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Abstract: The primary role of microglia is to maintain homeostasis by effectively responding to
various disturbances. Activation of transcriptional programs determines the microglia’s response
to external stimuli. In this study, we stimulated murine neonatal microglial cells with benzoyl
ATP (bzATP) and lipopolysaccharide (LPS), and monitored their ability to release pro-inflammatory
cytokines. When cells are exposed to bzATP, a purinergic receptor agonist, a short-lived wave of
transcriptional changes, occurs. However, only combining bzATP and LPS led to a sustainable and
robust response. The transcriptional profile is dominated by induced cytokines (e.g., IL-1 and IL-18),
chemokines, and their membrane receptors. Several abundant long noncoding RNAs (IncRNAs)
are induced by bzATP/LPS, including Ptgs2os2, Bcl, and Morrbid, that function in inflammation
and cytokine production. Analyzing the observed changes through TNF (Tumor necrosis factor)
and NF-kB (nuclear factor kappa light chain enhancer of activated B cells) pathways confirmed that
neonatal glial cells exhibit a distinctive expression program in which inflammatory-related genes are
upregulated by orders of magnitude. The observed capacity of the microglial culture to activate a
robust inflammatory response is useful for studying neurons under stress, brain injury, and aging.
We propose the use of a primary neonatal microglia culture as a responsive in vitro model for testing
drugs that may interact with inflammatory signaling and the IncRNA regulatory network.

Keywords: innate immune system; interleukin; RNA-seq; purinergic receptor; ncRNA; inflammation;
cytokines; TNF signaling

1. Introduction

Microglia act as the resident macrophages of the central nervous system (CNS). Their
function is to maintain brain homeostasis and respond effectively to a broad spectrum
of perturbations induced by acute stress from toxic agents or physical injury [1-4]. This
is accomplished through communication with the surrounding neurons and astrocytes,
and the release of signaling molecules such as ATDP, that interact with specific purinergic
receptors on the microglial membrane [5,6]. To protect neurons from apoptotic death
and remove dying cells, microglia respond by changing their mode of activation and
morphology [7-9]. In addition to oxidative stress and neuronal damage caused by aging, the
release of pro-inflammatory cytokines is prolonged and exacerbates neurodegeneration [10].
Glial cells with excess amounts of neuroinflammatory markers (e.g., HLA-DR, CD68,
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and CD105) are abundant in neurodegenerative diseases such as Parkinson’s (PD) and
Alzheimer’s (AD) diseases [11].

Cumulative evidence suggests that microglial inflammatory activity plays a role in
age-dependent memory decline [12], synaptic plasticity [13,14], and neurodegeneration [15].
Cross-talk between microglia and neighboring cells (e.g., neurons, stem cells, blood vessels,
and astrocytes) varies with age and brain regions [16]. Nevertheless, on a cellular level, it
was shown that extracellular ATP triggers TNF-« release through purinergic P2 receptors,
most likely the P2XR7 subtype, by activating multiple signaling pathways, including the
ERK/p38 cascade [17,18]. Signaling through TNF-a and NF-«B pathways was studied in
the context of inflammation and immunity [19]. While Tnfrsfla, the main TNF-receptor, is
widely expressed, Tnfrsflb is primarily expressed in microglia. The affinity of TNF-binding
determines downstream pathways such as JNK activation, NF-kB nuclear translocation, or
PI3K/AKT recruitment [20-23].

The use of cellular models can benefit our understanding of the processes underlying
brain injury and neuropathology [24]. Although in vitro cellular systems fail to reflect the
complexity of the microenvironment of a living brain [25], primary microglia cultures from
rodents [26] and humans [27,28] are attractive models for studying microglial diversity
in neuropathological settings [24]. To better understand the processes involved in the
regulation of microglial activity, studies have been performed under controlled conditions
in isolated microglia prepared from neonatal rodents, cultured alone or with other cells
(e.g., astrocytes) [29,30]. When exposed to activators such as lipopolysaccharide (LPS),
interferon-gamma (IFNy), and interleukins, these cells undergo transcriptional changes
within a few hours, together with alterations in morphology [31], phagocytic ability, and
inflammatory response [32,33].

In this study, we applied RNA sequencing analysis (RNA-seq) to quantify gene ex-
pression and examine the molecular changes occurring in a primary neonatal microglia
culture. To better control the experimental setting and improve reproducibility, we did
not add serum to the culture but provided proteins in the form of bovine serum albumin
(BSA). We monitored the dynamics of the transcriptomic profile and cytokine release in
response to LPS in the absence and presence of benzoyl ATP (bzATP), an agonist of the
P2RX7 subtype of ATP receptors. The resulting gene expression signatures of mRNAs
and ncRNAs highlight the regulatory network that governs the inflammatory and the full
repertoire, and cellular responses.

2. Results
2.1. Functional Response of Primary Microglia

The function of the microglia was monitored by quantifying the secretion of TNF-
o and IL-6 following activation with bzATP (Figure 1A). Prior to addition of bzATP
secreted cytokines were below the level of detection (<5 pg/ug of cell lysate), but in-
creased markedly at 8 and 24 h after stimulation. While the amount of IL-6 secreted was
greater when collected over a period of 24 h than at 8 h (p-value < 0.0001), that of TNF-o
was smaller (p-value < 0.001) (Figure 1A). Moreover, 8 h following stimulation, the ab-
solute amounts of IL-6 and TNF-« secreted were 5.92 and 423.4 pg/ug of microglial cell
lysate, respectively. Notably, these results were obtained from cultures supplemented
with BSA instead of fetal calf serum (FCS). We showed that, following bzATP/LPS
stimulation, the amounts of secreted proinflammatory cytokines significantly and
reproducibly increased.

We then measured the transcript levels of Tnf and 116 in untreated cells and upon
bzATP/LPS stimulation. We noted that Tnf (encodes TNF-«x) transcript levels can be
detected in the naive cells. This level increased significantly after 3 h and decreased after
8 h of bzATP/LPS. In quantitative terms, the Tnf transcript accounts for 0.02%, 1.2%, and
0.36% of all coding transcripts of untreated cells 3 and 8 h after bzZATP/LPS, respectively. In
contrast, the mRNA of 116 (encodes IL-6) is below detection in naive cells and its induction
shows relatively slow kinetics (Figure 1B). IL-6 secretion displayed a continuous elevation,
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24 h post-stimulus (Figure 1A) which agrees with the upregulation of the 116 transcript,
preceding protein secretion. We conclude that gene expression of TNF and IL-6 release
is stimulus-dependent, and the kinetics of release confirms that each cytokine displays a
distinct activation route [34].
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Figure 1. Quantitation of TNF-a and IL-6 released from primary neonatal murine microglial culture
following stimulation. (A) Kinetics of TNF-& and IL-6 proteins upon bzATP/LPS stimulation. Values
are normalized to protein concentrations (pg lysate) from the adhered cultured cells. The levels of
TNF-« and IL-6 were below detection in unstimulated cells. Samples for the study were taken from
conditioned media supplemented with BSA, harvested, and measured 8 and 24 h after stimulation. A
mean and standard deviation (s.d.) of 4 experiments are shown (each group, n = 22-24). Statistical
significance marked by asterisks implies the results of the Mann Whitney test p-values of 0.001 (**)
and <0.0001 (***). (B) Kinetics of Tnf and Il6 transcripts upon bzATP/LPS stimulation based on
RNA-seq data. Results are the average of biological triplicates. N.T., not treated.

2.2. A Short-Lived Transient Wave of Gene Expression by bzATP

To establish the microglial characteristics and quantify the molecular events that occur
in culture, we first tested the cells’ transcriptome at 3 and 8 h after exposure to bzATP.
Using RNA-seq analysis, we report that 10,835 genes were expressed that complied with
the statistical quality threshold (see Section 4). Figure 2A shows the differential expression
of each gene clustered by their fold change (FC) into nine expression patterns. For the
definition of the expression trend (see Table 1). Figure 2B reports the number of genes in the
presence of bzATP associated with each of the nine combined trends. The expression levels
of almost all genes (96%) are unchanged after 3 h (labeled ‘Same’ Figure 2A). Notably, most
genes were still marked as unchanged after 8 h (labeled ‘Same-Same’; Figure 2B). Applying
strict thresholds of false discovery rate FDR (g-value) < 0.05 and a minimal expression level
of >10 TMM confirmed that the vast majority of the filtered DE genes (93%) are labeled
‘Same’, with only 16 genes (0.5%) significantly changing their expression in a monotonic
trend (i.e., labeled Up-Up and Down-Down; Supplementary Table S1).

