs. young, aged vs. middle-aged, and middle-aged vs. young RVLM
comparisons are represented as fold change value bar plots. Statistically significant genes are annotated with asterisk, and = 2-fold change in gene expression
is marked with vertical dotted lines. The sample size for young, middle-aged, and aged RVLM group n = 5. Statistical criteria for significant differentially
expressed genes identified in microarray analysis: ANOVA<0.05, multiple-comparison Z-ratio <— 1.5 or >1.5, Z-statistic P value <0.05, FDR <0.3, and probe
signal intensity >0. Statistical criteria for significant DE genes identified in gPCR analysis: ANOVA P value <0.05, Benjamini-Hochberg FDR <0.1, and least

significant difference post hoc test P value <0.05.

instrument of relatively small inner diameter (0.5 mm) to
ensure that we discretely sampled tissue within the confines of
the RVLM. Finally, to further validate our results, we used
several replicates of micropunches from each group for mi-
croarray and gPCR analyses. Collectively, these approaches
provide converging evidence that the RVLM was sampled
accurately and enriched within our micropunched samples.

A second limitation, in traditional terms, was that the sample
size used in the present investigation for our microarray
method was from relatively few subjects. However, because of
the difficulty in integrating error rates associated with the
identification of DE genes and with gene class testing (for
example GO and pathway analysis), there is no clear consensus
on gold-standard methods used for sample size and power

#=0567

-2 -1 0 1 2 -2 -1

1 2 -1 0 1 2

Microarray
Fig. 13. Consistency of gene expression fold change (log2 transformed) values observed in aged vs. young, aged vs. middle-aged and middle-aged vs. young
RVLM comparisons between microarray (x-axis) and gPCR (y-axis) represented with scatter plots. Each analyzed gene is depicted as a gray-colored filled circle,
and each comparison coefficient of determination (r?) values are annotated on the graph.
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Table 2. Comprehensive view of age-dependent altered molecular mechanisms in the RVLM

Aged vs. Young RVLM

Aged vs. Middle-aged RVLM

Middle-aged vs. Young RVLM

1 Immune response
Complement cascade
Antigen presentation

B and T cell pathways

| Stress response

DNA damage response
Mitochondrial metabolism
1 Protein metabolism
Translational machinery
Protein folding and
degradation degradation
| Lipid metabolism

Cholesterol and steroid

biosynthesis and transport

| Neurotransmission

Neurotransmitter metabolism and release cycle
Small molecule and ion

transport

Synaptic plasticity

1 Immune response
Complement cascade

Antigen presentation

B cell and monocyte pathways
1 Stress response

DNA damage response
Mitochondrial metabolism

1 Protein metabolism
Translational machinery
Protein folding and

| Lipid metabolism

Cholesterol and steroid

biosynthesis and transport

| Neurotransmission

Neurotransmitter metabolism and release cycle
Small molecule transport

Synaptic plasticity

T Immune response
Complement cascade
Antigen presentation
B cell and monocyte pathways

| Lipid metabolism
Cholesterol and steroid
biosynthesis and transport

Shown are synthesized coherent mechanisms that were significantly changed with aging in the RVLM. Each broader mechanism (boldface) and its
subcategories (lightface) summarized were constructed from aged vs. young, aged vs. middle-aged and middle-aged vs. young RVLM Gene Ontology (GO) and
pathway analysis. 1 indicates upregulation, and | indicates downregulation of associated gene expression.

estimation for microarrays, especially those involving small
amounts of brain tissue. Therefore, instead of drawing infer-
ences from only DE genes, we opted to use whole microarray
data sets for GSEA analysis, an analytical method that has been
suggested to increase the power to detect overall differential
expression in a microarray study (2).

Third, false positives are intrinsic to microarray PAGE-
based GSEA analysis. However, the use of FDR correction in
gene set analysis, consistency of the findings with previously
published aging brain studies, and correlation of chronological
SND alterations with RVLM gene expression rectify this
potential problem. In addition, the increase in immune re-
sponse-related transcripts in the aging RVLM was validated by
qPCR. Although much of the discussion was drawn from
overrepresentation analysis, multidimensional reasoning was
also used to discuss possible age-dependent, immune system-
mediated alterations in synaptic connections. Finally, gene
expression changes may not always correlate with protein
changes (33, 59), and it is necessary to test and confirm the
hypotheses proposed in the current study at the protein and
cellular levels to identify age-dependent mechanisms that
might be altering the functionality of the RVLM.

In conclusion, the present study is the first to characterize
and compare the transcriptomic profiles of the RVLM in
young, middle-aged, and aged F344 rats. The global changes
we observed in gene expression patterns in the entire RVLM
suggest that aging might alter gene expression in this region in
a manner that cuts across multiple cell types and subregions of
the RVLM and provide an experimental strategy to identify
key molecular mechanisms underpinning age-dependent
changes in physiological regulation within the diverse systems
served by the RVLM. The current results suggest that the aged
RVLM is characterized by increased immune response-associ-
ated transcripts and alterations in neural-immune interactions,
and further studies of specific neural substrates and neuronal
populations within the RVLM may reveal systems-level alter-
ations in gene expression patterns that are perhaps both more
discrete and differentiated.
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