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ABSTRACT: The mammalian brain is characterized by distinct classes of cells that differ in morphology, structure, signaling, and function. Dysregula-
tion of gene expression in these cell populations leads to various neurological disorders. Neural cells often need to be acutely purified from animal brains
for research, which requires complicated procedure and specific expertise. Primary culture of these cells iz viro is a viable alternative, but the differences
in gene expression of cells grown in vifro and in vivo remain unclear. Here, we cultured three major neural cell classes of rat brain (ie, neurons, astrocytes,
and oligodendrocyte precursor cells [OPCs]) obtained from commercial sources. We measured transcript abundance of these cell types by RNA sequencing
(RNA-seq) and compared with their counterparts acutely purified from mouse brains. Cross-species RNA-seq data analysis revealed hundreds of genes that
are differentially expressed between the cultured and acutely purified cells. Astrocytes have more such genes compared to neurons and OPCs, indicating
that signaling pathways are greatly perturbed in cultured astrocytes. This dataset provides a powerful resource to demonstrate the similarities and differ-

ences of biological processes in mammalian neural cells grown in vitro and in vivo at the molecular level.
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Introduction
'The brain is one of the most complex and important organs in
a mammal. A typical mammalian brain contains 10® (mouse)
to 101 (human) neurons and an even larger number of glial
cells.! Neurons possess a large cell body (soma) and projec-
tions interconnecting each other, allowing long-distance elec-
trical communication among cells in mammals. Glial cells
are nonneuronal cells, including astrocytes, oligodendrocytes
(OLs), and microglia.? Generally, glial cells are considered
to be ancillary cells in the nervous system, providing physi-
cal support (eg, astrocytes), producing the myelin sheath (eg,
OLs), and acting as the main form of active immune defense
(eg, microglia). Oligodendrocyte precursor cells (OPCs) are
cells that are able to differentiate into OLs, neurons, and
astrocytes.® Neurons and glial cells are involved in numerous
neurological diseases, such as Parkinson’s disease,* Hunting-
ton’s disease,” Rett syndrome,® and fragile X mental retarda-
tion.” Understanding gene expression in these cell types may
help both diagnosis and treatment of these diseases.
Technically, neural cell populations can be acutely purified
from animal brains by four experimental methods: (1) laser-
capture microdissection (LCM) or laser-directed microdissection

(LDM),%10 (2) fluorescence-activated cell sorting (FACS),113

15-17

(3) immunopanning (PAN),

and (4) translating ribosome

affinity purification (TRAP).132! Each method has its own
advantages and disadvantages.?? FACS and PAN are shown
to have relatively lower levels of contamination compared to
LCM/LDM and TRAP.??> Since the cells are isolated from
animals in a short period of time, these pooled cells are believed
to reflect their physiological states in vivo.

The aforementioned experimental methods are tech-
nically complicated, which require extensive training and
practice. Handling animals needs necessary facilities and
personnel. A practical alternative is to use primary cultures
of neural cells that are grown in vitro. Commercial avail-
ability of purified neural cells allows researchers to conduct
cell-based experiments in a time- and cost-effective manner
and draws meaningful conclusions about the cells’ functions
in vivo. Indeed, primary cultures of astroglia have been used
as in vitro proxies to astrocytes in vivo.”* Nevertheless, many
argue that in vitro cultures of neural cells cannot substitute the
acutely purified cells from animals. For instance, astrocytes in
situ are highly polarized cells, with distinct sets of processes
that project to either synapses or vascular walls.?#2> However,
cultured astrocytes appear nonpolarized with an epithelioid-
like shape. Moreover, several studies have found that genes
that are induced in the cultured astrocytes are not necessarily
expressed in vivo, suggesting that cultured astroglia do not
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represent the same cell type as in vivo astrocytes.>2¢ How-
ever, this is not true for OLs.?” In particular, Dugas et al made
a comparison of in vitro and in vivo OLs using microarrays
and concluded that many aspects of the expression profile of
the in virro OLs were very similar to that of OLs acutely puri-
fied from animals.?” Overall, these microarray-based studies
show that in vitro and in vivo astrocytes have different gene
expression profiles, while in vifro OLs have similar profiles to
their counterparts grown iz vive; similar comparison has not
been done for neurons.

Recently, Zhang et al have developed a transcriptome
database of various mouse neural cell types, including neu-
rons, astrocytes, and OPCs acutely purified from cerebral
cortex.?® This study identified many cell type-enriched genes
using RNA sequencing (RNA-seq), a more sensitive high-
throughput technique than microarray measurements.??* To
have a full understanding of the differences in gene expres-
sion of neural cells grown in vitro and in vivo, we quantified
gene expression levels in rat neurons, astrocytes and OPCs
in primary cultures by RNA-seq and analyzed them with
their in vivo counterparts by a cross-species RNA-seq data
analysis pipeline.>> Our RNA-seq data are of high quality in
which many known cell type-specific marker genes are solely
expressed in the corresponding cell populations. By compar-
ing in vitro and in vivo gene expression profiles, we identified
hundreds of differentially expressed genes (DEGs), including
many not found by previous studies.!®?” We found that astro-
cytes contain more DEGs than neurons and OPCs, suggest-
ing that care needs to be taken when interpreting experimental
results from cultured astrocytes.