The downregulated (seven genes, FDR g-value ranges from 3.1 x 1078 t0 2.9 x 10~19;
Figure 2C) and upregulated DE genes (nine genes, FDR g-value ranges from 2.7 x 10718
to 5.6 x 10~%; Figure 2D) are shown. Those continuously downregulated contribute to
cell migration and differentiation (e.g., Hyall and Sema4d). In contrast, inflammatory
signals dominate the overexpressed genes in Figure 2D. For example, Trem1 is a scaffold
membrane protein that acts in chemotaxis and regulates the killing of Gram-negative
bacteria. Additional genes belong to chemokines (Cxcl2, chemokine C-X-C motif ligand
2) and their immediate pathways. Thus, the induced genes revealed a distinctive set
of immune-related response sensors in microglia. We conclude that exposing murine
microglia to bzATP led to a transient wave of gene expression that faded out over a longer
timeframe (8 h).
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Figure 2. Trends in gene expression of microglial genes in the naive cells (not treated, N.T.) and
following activation protocol with BZATP for 3 h and 8 h. (A) The 10,835 identified differentially
expressed genes are classified into nine groups based on their combined expression trend (Up, Down
or Same, and their combinations; see Table 1). The baseline (logFC = 0) is shown by horizontal red
line. (B) Summary statistics of the differentially expressed (DE) genes following activation with
bzATP. The partition of all expressed genes (10,835) by their expression trend. Cells were exposed
to bzATP and tested for their gene expressed at 3 h relative to naive cells and at 8 h relative to 3 h.
The number of genes labeled as Up, Same, Down is indicated. (C) The DE genes with a continuous
downregulation (labeled Down-Down) from N.T. to 3 h and 8 h of bzATP treatment. (D) A set of
upregulated genes (labeled Up-Up). The analysis is based on the data in Table S1.
Table 1. Thresholds used for assigning DE genes for 9 clusters with distinct expression trends.
FC1 Trend FC2 Trend .
3hvs. N.T. FC12 8hvs.3h pcy ~ Combined Trend
log(FC1) > 0.5 Up log(FC2) > log(FC1) + 0.5 Up Up-Up
log(FC1) > 0.5 Up log(FC2) < log(FC1) + 0.5 and log(FC2) > log(FC1) — 0.5 Same Up-Same
log(FC1) > 0.5 Up log(FC2) < log(FC1) — 0.5 Down Up-Down
—0.5 <log(FC1) < 0.5 Same log(FC2) > log(FC1) + 0.5 Up Same-Up
—0.5 <log(FC1) < 0.5 Same log(FC2) < log(FC1) + 0.5 and log(FC2) > log(FC1) — 0.5 Same Same-Same
—0.5 <log(FC1) < 0.5 Same log(FC2) < log(FC1) — 0.5 Down Same-Down
log(FC1) < —0.5 Down log(FC2) > log(FC1) + 0.5 Up Down-Up
log(FC1) < —0.5 Down log(FC2) < log(FC1) + 0.5 and log(FC2) > log(FC1) — 0.5 Same Down-Same
log(FC1) < —0.5 Down log(FC2) < log(FC1) — 0.5 Down Down-Down

2 FC1 refers to differential expressed genes relative to naive cells at 3 h; FC2 refers to differential expressed genes
at 8 h relative to the results at 3 h. N.T., not treated.

In addition to DE genes with a monotonic trend, we investigated genes with a slow
kinetics (i.e., only significantly changed at 8 h). Supplementary Table S2 lists 26 of the
most significant such genes (at a strict FDR < 1.0 x 10~!%; TMM > 10). Downregulated
genes include those involved in trafficking (e.g., Rab7b, Snx7) and cell—cell interaction
(e.g., Cadml, Vwf). The larger fraction of DE genes with slow kinetics is associated with the
regulation of immune maintenance via TNF signaling. Tnfrsflb (tumor necrosis factor re-
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ceptor superfamily, 1b) and Ltb (lymphotoxin-beta) promote cytokine cell surface signaling,
whereas Itgam directly activates TNF-primed neutrophils, regulates neutrophil migration,
and is involved in the production of superoxide ions in microglia (Supplementary Table S1).
We conclude that the microglial culture increased its immune responsiveness, but the fold
change in expression for the slow kinetic genes is minimal (<2-fold; Supplemental Table S1).

2.3. Global Alteration of the Cell Transcriptome by bzATP/LPS Is Synchronized and Long-Lasting

We examined the coherence of the transcriptional programs in each experimental
group, by performing PCA analysis (Figure 3A). The results show that the five groups are
tightly clustered, with negligible variance within each group relative to the variance among
the tested experimental conditions (i.e., N.T., bzATP, and bzATP/LPS at two time points).
The PCA results emphasize the strong and persistent effect induced by bzATP/LPS. The
variance explained by the two principal components (PC1, PC2) is 68.6%.
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Figure 3. Global expression trends by RNA-seq and interleukin gene set expression profile. (A) PCA
analysis of the 15 RNA-seq samples. (B) Gene expression levels of untreated microglial culture and
following bzATP/LPS for 3 h and 8 h. A partition of all 9 expression trends along with the number of
genes associated with each trend is shown (total for 10,769 genes). For details, see Supplementary
Table S3. (C) RT-PCR results on untreated cells and cells after 8 h exposure to bzATP and bzATP/LPS
(in biological duplicates). 3-actin serves as an internal control. (D) Analysis of 33 IL-gene set activated
by bzATP (x-axis) and bzATP/LPS after 8 h (y-axis). Only genes with mean expression levels of
>10 TMM are shown.
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Figure 3B shows the partitioning of the DE genes into nine expression patterns in the
presence of bzATP/LPS. In contrast to the results for bzATP alone (Figure 2B), bzATP/LPS
drastically changed the expression of a large fraction of the genes (44.3%) within 3 h (1924
and 2851 for Up- and Down-labeled genes, respectively; Figure 3B). The expression profiles
of all 10,769 expressed genes before (time = 0), 3, and 8 h after treatment are shown in
Supplementary Figure S1. The experimental results are listed in Supplementary Table S3.

2.4. Expression of Interleukins as Indicators of Microglial Response

The function of the microglia was tested by measuring the release of pro-inflammatory
cytokines (Figure 1A), with interleukins (ILs) and their receptors serving as indicators
of the inflammatory state. We conducted a semi-quantitative RT-PCR assay to test the
kinetics and extent of gene expression for major interleukins and their receptors. Figure 3C
further substantiates the slow kinetics observed for Il6. Furthermore, a strong increase in
the expression levels of I11a and Il1b in the presence of bzZATP/LPS is evident. In contrast,
the levels of expression of Tnf and Tnfrsflb are already substantial prior to cell activation.

We expanded the analysis to display the relative expression of all IL-gene transcripts
(33 expressed genes, collectively called the IL-gene set; Supplementary Table S4). Figure 3D
shows that both Illa and Il1b transcripts increase in the presence of bzATP. While I11b
transcripts account for only 2% of the IL gene set (assuming TMM of the IL-gene set is
100%) in the presence of bzATP and LPS for 3 h, transcript levels increase > 2000-fold
(Figure 3D), accounting for 35% of the mRNAs of the IL-gene set. The kinetics of Il1a
and I11b are very similar (Figure 3C). In particular, bzATP/LPS increased the level of Il1a
mRNA dramatically (~500-fold in 3 h), accounting for half of the total number of transcripts
in the IL-gene set. Unlike interleukins, the receptor Il1rll increased nine-fold 3 h after
activation by BZATP/LPS with no further increase at a later time point (8 h; Figure 3D).
The short-lived wave of bzATP activation is reflected by the expression of IL receptors. The
[I1rn (interleukin 1 receptor antagonist), which inhibits the activities of IL-1cc and IL-18,
was induced transiently by bzATP (1.8-fold, 3 h) but returned to its baseline levels at 8 h.
The addition of LPS led to a substantial and permanent increase in its expression (13.1
and 10.7-fold, at 3 and 8 h, respectively, Figure 3D). The expression levels of Ils and their
receptors shed light on the specific roles of some but not other Ils. For example, 1117ra
(interleukin 17 receptor A) accounts for 30% of transcripts of the IL gene set in untreated
cells. However, exposure of the culture to bzATP or bzATP/LPS only slightly affected
its expression (~25%; Figure 3D), in agreement with the potential role of 1117 signaling in
disease progression rather than in acute inflammatory signaling.

