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Abstract: Astrocytes are considered to be an important contributor to central nervous system (CNS)
disorders, particularly multiple sclerosis. The transcriptome of these cells is greatly affected by
cytokines released by lymphocytes, penetrating the blood–brain barrier—in particular, the classical
pro-inflammatory cytokine interferon-gamma (IFNγ). We report here the transcriptomal profiling
of astrocytes treated using IFNγ and benztropine, a putative remyelinization agent. Our findings
indicate that the expression of genes involved in antigen processing and presentation in astrocytes
are significantly upregulated upon IFNγ exposure, emphasizing the critical role of this cytokine in
the redirection of immune response towards self-antigens. Data reported herein support previous
observations that the IFNγ-induced JAK-STAT signaling pathway may be regarded as a valuable
target for pharmaceutical interventions.
Keywords: astrocytes; transcriptome; Affymetrix; interferon-gamma; benztropine; immunoproteasome;
PA28/11S/REG; antigen presentation; major histocompatibility complex; microRNA

1. Introduction
Autoimmune neurodegeneration—also known as multiple sclerosis (MS)—is caused by adaptive
immunity that recognizes self-antigens forming the myelin sheath, covering the axons of neurons.
Oligodendrocytes are specialized cells expressing myelin proteins, and are the main target of the
immune system during MS triggering and development [1]. Astrocytes are star-shaped glial cells in the
brain and spinal cord, and significantly tune the autoreactive cellular response, releasing potentially
neurotoxic molecules, including inflammatory cytokines, glutamate, nitric oxide, and reactive oxygen
species [2]. One of the most important hallmarks of MS is the induction of inflammation in the central

Molecules 2017, 22, 808; doi:10.3390/molecules22050808

www.mdpi.com/journal/molecules

Molecules 2017, 22, 808

2 of 9

nervous system (CNS), orchestrated by lymphocytes infiltrating via the blood–brain barrier (BBB).
In turn, inflammation is driven by secreted cytokines, of which interferon-gamma (IFNγ) is thought to
be one of the most important [3]. Recent data also indicate that the muscarinic acetylcholine receptor
antagonist benztropine—an approved drug for Parkinson’s disease—may be considered as a potential
agent for MS treatment [4].
Current progress in the evaluation of brain-related transcriptomes of tissue samples and cell
populations [5] is consistently complemented with mass-spectromic profiling of resident brain cells [6,7]
and single-cell RNA sequencing [8,9]. To date, the Glia Open Access Database (GOAD) contains
several tens of mRNA expression profiles for glia cells [10]. The abundance of mRNA in myelin was
reported in Reference [11]. Zhang et al. generated a transcriptome database for neurons, astrocytes,
oligodendrocyte precursor cells, newly-formed oligodendrocytes, myelinating oligodendrocytes,
microglia, endothelial cells, and pericytes from mouse cerebral cortex using RNA sequencing [12].
As an another example, high-throughput RNA sequencing of brain cells was used to analyze the
consequences of the loss of a key transcription factor, zinc finger protein 191 [13]. The effect of
benztropine on α-synuclein-overexpressing primary rat oligodendrocyte progenitor cells, utilizing
transcriptome sequencing, was evaluated in Reference [14]. Recently, we reported transcriptome
profiling of a primary culture of oligodendrocytes under inflammation conditions and remyelination
stimulus, suggesting significant elevation of mRNA encoding catalytic subunits of immunoproteasome
and major histocompatibility complex (MHC) class I molecules, which means increased capabilities
of antigen presentation by IFNγ-treated oligodendrocytes [15]. In the present study, we aimed at
analyzing the transcriptome of murine astrocytes in the background state, and to compare it with those
under exposure to IFNγ, benztropine, or a combination of the two.
2. Results and Discussion
2.1. Analysis of Astrocyte Transcriptional Markers
We obtained a primary culture of cerebral cells which were significantly enriched with murine
brain astrocytes. Cerebral cells are known to have distinct transcriptional and proteomic profiles.
Studies of murine brain, utilizing mass-spectrometry, revealed the top 40 most abundant and enriched
proteins [6] of the myelin sheath (Mbp, Plp1, and Cnp), the cytoskeleton (Tuba1b, Actb, Sptan1, Map2,
Map1a, Tubb3, Nefl, Map6, Nefh, and Gfap), synapses (Dnm1, Syn1, Camk2b, Syt1, Camk2a, Syn2, Bsn,
Snap25, and Stx1b), and glycolysis, as well as energy pathways (Aldoa, Eno2, and Ldhb). According to our
data, mRNA related to these proteins was highly abundant in the primary culture of astrocytes obtained
from mouse brain, except for Snap25, Camk2b, Nefl, and Tuba1b (Figure 1a). In order to more precisely
characterize the types of cultured cells, we analyzed the levels of mRNA coding for the cell-type-specific
markers. The mRNA encoding the proteins related to astrocytes (Aqp4, Gfap, and Aldh1l1) and microglia
(Iba1, Tlr2, and Tlr7) [6] were significantly upregulated (Figure 1b). Importantly, we found evident
correlation between the levels of proteins that are specific for astrocytes (as reported by Sharma et al.),
and the levels of respective mRNA, indicating that enhanced levels of these transcripts have distinct
physiological meanings. The plotting of overexpressed proteins in different cell types, according to
Reference [6], against expression profiles of cultured cerebral cells confirmed the predominance of
astrocytes and the existence of minor populations of CD68-positive cells, most likely representing
macrophages (Figure 1c). In their study, Zeisel et al. [8] showed that astrocytes form two subclasses,
distinguished by differential expression of Gfap (type I) and Mfge8 (type II), and the existence of
two types of immune cells, which are characterized by increased expression of Aif1 and Cx3cr1: the
tissue-resident macrophages of the brain (microglia) and perivascular macrophages (PM), expressing
Mrc1 and Lyve1. Our data suggest that the cultured astrocytes were type I, while the high level of
mRNA coding for Mrc1 suggests the presence of perivascular macrophages (Figure 1d).