2.5. Changes in Gene Expression by Orders of Magnitude Drive the Cellular State

To assess the kinetics and extent of the transcriptional waves, we focused on the DE
genes according to the fold ratio in the presence of bzATP /LPS relative to untreated cells.
Figure 4 shows a sorted list of 25 such genes. Already after 3 h, the degree of upregulation
is substantial and remains high for most genes at 8 h (Figure 4A,B). The upregulation
ranges from 5.5- to 2800-fold (Figure 4C). The majority of the transcripts encoded by
these genes are functionally and physically connected (Supplementary Figure 52). Among
the highly connected proteins are Tnf and Il1b, and components of chemokine signaling
(Cxcl10, Ccl2, Cxcl2, Ccl5, Csf2). Among the downregulated genes (>10 TMM; 720 genes;
a factor of 2 to 20), no significant gene ontology (GO) or KEGG pathways is evident.
However, of a special interest is the P2RX7, an ATP-gated cation channel that participates
in neuroinflammation and pathophysiological processes. The expression of the P2rx7
transcript was downregulated by 8.3-fold at 3 h after the addition of bzATP/LTP and
partially recovered at 8 h.
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Figure 4. The top 25 induced genes sorted by their extent of induction by bzATP/LPS. (A) log1oTMM
of the expression in naive, non-treated cells (NT) and 3 h of bzZATP/LPS. (B) log10TMM of expression
after 3 and 8 h of bzATP/LPS stimulation. The genes in (A—C) are listed alphabetically. (C) Increases
after 8 h relative to that in untreated cells, e.g., Csf3 (colony stimulating factor 3) increases 2804-fold.
See Supplementary Table S3.

2.6. Enrichment Analysis of the Transcriptome Induced by bzATP/LPS

Figure 5A shows the enrichment for the genes upregulated by bzATP/LPS according
to KEGG pathways. The partition of these genes (total 1924) by the expression trend of Up-
Up is shown. The monotonically increasing genes (Up-Up; 85) are associated with cytokine
pathways (e.g., TNF signaling), viral infection, and inflammation-based diseases. The
enrichment analyses for all nine expression trends are available in Supplementary Figure S3.
The KEGG pathway view confirmed the occurrence of a coordinated transcriptional wave
by bzATP/LPS. We further analyzed the upregulated DE genes according to the gene
ontology (GO) annotations (Figure 5B). Inspection of the molecular functions revealed a
strong enrichment for cytokine activity and cytokine receptor binding, inflammation and
extracellular localization. Repeating the GO enrichment test using a more relaxed threshold
(p-value < 1.0 x 10~7) further supported the annotations of cytokine regulation and kinase
phosphorylation (Supplementary Figure 54). We conclude that a global gene expression
view supports a robust and long-lasting induction of cytokines and chemokines.
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Figure 5. Functional annotation enrichment. (A) KEGG pathway enrichment for DE genes that were
monotonically upregulated (i.e., Up—Up). Statistical enrichment of p-adjust is depicted by the colors
(blue to red) for FDR < 0.05. The size of the dots depicts the number of proteins. Gene ratio depicts the
fraction of genes in the cluster that are included in a specific pathway, x-axis. (B) Enrichment analysis
for GO annotations of upregulated DE genes. Analysis performed on strongly upregulated genes
(total of 585 genes, >1.5-fold increase in expression relative to non-treated cells, average expression
level > 10 TMM). The enrichment results for GO biological process, molecular function, and cellular
component satisfied by p-value < 1.0 x 10~? (red color). Color codes of white to red indicate the
adjusted p-values after multiple testing corrections.

2.7. Inflammatory-Related Signaling Pathways Are Significantly Induced by Exposing Cells to LPS

We compared the pathway characteristics in cells exposed to bzATP relative to cells
exposed to bzATP/LPS by creating a STRING protein—protein interaction (PPI) map [35]. For
each PPI map, we projected the most significant 100 DE genes (sorted by p-value). Figure 6
displays the difference in the resulting network for cells exposed to bzATP/LPS conditions.
Interesting, the connectivity for cells exposed to bzATP is low and the association with any of
the pathways is negligible. In contrast, a strongly connected network was observed following
the bzATP/LPS condition (Figure 6A) with multiple inflammatory signals including TNF
and NF-kB signaling (FDR = 5.48 x 10~?), IL-1 and IL-3 signaling (FDR = 1.01 x 10~°), and
oxidative damage response (1.49 x 107°) listed for the bzATP/LPS condition (Figure 6B).
The WikiPathways [36] results for the 100 most significant genes are shown for bzATP and
bzATP/LPS (Supplementary Figure S7). We concluded that bzATP/LPS (8 h) changes gene
expression followed by numerous inflammatory pathways, most notably TNF-« and NF-
kB signaling.
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Figure 6. Functionally enriched pathways from RNA-seq results. (A) STRING interaction network for
the 100 most significant DE coding genes at 8 h of RN A-seq results of bzATP relative to bzATP/LPS,
sorted by the false discovery rate (FDR) p-values. Results are from STRING high confidence con-
nections (>0.95) with at least two connected genes. PPI enrichment p-value < 1.0 x 10716 In red
and blue are genes annotated by WikiPathway [36] as IL-18 signaling (FDR enrichment 1.0 x 10-12),
and Toll-like receptor signaling (FDR enrichment 1.5 x 10~Y), respectively. Supplemental Table S5
lists the top 100 analyzed genes. Supplementary Figure S5 shows the statistical results of significant
enriched pathways from WikiPathway that meet FDR with a statistically significant FDR of <1 x 1072,
(B) PI3K-Akt pathway from the KEGG pathway map of TNF signaling labeled by the DE gene pattern.
Microglia cultures treated with bzATP/LPS for 8 h. Genes are colored in four categories according to
their expression trends. The colors indicate genes that are downregulated (green), upregulated (red),
unchanged (gray), or not detected (white) with respect to their expression levels in untreated culture.

2.8. Alternative Signaling Patterns Dominate the Microglia Activation States

The strength of an in vitro cellular system is determined by the specificity of the
response. We reanalyzed the DE genes while focusing on the PI3K-Akt branch from
KEGG [37]. Figure 6B highlights the differences in the expression. The activation of major
signaling PI3K-Akt is evident (Figure 6B, red), with the involvement of p38 and NF-«B, but
not IFNf3. The most activated KEGG pathways are the TNF (Supplementary Figure 56) and
and NF-«B signaling pathways (Figure S7).
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2.9. Stimulation of Microglia by bzATP/LPS Affects the Expression of Abundant ncRNAs

In addition to the identified coding genes, there are 1112 non-coding (ncRNA)-
expressing genes (Figure 7A). The partitioning of these sets revealed that IncRNA, antisense,
processed pseudogenes, and TEC (to be experimentally confirmed) occupied the majority
of the RNA biotypes (Figure 7B, left). The most expressed group that accounts for 65% of all
expressed ncRNAs includes a few miRNAs, small nucleolar and nuclear RNAs (snoRNAs
and snRNAs, respectively), followed by IncRNAs (13%; Figure 7B, right). Among the
most abundant ncRNAs are Malatl, mitochondrial rRNAs (Rnrl and Rnr2), Neatl, Bcl,

and others.
A B
1112 ‘\
ncRNA 1
biotypes
mMRNAs ncRNAs u antisense = IncRNA
= miRNA/snRNA/snoRNA mitochondria
m processed PG = rRNA
m TEC m unprocessed PG
C
AU022793 L — |
Gm44250 o 3
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2500002 B13Rik ! _
Bcl : —
GM12606 —
€920009B18Rik ! —
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DE ncRNA genes (fold expression, log)

Figure 7. Expression of ncRNAs in cells stimulated by bzATP/LPS. (A) Partition of coding and
ncRNA expressing genes. (B) The types of molecules (left) and their amount (TMM, right). (C) DE
ncRNA genes with 2 downregulated and 13 upregulated genes, following 8 h with bzATP/LPS
relative to untreated cells. Vertical dashed lines show 2-fold change in expression. All genes are
expressed with >25 TMM and the DE FDR g-value range from 2.0 x 10717 t0 2.0 x 10~3°. For DE
analysis of ncRNA, see Supplementary Table S6.

Figure 7C shows the subset of genes that are abundant (>25 TMM) and whose DE
have at least a two-fold difference in expression following 8 h treatment with bzATP/LPS
relative to untreated cells. Supplementary Table S6 lists all significant DE ncRNA genes.
The function of most genes is unknown but most were upregulated (60%). Interestingly;,
those related to inflammation dominate among the DE ncRNA genes. For example, I11bos
(interleukin 1 beta, opposite strand) was induced >80-fold, in agreement with the strong
change in expression of the sense Il1b gene (Figure 4C).

3. Discussion

Microglia are characterized by their ability to sense and react to abnormal and disturb-
ing conditions [38]. Because of their crucial importance in maintaining brain homeostasis,
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the amplitude of the change in their gene expression must be tightly controlled. While
hundreds of genes are up- and downregulated in response to the stimuli, those that are
upregulated by orders of magnitude drive the microglia culture’s robust inflammatory re-
sponse. In vivo, the activation cascade of microglia begins with the binding of extracellular
molecules to Toll-like receptors [39], thereby resulting in changes in cytokine secretion, cell
proliferation, migration, and phagocytosis [40]. Microglia respond by sensing the local
concentrations of molecules, including amyloid 3 (Ap), nucleic acids, selective estrogen
receptor modulators [41], reactive oxygen species (ROS), ATP, and more. In the injured
brain, a switch in microglial activity [42,43] occurs following the release of ATP from dying
astrocytes and neurons [44]. Microglia also release ATP through exocytosis [5], thus creating
a feedback loop that modulates the cells” activation program. Exposure of microglia to
bzATP induced a transient wave of DE genes, including Ccl2 (chemokine C-C motif ligand
2, Figure 4), that is upregulated in the brains of AD patients [45]. In mouse models of AD,
overexpression of Ccl2 was shown to cause microglia-induced amyloid 3 oligomerization,
worsening of tau pathology, and consequently led to an increase in IL-6 release [46]. This
study examined the molecular characterization of neonatal primary microglia culture to
external stimulants in a defined environment, without the addition of undefined factors
from serum. It was shown that, while microglial maturation occurs weeks after birth, the
addition of factors from serum to the culture perturbs the cells’ morphology and function
(e.g., phagocytic capacity), and makes the culture prone to non-reproduceable results [30].

Here, we highlight the contribution of abundant IncRNAs in establishing the inflamma-
tory response. For example, a knockout mouse model of the Morrbid gene (myeloid RNA
regulator of BCL2L11 induced cell death) resulted in decreased monocytes, increased apop-
tosis, and increased sensitivity to infection. The Ptgs20s2 (prostaglandin-endoperoxide syn-
thase 2, opposite strand 2, also called Gm26687 or Linc-Cox2) is dynamically regulated and
controls the immune gene expression in response to LPS. Based on Ptgs2o0s2-deficient mice,
it was shown that Ptgs20s2 acts as an enhancer for the neighboring gene prostaglandin—
endoperoxide synthase (Ptgs2). In our system this gene was strongly upregulated already
3 h after bzZATP/LPS (Figure 4C). Ptgs20s2 IncRNA also act to regulate the innate immune
genes in vivo [47]. We suggest that several of the master regulators of the inflammatory
response in the primary neonatal microglia culture are IncRNAs.

We observed an exceptional coherence in the levels of gene expression within each
experimental condition group (Figure 3A). Accordingly, the duration and nature of the
stimulus (e.g., bzATP, LPS, IFNYy, TNE, growth factors, and their combinations) govern the
outcome (e.g., TNF and NF-kB, Supplementary Figures 56 and S7, respectively). Similar
results were generated from primary microglia cultured from rats, confirming distinct
molecular signatures that specify LPS stimulation, pro-inflammatory cytokines (e.g., IFNy
and TNF-«) and the sequential introduction of anti-inflammatory cytokines [26]. The level
of Tnf transcript increased considerably by LPS (65-fold). However, the upregulation in
TNF transcripts preceded the release of the TNF proteins (Figure 1). A similar trend was
detected for IL-6. We propose that transcriptional wave kinetics is an important determinant
of the cellular response. For example, Tnfrsflb (but not Tnfrsfla) was strongly upregulated
at 3 h by bzATP/LPS (4.9-fold; Supplementary Table S3). The differential expression of
the different TNF receptors dictates TNF binding specificity. While the soluble TNF form
is limited to the Tnfrsfla gene product, the membranous form has no preference towards
Tnfrsfla and Tnfrsflb (Supplementary Table S1). A similar trend was applied for the
NF-kB signaling. Tnfaip3 was upregulated by the addition of bzATP/LPS (3 h, 14.6-fold,
Supplementary Table S3) but returned to a baseline level after 8 h. Tnfaip3 is a gatekeeper of
inflammation through the suppression of NF-kB activation [48]. By introducing bzATP/LPS
in the absence of an undefined component from serum, the signaling cascade of NF-«B is
manifested via the MAP kinase signaling (i.e., the upregulation of p38 that is encoded by
Mapk11-Mapk14). The other components are mostly unchanged (marked gray, Figure 6B).
We conclude that the nature of the stimulus in cultured neonatal microglia differs not only
in its kinetics but also in the signal transduction cascade leading to cell response. While
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only 16.5% of the genes overlap between the TNF and NF-«B signaling pathways (based
on the KEGG gene list), it seems that the nature of the stimuli governs the extent of the
inflammatory signaling cascade (Supplementary Figures S6 and S7).

Previous studies have used microglial cell lines (e.g., N9, BV2) to investigate microglial
biology in vitro. However, comparing the gene expression signature from adult microglia
to primary culture, cell lines, and other monocyte preparations showed the similarity
of the cultured primary microglia to adult microglia, whereas this signature was not
detected in any of the microglial cell lines tested [49]. Indeed, the transcriptomes of BV2
and the primary microglial cells are substantially different [50,51], and do not accurately
represent primary microglia [52]. In the effort to identify genes and pathways that are
shared across different neuropathologies, a list of core genes (total 86) was compiled that
discriminates reactive from homeostatic conditions [53]. Recently, single cell analysis
was applied on post mortem human brains [25] to yield a rich catalog of markers for
cell identity (e.g., homeostatic, proliferating, immune responsive). These marker genes
were quantified with respect to microglial age and neurodegenerative diseases [54]. We
provided evidence for a coordination in gene expression that mimics the immune-response
axis. A comparison of microglial responses (8 h in bzATP/LPS) with LPS and IFNy [55]
(Supplementary Figures S6 and S7) did not substantially changes the overall response.
Moreover, in an in vivo model in which LPS was injected into mice and the expression
changes in isolated microglia were monitored [56], the strongest effect was associated with
the TNF inflammatory response.

Despite the lack of communication with other cell types (e.g., neurons, astrocytes, stem
cells), the microglial cultures exerted a rich repertoire of responses to external stimuli [57].
Such a system is attractive for revealing the underlying mechanism of anti-inflammatory
drugs in the ongoing effort to control pathophysiological conditions of the CNS at the
cellular level [58]. For example, ladostigil prevented the development of age-related
memory deficits in aged rats by a combination of immunomodulatory and antioxidant
effects [59]. It was further shown that ladostigil mediated its protective effects through
suppression of microglia [60]. Different noxious stimuli such as injury, hypoxia, and stress
conditions are associated with rebalancing inflammatory cytokines (e.g., TNF-«, IL-6, and
IL-1p3). Based on our results, we propose the cellular system as an attractive setting to
test reagents and drugs that interact with components of the innate immune system and
inflammatory signaling.

4. Materials and Methods
4.1. Compounds and Reagents

Dulbecco’s Modified Eagle Medium (DMEM), DMEM/F12, gentamycin sulfate and
L-glutamine were obtained from Biological Industries (Beit-Haemek, Israel), and 2'-3'-O-(4-
benzoyl benzoyl) adenosine 5'-triphosphate (bzATP), bovine serum albumin (BSA), and
LPS were purchased from Sigma-Aldrich (Jerusalem, Israel).