Molecules
2017,
22,22,
808808
Molecules
2017,

3 of3 9of 9

Figure 1. Abundant and enriched transcripts in murine cerebral cells. Expression profile of mRNA
Figure 1. Abundant and enriched transcripts in murine cerebral cells. Expression profile of mRNA
from cultured astrocytes coding for proteins enriched in (a) brain cells and (b) different cerebral cell
from cultured astrocytes coding for proteins enriched in (a) brain cells and (b) different cerebral cell
types according to Sharma et al. [6]; (c) Scatter plot of log2 fold expression versus log2 fold change over
types according to Sharma et al. [6]; (c) Scatter plot of log2 fold expression versus log2 fold change
median abundance in different brain cell types, according to Sharma et al. [6]; (d) Typing of cultured
over median abundance in different brain cell types, according to Sharma et al. [6]; (d) Typing of
astrocytes in accordance with markers reported in Zeisel et al. [8].
cultured astrocytes in accordance with markers reported in Zeisel et al. [8].
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and adhesion cells were washed using medium. Cells were detached with EDTA and were further
plated at 3 × 104 /cm2 . The culture medium was Basal Medium Eagle’s with Earle’s balanced salts
containing 15% fetal calf serum, 0.1% glutamine, and 0.6% glucose. Cells, in independent triplicates,
were treated using recombinant murine IFNγ (Sigma, I4777, St. Louis, MO, USA) at a concentration of
250 IU/mL [30], or with benztropine at a concentration of 2.0 µM [4], in culture medium for 48 h prior
to analyses. Benztropin was kindly provided by Dr. Igor Titanyuk from the Department of Chemistry
of M.V. Lomonosov Moscow State University.
3.2. Microarray Analyses
mRNA isolation and quality controls were performed as described in References [31,32].
The mRNA samples isolated from the three independent cell culture replicates were mixed in equal
mRNA quantities. The procedures for cDNA synthesis and labelling were carried out according to
the Ambion WT Expression Kit (Life Technologies, Darmstadt, Germany) using 500 ng of total RNA
as a starting material, as described in Reference [33]. Target DNA fragmentation, hybridization on
Affymetrix GeneChip Mouse Gene 2.0 ST microarrays, array washing, staining, and scanning were
performed as described in Reference [34]. Scans of the microarrays were converted into CEL files
using the scanner software, and were then processed in Affymetrix Expression Console (build 1.4.1.46)
using the RMA method. Fold change threshold was set to 1.5×. Probesets with no associated Gene
Symbol were excluded from the analyses. The raw data have been deposited to the Gene Expression
Omnibus [35] under accession code GSE96899.
3.3. qPCR Validation of Gene Expression Data
RNA was reverse transcribed to cDNA as described in Reference [31] using 100 ng of RNA
as a starting material. Quantitative PCR analysis was carried out using the SYBR Green 2.5× PCR
reaction mix for qPCR (Syntol, Moscow, Russia). Primer pairs were designed and characterized as
described in Reference [31]. PCR efficiencies of all primer sets were higher than 1.93 and lower than
2.06 (Supplementary Table S1), except for H2-K1 (1.81). All RNA samples were analyzed in triplicate
and averaged. Target genes were normalized to the reference genes Tpt1, Ap1g1, and Eef1a1, and data
were processed based on the ∆∆Ct method. Reference gene selection and validation were performed
using the approach described in Reference [31].
4. Conclusions
Herein, we showed that exposure of a primary culture of murine cerebral cells significantly
enriched in astrocytes to IFNγ significantly increases the expression of genes related to MHC class
I/II molecules and immunoproteasome, and significantly enhances their capabilities of presenting
exogenous and self-antigens. Evidently, the observed changes in the levels of mRNAs encoding MHC
class I/II and immunoproteasome catalytic subunits may have a dualistic role—either enhancing the
development of autoimmune neurodegeneration [36] or in the control of CNS infections [37]. IFNγ is
known to induce the expression of catalytic immunosubunits of proteasomes [38] via intracellular
signaling by STAT1 and IRF1 [39,40]. On the other hand, available data suggest that IFNγ-driven
JAK-STAT-dependent induction of MHC class I and class II expression involves NOD-, LRR-, and
CARD-containing 5 (NLRC5)—a specific transactivator of MHC class I genes (CITA) [41] and class II
transactivator (CIITA) [42], respectively. In line with this, analyses of the expression of transcription
factors in astrocyte cultures under IFNγ exposure (Figure 3c) revealed that these effects may be caused
by JAK-STAT signaling, involving interferon regulatory factor 1 (IRF1), NLRC5 [43], and CIITA [44]
(Figure 3d). In conclusion, our findings support the further study of astrocytes as antigen-presenting
cells [45], and as targets for autoreactive cytotoxic lymphocytes [46].
Supplementary Materials: The following are available online, Table S1: List of qPCR primers, Supplementary
data: Cellular pathways affected by IFNg and benztropine.
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