4.2. Preparation of Microglial Cultures

Primary microglia were isolated from the brains of neonatal male Balb/C mice (Harlan
Sprague Dawley Inc., Jerusalem, Israel) as described in [61]. The cells were isolated and
plated in poly-L-lysine-coated flasks for one week. Following an enzymatic dissociation
protocol, the non-adherent and loosely adhered cells were re-plated for 1 h on bacterio-
logical plates, which allowed sorting out cells exhibiting a slower kinetic of adherence.
Microglial cells were propagated by supplementing the culture with 10-20% of medium
conditioned from L-cells that produce mouse-CSF (colony-stimulating factor). Under such
conditions, the microglial culture remains responsive for four weeks. Before conducting
experiments, the microglial cells were removed from the conditioned medium for 24 h. In
all experiments the heat-inactivated fetal calf serum (FCS) was replaced by purified BSA.
The purity of microglia was confirmed by immunostaining and morphological criteria to
distinguish them from astrocytes and oligodendrocytes. Distinct morphology and staining
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by P2Y12, F4/80, CR3 (complement receptor-3), and galectin-3/MAC-2 validated the purity
of the culture to be >95% as shown in [62].

4.3. Measurement of Cytokines

Activation of the cultured microglia was measured by cytokine release as previously
described [63] and according to manufacturer’s protocols. Cells were grown to 75% confluence
in 6-well plates. Measurements of cytokine secretion were made 8 and 24 h after activation
in the presence of BSA (0.4 uM) using Max deluxe (Biolegend, San Diego, CA, USA) ELISA
kits [63]. We calibrated the use of LPS. Data presented are for microglial cells stimulated
by bzATP (400 pM) only, LPS (1 pg/mL), and their combination (bzATP/LPS). The protein
content of the cells was measured using BCA Protein Assay (Pierce, Meridian, Rockford,
IL, USA)). Assays were repeated with an internal control for cytokines for 5 x 10° cells per
well. Cells were harvested by scraping with a rubber policeman, washed with PBS (4 °C),
and counted. We obtained 40 pg lysate from 5 x 10° cells following lysis and clearance by
centrifugation (14,000 g, 10 min, 4 °C). Each cytokine assay was calibrated by an internal
standard curve.

4.4. RNA-Seq

Microglial cultures were harvested using a cell-scraper. Total RNA was purified from
~10° cells using QIAzol Lysis Reagent RNeasy plus Universal Mini Kit (QIAGEN, GmbH,
Hilden, Germany). To ensure homogenization, a QIAshredder (QIAGEN, GmbH, Hilden,
Germany) mini-spin column was used. Samples were transferred to a RNeasy Mini spin
column and centrifuged for 15 s at 8000 x g at room temperature. The mixture was processed
according to the manufacturer’s standard protocol. Samples with an RNA integrity number
(RIN) > 8.5, as measured by Agilent 2100 Bioanalyzer, were considered for further analysis.
Total RNA samples (1 ug RNA) were enriched for mRNAs by pull-down of poly(A)* RNA.
RNA-seq libraries for RNA > 200 nt were prepared as described [64]. We used KAPA
stranded RNA-seq kit (Roche, Basel, Switzerland) according to the manufacturer’s protocol
and sequenced using Illumina NextSeq 500 to generate 85 bp single-end reads.

4.5. Gel Based RT-PCR

Reverse transcription polymerase chain reaction (RT-PCR) assays followed by a gel-
based separation was performed for selected genes. cDNA was prepared by the High Ca-
pacity cDNA Reverse Transcription Kit (ThermoFisher, Waltham, MA, USA) according to
the manufacturer’s instructions, using RT random primers and MultiScribeTM Reverse Tran-
scriptase. For PCR reaction we used the PCRBIO-HS Taq mix (PCRBiosystem; London,
UK) according to the recommended protocol that consists of a denaturation step at 95 °C
(2 min) followed by 35 cycles (10 s at 95 °C, 15 s annealing at 60 °C, and 10 s extension for at
72 °C). The tested genes are: 116 (NM_031168), Fw: 5CACTTCACAAGTCGGAGGCT; Rev:
5 GGAGAGCATTGGAAATTGGGG (380 nt); Tnf (NM_013693), Fw: 5’ ACAGAAAGTCATGA
TCCGCGA; Rev: 5’GTTTGCTACGACGTGGGCT (288 nt); I11a (NM_010554), Fw: 5’ AGGGAG
TCAACTCATTGGCG; Rev: 5 ACTTCTGCCTGACGAGCTTC (449 nt); I11b (NM_008361), Fw:
5TGCCACCTTTTGACAGTGATG; Rev: 5’ GGAGCCTGTAGTGCAGTTG (351 nt); Tnirsflb
(NM_011610), Fw: 5’*CACTTGGGGCCGACTTGTTA; Rev: 5’CCGTCTCCTTCCCACAACAC
(445 nt). B-actin, Fw: 5 CTGGAACGGTGAAGGTGACA; Rev: 5 AAGGGACTTCCTGTAACA
ATGCA (173 nt). The intensity of (3-actin was used as a control.

4.6. Bioinformatic Analysis and Statistics

All next-generation sequencing data underwent quality control using FastQC, version
0.11.9 [65] and were processed using Trimmomatic, version 0.39 [66], aligned to GRCh38
using STAR, version 2.7.6a. All genomic loci were annotated using GENCODE version
32 [67]. Trimmed mean of M-values (TMM) normalization of RNA read counts and dif-
ferential expression analysis were performed using edgeR, version 3.36.0 [68]. TMM is a
between-sample method that is suitable to compare different libraries. The low variability
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of the TMM values within a triplicate group confirms the quality of the RNA-seq data.
For differential expression (DE) analysis, additional filtrations with FDR g-value < 0.05
and a minimal expression level of >10 TMM for the average of naive and bzATP treated
cells were applied. The term ‘Same” marks changes in expression that are bounded by 50%
(i.e., at a 0.67 to 1.5-fold difference relative to genes expressed in naive cells). The partition
of DE genes to clusters was done according to threshold listed in Table 1.

Pathway and gene-set enrichment analyses were performed using the clusterPro-
filer: enrichKEGG, version 4.2.0 program and pathview for visualization. GO annotation
enrichment was based on GOrilla statistical tool [69]. Protein—protein interaction map
was based on high scoring STRING interactome (score > 0.9) [35]. ID conversion from
Ensemble to Entrez was carried out by the annotation package (biomaRt, org.Mm.eg.db,
version 3.14.0). Experiments contained a minimum of three biological replicates. The
cytokine quantification data were analyzed by one-way analysis of variance (ANOVA),
using IBM SPSS Statistics Version 19 followed by Duncan’s post hoc test. Results from
microglial cell experiments are presented as mean + SD (standard deviation). All other
statistical tests were performed using R-base functions. When appropriate, p-values < 0.05
were calculated and considered statistically significant. Principal component analysis (PCA)
was performed using the R-base function “prcomp”. The analysis captures the maximum
amount of variation in the data, visualized in two dimensions. PC1 explained the most
variation and the subsequent component (PC2) explained the second most informative
data variation. Figures were generated using the ggplot2 R package, version 3.3.5.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms241310928 /s1.

Author Contributions: Conceptualization, M.W. and M.L.; Methodology, K.Z,, ELL., ER., TE., S.R.
and M.L.; Software, K.Z.; Formal analysis, K.Z., E.L. and M.L.; Investigation, K.Z., E.L., ER., S.R. and
M.L,; Resources, K.Z; Data curation, K.Z. and E.L.; Writing—original draft, M.L. and M.W.; Writing—
review and editing, K.Z., S.R.,, M.W. and M.L,; Visualization, K.Z. and E.L.; Project administration,
M.W. and M.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially supported by the Israel Science Foundation (ISF), grant 2753 /20
(M.L) and the ZC4H?2 Associated Rare Disorders (ZARD) grant (a fellowship to K.Z.) supported by
the orphan disease center (ODC), University of Pennsylvania, USA.

Institutional Review Board Statement: All animal-related studies were performed according to the
National Research Council’s guide and approval by the Hebrew University Institutional Committee.
The study is reported in accordance with ARRIVE guidelines. Research Ethics ID 15710, Authority
for Biological and Biomedical Models, Hebrew University.

Informed Consent Statement: All authors share their consent for publication.

Data Availability Statement: RNA-seq data files were deposited in ArrayExpress under the accession
E-MTAB-10450. All other data is available through the supplemental tables and figures.

Acknowledgments: We would like to thank Linial’s lab members for useful comments and fruitful
discussion.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AD Alzheimer’s disease
ATP Adenosine tri-phosphate
BSA Bovine serum albumin
CNS Central nervous system
DE Differentially expressed
DMEM Dulbecco’s modified Eagle medium
FC Fold change

FDR False discovery rate


https://www.mdpi.com/article/10.3390/ijms241310928/s1
https://www.mdpi.com/article/10.3390/ijms241310928/s1

Int. . Mol. Sci. 2023, 24, 10928 15 of 17

GO Gene ontology

h Hours

IL Interleukin

IFNy Interferon gamma

LPS Lipopolysaccharide

NT Not treated

PCA Principal component analysis
RNA-seq RNA sequencing analysis
TMM Trimmed mean of means

References

1. Amor, S.; Peferoen, L.A.; Vogel, D.Y.; Breur, M.; van der Valk, P.; Baker, D.; van Noort, ].M. Inflammation in neurodegenerative
diseases—An update. Immunology 2014, 142, 151-166. [CrossRef] [PubMed]

2. Clayton, K.A,; Van Enoo, A A ; Ikezu, T. Alzheimer’s disease: The role of microglia in brain homeostasis and proteopathy. Front.
Neurosci. 2017, 11, 680. [CrossRef] [PubMed]

3.  Gao, H.-M.; Hong, J.-S. Why neurodegenerative diseases are progressive: Uncontrolled inflammation drives disease progression.
Trends Immunol. 2008, 29, 357-365. [CrossRef]

4. Wolf, S.A.; Boddeke, HW.; Kettenmann, H. Microglia in Physiology and Disease. Annu. Rev. Physiol. 2017, 79, 619-643. [CrossRef]
[PubMed]

5. Imura, Y.; Morizawa, Y.; Komatsu, R.; Shibata, K.; Shinozaki, Y.; Kasai, H.; Moriishi, K.; Moriyama, Y.; Koizumi, S. Microglia
release ATP by exocytosis. Glia 2013, 61, 1320-1330. [CrossRef]

6. Sanz, ].M,; Di Virgilio, F. Kinetics and mechanism of ATP-dependent IL-1f3 release from microglial cells. J. Immunol. 2000, 164,
4893-4898. [CrossRef]

7. Neher, ].].; Neniskyte, U.; Brown, G.C. Primary phagocytosis of neurons by inflamed microglia: Potential roles in neurodegenera-
tion. Front. Pharm. 2012, 3, 27. [CrossRef]

8. Fricker, M; Vilalta, A.; Tolkovsky, A.M.; Brown, G.C. Caspase inhibitors protect neurons by enabling selective necroptosis of
inflamed microglia. J. Biol. Chem. 2013, 288, 9145-9152. [CrossRef]

9. Hammond, T.R.; Dufort, C.; Dissing-Olesen, L.; Giera, S.; Young, A.; Wysoker, A.; Walker, A.].; Gergits, F.; Segel, M.; Nemesh,
J. Single-cell RNA sequencing of microglia throughout the mouse lifespan and in the injured brain reveals complex cell-state
changes. Immunity 2019, 50, 253-271.e6. [CrossRef]

10. Wang, W.Y,; Tan, M.S,; Yu, ].T,; Tan, L. Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann.
Transl. Med. 2015, 3, 136. [CrossRef]

11. Rodriguez-Gomez, ].A.; Kavanagh, E.; Engskog-Vlachos, P.; Engskog, M.K.R.; Herrera, A J.; Espinosa-Oliva, A.M.; Joseph, B.;
Haijji, N.; Venero, J.L.; Burguillos, M.A. Microglia: Agents of the CNS Pro-Inflammatory Response. Cells 2020, 9, 1717. [CrossRef]
[PubMed]

12.  Shoham, S.; Linial, M.; Weinstock, M. Age-Induced Spatial Memory Deficits in Rats Are Correlated with Specific Brain Region
Alterations in Microglial Morphology and Gene Expression. J. Neuroimmune Pharm. 2019, 14, 251-262. [CrossRef] [PubMed]

13.  Shemer, A.; Erny, D.; Jung, S.; Prinz, M. Microglia plasticity during health and disease: An immunological perspective. Trends
Immunol. 2015, 36, 614-624. [CrossRef] [PubMed]

14. Wu, Y,; Dissing-Olesen, L.; MacVicar, B.A.; Stevens, B. Microglia: Dynamic mediators of synapse development and plasticity.
Trends Immunol. 2015, 36, 605-613. [CrossRef] [PubMed]

15. Hickman, S; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef]

16. Linial, M.; Stern, A.; Weinstock, M. Effect of ladostigil treatment of aging rats on gene expression in four brain areas associated
with regulation of memory. Neuropharmacology 2020, 177, 108229. [CrossRef]

17. Hide, I.; Tanaka, M.; Inoue, A.; Nakajima, K.; Kohsaka, S.; Inoue, K.; Nakata, Y. Extracellular ATP triggers tumor necrosis
factor-alpha release from rat microglia. J. Neurochem. 2000, 75, 965-972. [CrossRef]

18. Illes, P. P2X7 Receptors Amplify CNS Damage in Neurodegenerative Diseases. Int. J. Mol. Sci. 2020, 21, 5996. [CrossRef]

19. Lambertsen, K.L.; Clausen, B.H.; Babcock, A.A.; Gregersen, R.; Fenger, C.; Nielsen, H.H.; Haugaard, L.S.; Wirenfeldt, M.; Nielsen,
M.; Dagnaes-Hansen, F. Microglia protect neurons against ischemia by synthesis of tumor necrosis factor. J. Neurosci. 2009, 29,
1319-1330. [CrossRef]

20. Cianciulli, A.; Porro, C.; Calvello, R.; Trotta, T.; Lofrumento, D.D.; Panaro, M.A. Microglia Mediated Neuroinflammation: Focus
on PI3K Modulation. Biomolecules 2020, 10, 137. [CrossRef]

21. Park,].; Min, J.-S.; Kim, B.; Chae, U.-B.; Yun, ] W,; Choi, M.-S.; Kong, I.-K.; Chang, K.-T; Lee, D.-S. Mitochondrial ROS govern the
LPS-induced pro-inflammatory response in microglia cells by regulating MAPK and NF-«B pathways. Neurosci. Lett. 2015, 584,
191-196. [CrossRef]

22. Zhou, L.-t.; Wang, K..; Li, L.; Li, H.; Geng, M. Pinocembrin inhibits lipopolysaccharide-induced inflammatory mediators

production in BV2 microglial cells through suppression of PI3K/Akt/NF-«B pathway. Eur. J. Pharmacol. 2015, 761, 211-216.
[CrossRef]


https://doi.org/10.1111/imm.12233
https://www.ncbi.nlm.nih.gov/pubmed/24329535
https://doi.org/10.3389/fnins.2017.00680
https://www.ncbi.nlm.nih.gov/pubmed/29311768
https://doi.org/10.1016/j.it.2008.05.002
https://doi.org/10.1146/annurev-physiol-022516-034406
https://www.ncbi.nlm.nih.gov/pubmed/27959620
https://doi.org/10.1002/glia.22517
https://doi.org/10.4049/jimmunol.164.9.4893
https://doi.org/10.3389/fphar.2012.00027
https://doi.org/10.1074/jbc.M112.427880
https://doi.org/10.1016/j.immuni.2018.11.004
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.3390/cells9071717
https://www.ncbi.nlm.nih.gov/pubmed/32709045
https://doi.org/10.1007/s11481-018-9817-2
https://www.ncbi.nlm.nih.gov/pubmed/30343448
https://doi.org/10.1016/j.it.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26431939
https://doi.org/10.1016/j.it.2015.08.008
https://www.ncbi.nlm.nih.gov/pubmed/26431938
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.1016/j.neuropharm.2020.108229
https://doi.org/10.1046/j.1471-4159.2000.0750965.x
https://doi.org/10.3390/ijms21175996
https://doi.org/10.1523/JNEUROSCI.5505-08.2009
https://doi.org/10.3390/biom10010137
https://doi.org/10.1016/j.neulet.2014.10.016
https://doi.org/10.1016/j.ejphar.2015.06.003

Int. . Mol. Sci. 2023, 24, 10928 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

Akhmetzyanova, E.; Kletenkov, K.; Mukhamedshina, Y.; Rizvanov, A. Different Approaches to Modulation of Microglia Pheno-
types After Spinal Cord Injury. Front. Syst. Neurosci. 2019, 13, 37. [CrossRef]

Hirbec, H.E.; Noristani, H.N.; Perrin, F.E. Microglia responses in acute and chronic neurological diseases: What microglia-specific
transcriptomic studies taught (and did not teach) us. Front. Aging Neurosci. 2017, 9, 227. [CrossRef]

Timmerman, R.; Burm, S.M.; Bajramovic, J.J. An Overview of in vitro Methods to Study Microglia. Front. Cell Neurosci. 2018, 12,
242. [CrossRef]

Lively, S.; Schlichter, L.C. Microglia Responses to Pro-inflammatory Stimuli (LPS, IEFNy+TNF«) and Reprogramming by Resolving
Cytokines (IL-4, IL-10). Front. Cell Neurosci. 2018, 12, 215. [CrossRef]

Douvaras, P; Sun, B.; Wang, M.; Kruglikov, I.; Lallos, G.; Zimmer, M.; Terrenoire, C.; Zhang, B.; Gandy, S.; Schadt, E.; et al.
Directed Differentiation of Human Pluripotent Stem Cells to Microglia. Stem Cell Rep. 2017, 8, 1516-1524. [CrossRef]

McQuade, A.; Coburn, M.; Tu, C.H.; Hasselmann, J.; Davtyan, H.; Blurton-Jones, M. Development and validation of a simplified
method to generate human microglia from pluripotent stem cells. Mol. Neurodegener. 2018, 13, 67. [CrossRef]

Welser-Alves, ].V.; Milner, R. Microglia are the major source of TNF-« and TGF-f1 in postnatal glial cultures; regulation by
cytokines, lipopolysaccharide, and vitronectin. Neurochem. Int. 2013, 63, 47-53. [CrossRef]

Bohlen, C.J.; Bennett, F.C.; Tucker, A.F.; Collins, H.Y.; Mulinyawe, S.B.; Barres, B.A. Diverse Requirements for Microglial Survival,
Specification, and Function Revealed by Defined-Medium Cultures. Neuron 2017, 94, 759-773.e8. [CrossRef]

Jiang, X,; He, H.; Mo, L,; Liu, Q.; Yang, F,; Zhou, Y.; Li, L.; Su, D.; Yi, S.; Zhang, ]. Mapping the Plasticity of Morphology, Molecular
Properties and Function in Mouse Primary Microglia. Front. Cell Neurosci. 2021, 15, 811061. [CrossRef] [PubMed]

Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenera-
tive Disease. Antioxidants 2020, 9, 743. [CrossRef] [PubMed]

Smith, J.A.; Das, A.; Ray, S.K.; Banik, N.L. Role of pro-inflammatory cytokines released from microglia in neurodegenerative
diseases. Brain Res. Bull. 2012, 87, 10-20. [CrossRef] [PubMed]

Chao, C.C.; Hu, S; Close, K.; Choi, C.S.; Molitor, T.W.; Novick, W.].; Peterson, PK. Cytokine release from microglia: Differential
inhibition by pentoxifylline and dexamethasone. J. Infect. Dis. 1992, 166, 847-853. [CrossRef] [PubMed]

Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.; Santos, A.; Tsafou,
K.P. STRING v10: Protein—protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2014, 43, D447-D452.
[CrossRef]

Martens, M.; Ammar, A.; Riutta, A.; Waagmeester, A.; Slenter, D.N.; Hanspers, K.; Miller, R.A ; Digles, D.; Lopes, E.N.; Ehrhart, E;
et al. WikiPathways: Connecting communities. Nucleic Acids Res. 2021, 49, D613-D621. [CrossRef]

Zhang, ].D.; Wiemann, S. KEGGgraph: A graph approach to KEGG PATHWAY in R and bioconductor. Bioinformatics 2009, 25,
1470-1471. [CrossRef]

Mosher, K.I.; Wyss-Coray, T. Microglial dysfunction in brain aging and Alzheimer’s disease. Biochem. Pharmacol. 2014, 88, 594-604.
[CrossRef]

McInturff, ].E.; Modlin, R.L.; Kim, J. The role of toll-like receptors in the pathogenesis and treatment of dermatological disease. J.
Investig. Dermatol. 2005, 125, 1-8. [CrossRef]

Lynch, M.A. The multifaceted profile of activated microglia. Mol. Neurobiol. 2009, 40, 139-156. [CrossRef]

Suuronen, T.; Nuutinen, T.; Huuskonen, J.; Ojala, J.; Thornell, A.; Salminen, A. Anti-inflammatory effect of selective estrogen
receptor modulators (SERMs) in microglial cells. Inflamm. Res. 2005, 54, 194-203. [CrossRef]

York, E.M.; Bernier, L.P.; MacVicar, B.A. Microglial modulation of neuronal activity in the healthy brain. Dev. Neurobiol. 2018, 78,
593-603. [CrossRef]

Raouf, R.; Chabot-Doré, A.-].; Ase, A.R.; Blais, D.; Séguéla, P. Differential regulation of microglial P2X4 and P2X7 ATP receptors
following LPS-induced activation. Neuropharmacology 2007, 53, 496-504. [CrossRef]

Gulke, E.; Gelderblom, M.; Magnus, T. Danger signals in stroke and their role on microglia activation after ischemia. Adv. Neurol.
Disord. 2018, 11, 1756286418774254. [CrossRef]

Kiyota, T.; Gendelman, H.E.; Weir, R.A.; Higgins, E.E.; Zhang, G.; Jain, M. CCL2 affects 3-amyloidosis and progressive
neurocognitive dysfunction in a mouse model of Alzheimer’s disease. Neurobiol. Aging 2013, 34, 1060-1068. [CrossRef]
Joly-Amado, A.; Hunter, J.; Quadri, Z.; Zamudio, F; Rocha-Rangel, P.V.; Chan, D.; Kesarwani, A.; Nash, K.; Lee, D.C.; Morgan, D.
CCL2 overexpression in the brain promotes glial activation and accelerates tau pathology in a mouse model of tauopathy. Front.
Immunol. 2020, 11, 997. [CrossRef]

Elling, R.; Robinson, E.K.; Shapleigh, B.; Liapis, S.C.; Covarrubias, S.; Katzman, S.; Groff, A.F; Jiang, Z.; Agarwal, S.; Motwani, M.;
et al. Genetic Models Reveal cis and trans Immune-Regulatory Activities for lincRNA-Cox2. Cell Rep. 2018, 25, 1511-1524.e6.
[CrossRef]

Heyen, ].R.; Ye, S.-m.; Finck, B.N.; Johnson, R.W. Interleukin (IL)-10 inhibits IL-6 production in microglia by preventing activation
of NF-kB. Mol. Brain Res. 2000, 77, 138-147. [CrossRef]

Butovsky, O.; Jedrychowski, M.P,; Moore, C.S.; Cialic, R.; Lanser, A.].; Gabriely, G.; Koeglsperger, T.; Dake, B.; Wu, PM.; Doykan,
C.E,; et al. Identification of a unique TGF-3-dependent molecular and functional signature in microglia. Nat. Neurosci. 2014, 17,
131-143. [CrossRef]


https://doi.org/10.3389/fnsys.2019.00037
https://doi.org/10.3389/fnagi.2017.00227
https://doi.org/10.3389/fncel.2018.00242
https://doi.org/10.3389/fncel.2018.00215
https://doi.org/10.1016/j.stemcr.2017.04.023
https://doi.org/10.1186/s13024-018-0297-x
https://doi.org/10.1016/j.neuint.2013.04.007
https://doi.org/10.1016/j.neuron.2017.04.043
https://doi.org/10.3389/fncel.2021.811061
https://www.ncbi.nlm.nih.gov/pubmed/35153675
https://doi.org/10.3390/antiox9080743
https://www.ncbi.nlm.nih.gov/pubmed/32823544
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://www.ncbi.nlm.nih.gov/pubmed/22024597
https://doi.org/10.1093/infdis/166.4.847
https://www.ncbi.nlm.nih.gov/pubmed/1527422
https://doi.org/10.1093/nar/gku1003
https://doi.org/10.1093/nar/gkaa1024
https://doi.org/10.1093/bioinformatics/btp167
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1111/j.0022-202X.2004.23459.x
https://doi.org/10.1007/s12035-009-8077-9
https://doi.org/10.1007/s00011-005-1343-z
https://doi.org/10.1002/dneu.22571
https://doi.org/10.1016/j.neuropharm.2007.06.010
https://doi.org/10.1177/1756286418774254
https://doi.org/10.1016/j.neurobiolaging.2012.08.009
https://doi.org/10.3389/fimmu.2020.00997
https://doi.org/10.1016/j.celrep.2018.10.027
https://doi.org/10.1016/S0169-328X(00)00042-5
https://doi.org/10.1038/nn.3599

Int. . Mol. Sci. 2023, 24, 10928 17 of 17

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Henn, A.; Lund, S.; Hedtjarn, M.; Schrattenholz, A.; Pérzgen, P; Leist, M. The suitability of BV2 cells as alternative model system
for primary microglia cultures or for animal experiments examining brain inflammation. ALTEX Altern. Anim. Exp. 2009, 26,
83-94. [CrossRef]

Mendonca, P; Taka, E.; Bauer, D.; Cobourne-Duval, M.; Soliman, K.F. The attenuating effects of 1, 2, 3, 4, 6 penta-O-galloyl-{3-d-
glucose on inflammatory cytokines release from activated BV-2 microglial cells. J. Neuroimmunol. 2017, 305, 9-15. [CrossRef]
[PubMed]

Das, A.; Kim, S.H.; Arifuzzaman, S.; Yoon, T.; Chali, ].C.; Lee, Y.S.; Park, K.S.; Jung, K.H.; Chai, Y.G. Transcriptome sequencing
reveals that LPS-triggered transcriptional responses in established microglia BV2 cell lines are poorly representative of primary
microglia. J. Neuroinflamm. 2016, 13, 182. [CrossRef] [PubMed]

Hirbec, H.; Marmai, C.; Duroux-Richard, I.; Roubert, C.; Esclangon, A.; Croze, S.; Lachuer, ].; Peyroutou, R.; Rassendren, F. The
microglial reaction signature revealed by RNAseq from individual mice. Glia 2018, 66, 971-986. [CrossRef] [PubMed]
Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276-1290.e17. [CrossRef]

Pulido-Salgado, M.; Vidal-Taboada, J.M.; Barriga, G.G.; Sola, C.; Saura, ]. RNA-Seq transcriptomic profiling of primary murine
microglia treated with LPS or LPS + IFNY. Sci. Rep. 2018, 8, 16096. [CrossRef]

Gerrits, E.; Heng, Y.; Boddeke, E.; Eggen, B.J.L. Transcriptional profiling of microglia; current state of the art and future
perspectives. Glia 2020, 68, 740-755. [CrossRef]

Chhor, V.; Le Charpentier, T.; Lebon, S.; Ore, M.V,; Celador, I.L.; Josserand, J.; Degos, V.; Jacotot, E.; Hagberg, H.; Savman, K.; et al.
Characterization of phenotype markers and neuronotoxic potential of polarised primary microglia in vitro. Brain Behav. Immun.
2013, 32, 70-85. [CrossRef]

Wong, E.T.; Tergaonkar, V. Roles of NF-«B in health and disease: Mechanisms and therapeutic potential. Clin. Sci. 2009, 116,
451-465. [CrossRef]

Weinstock, M.; Bejar, C.; Schorer-Apelbaum, D.; Panarsky, R.; Luques, L.; Shoham, S. Dose-dependent effects of ladostigil on
microglial activation and cognition in aged rats. |. Neuroimmune Pharmacol. 2013, 8, 345-355. [CrossRef]

Panarsky, R.; Luques, L.; Weinstock, M. Anti-inflammatory effects of ladostigil and its metabolites in aged rat brain and in
microglial cells. J. Neuroimmune Pharmacol. 2012, 7, 488-498. [CrossRef]

Reichert, F; Rotshenker, S. Complement-receptor-3 and scavenger-receptor-Al/Il mediated myelin phagocytosis in microglia and
macrophages. Neurobiol. Dis. 2003, 12, 65-72. [CrossRef] [PubMed]

Gitik, M.; Liraz-Zaltsman, S.; Oldenborg, P.A.; Reichert, F; Rotshenker, S. Myelin down-regulates myelin phagocytosis by
microglia and macrophages through interactions between CD47 on myelin and SIRP« (signal regulatory protein-alpha) on
phagocytes. J. Neuroinflamm. 2011, 8, 24. [CrossRef] [PubMed]

Shamash, S.; Reichert, F.; Rotshenker, S. The cytokine network of Wallerian degeneration: Tumor necrosis factor-alpha, interleukin-
1o, and interleukin-1f3. . Neurosci. 2002, 22, 3052-3060. [CrossRef] [PubMed]

Zohar, K.; Lezmi, E.; Eliyahu, T.; Linial, M. Ladostigil Attenuates Induced Oxidative Stress in Human Neuroblast-like SH-SY5Y
Cells. Biomedicines 2021, 9, 1251. [CrossRef]

Brown, J.; Pirrung, M.; McCue, L.A. FQC Dashboard: Integrates FastQC results into a web-based, interactive, and extensible
FASTQ quality control tool. Bioinformatics 2017, 33, 3137-3139. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139-140. [CrossRef]

Eden, E.; Navon, R;; Steinfeld, I.; Lipson, D.; Yakhini, Z. GOrilla: A tool for discovery and visualization of enriched GO terms in
ranked gene lists. BVIC Bioinform. 2009, 10, 48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.14573/altex.2009.2.83
https://doi.org/10.1016/j.jneuroim.2017.01.011
https://www.ncbi.nlm.nih.gov/pubmed/28284353
https://doi.org/10.1186/s12974-016-0644-1
https://www.ncbi.nlm.nih.gov/pubmed/27400875
https://doi.org/10.1002/glia.23295
https://www.ncbi.nlm.nih.gov/pubmed/29399880
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1038/s41598-018-34412-9
https://doi.org/10.1002/glia.23767
https://doi.org/10.1016/j.bbi.2013.02.005
https://doi.org/10.1042/CS20080502
https://doi.org/10.1007/s11481-013-9433-0
https://doi.org/10.1007/s11481-012-9358-z
https://doi.org/10.1016/S0969-9961(02)00008-6
https://www.ncbi.nlm.nih.gov/pubmed/12609490
https://doi.org/10.1186/1742-2094-8-24
https://www.ncbi.nlm.nih.gov/pubmed/21401967
https://doi.org/10.1523/JNEUROSCI.22-08-03052.2002
https://www.ncbi.nlm.nih.gov/pubmed/11943808
https://doi.org/10.3390/biomedicines9091251
https://doi.org/10.1093/bioinformatics/btx373
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/1471-2105-10-48

	Introduction 
	Results 
	Functional Response of Primary Microglia 
	A Short-Lived Transient Wave of Gene Expression by bzATP 
	Global Alteration of the Cell Transcriptome by bzATP/LPS Is Synchronized and Long-Lasting 
	Expression of Interleukins as Indicators of Microglial Response 
	Changes in Gene Expression by Orders of Magnitude Drive the Cellular State 
	Enrichment Analysis of the Transcriptome Induced by bzATP/LPS 
	Inflammatory-Related Signaling Pathways Are Significantly Induced by Exposing Cells to LPS 
	Alternative Signaling Patterns Dominate the Microglia Activation States 
	Stimulation of Microglia by bzATP/LPS Affects the Expression of Abundant ncRNAs 

	Discussion 
	Materials and Methods 
	Compounds and Reagents 
	Preparation of Microglial Cultures 
	Measurement of Cytokines 
	RNA-Seq 
	Gel Based RT-PCR 
	Bioinformatic Analysis and Statistics 

	References