Methods
Rat primary cortical astrocytes (Cat. N7745-100), neurons (Cat.
A10840-01), and glial precursor cells (GPCs, N7746-100)
were purchased from Life Technologies. The cells were cultured
according to the protocols provided by the company (Supplemen-
tary Fig. 1). Briefly, primary rat cortical astrocytes were grown in
85% Dulbecco’s Modified Eagle’s Medium and 15% fetal bovine
serum. ‘The cells were grown in a incubator at 37 °C with 5%
CO, and a humidified atmosphere. The old medium was aspi-
rated oft and replaced with new fresh prewarmed medium every
three to four days. When subculturing the cells, the medium was
removed and the cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS) without calcium and magnesium. The
cells were then incubated with StemPro® Accutase® Cell Dis-
sociation Reagent for 20 minutes while rocking the flasks back
and forth every five minutes. The medium that was removed ini-
tially was added back to the flask, and the cells were moved to a
prerinsed 15 mL centrifuge tube and spun at a centrifugation of
250 x g for five minutes. The pellet was resuspended with fresh
medium and split into new flasks.

Rat neurons were recovered from a frozen vial and cultured
in Neurobasal® Medium (Cat. 21103) with GlutaMAX-I™
Supplement and B-27® Supplement. Approximately 1 x 10° live

cells per well were plated in a poly-D-lysine-coated (4.5 pg/cm?)
48-well plate, and then, the cells were incubated at 37 °C in an
incubator with 5% CO, and a humidified atmosphere. After six
hours of incubation, half the medium was aspirated from each
well and replaced with fresh medium, and then, the cells were
transferred to the incubator. The cells were fed every third day
by aspirating half the medium from each well and replacing with
fresh medium. To eliminate the possibility of oxidative damage,
the medium was left in the well while refreshing. To harvest the
neuron cells for use in RNA isolation, StemPro® Accutase® was
used in each well and incubated for 15 minutes. After the incu-
bation period, a sterile cell scraper was used to gently detach the
cells from the bottom of the plate. The dissociation reagent with
cells were added to a prerinsed 15 mL centrifuge tube and spun
at a centrifugation of 250 X ¢ for five minutes.

Rat GPCs were raised in Complete GPC growth medium
consisting of complete StemPro® NSC SFM supplemented
with 2 mM GlutaMAX-I™ and 10 ng/mL. PDGF-AA for
their optimal growth and expansion and to keep them undif-
ferentiated. The cells were grown in an incubator at 37 °C with
5% CO, and a humidified atmosphere. The old medium was
aspirated off and replaced with new fresh prewarmed medium
every two days. GPCs were characterized with anti-A2B5
according to the description of the cell line (Cat. N7746-100),
the same antibody characterizing OPCs.3¢%7 To avoid confu-
sion, we named it OPCs instead of GPCs in this study.

Phenotypic characterization. Rat astrocyte cells that
were to be imaged on the confocal microscope were grown
on 35 mm cell culture-treated glass bottom dishes. The cells
were fixed to the dish using 4% paraformaldehyde fixing solu-
tion. The cells were then incubated in blocking bufter and goat
serum for 50 minutes. Following the blocking bufter, the cells
were incubated at 4 °C with a 1:200 dilution of glial fibril-
lary acidic protein (GFAP) and DPBS, containing 5% goat
serum overnight. Cells were then washed with DPBS and
stained with Alexa Flour 488 fluorescent stain for 45 minutes
at 37 °C. 'They were washed again and counterstained with a
3 ng/mL DAPI solution for five minutes. Dishes were sealed
with parafilm and stored at 4 °C until imaging.

RNA extraction and sequencing. RNA samples of
the rat neurons, astrocytes, and OPCs were prepared using
the RNeasy Mini Kit of QIAGEN (Cat. 74104) by follow-
ing the instructions of the Kit. Cells were sheared using the
QIAshredder (Cat. 79654). Isolated RNA was quantified
using the Thermo Scientific NanoDrop (ND-1000). A total
of 250 ng RNA was sent to the UR Genomics Research
Center (Rochester, NY, USA) for RNA-seq using Illumina
HiSeq2500 Sequencer. Approximately 50 million single-end
reads were obtained for each cell type and deposited into the
NCBI Gene Expression Omnibus database (GSE72739).
Each dataset has two biological replicates.

Generation of cross-species annotations. To gener-
ate cross-species annotations, we followed the method of
Liu et al.®? to identify constitutive exons, ie, exons always
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Figure 1. A heat map comparing the expression of various cell type-specific marker genes. The colors indicate the z-score of the average counts per

million of each gene in each cell type.

incorporated into the final transcripts during splicing, using
MISO.%” As a result, a total of 79,275 (12.1%) constitutive
exons were identified in the original mm10 annotation out of
a pool of 651,678 known exons. Other parts of the annota-
tion that are not constitutive exons are discarded. Pairwise
genome alignments of the chosen reference annotation to
each query species are downloaded in the AXT format.38-40
Of the 79,275 constitutive exons, 68,109 (85.9%) exons are
mapped perfectly to the rnor5 assembly. These exons form
the cross-species annotations used in this study. A detailed
protocol for the generation of cross-species annotation, dif-
ferential gene expression, and pathway analysis was described
in another study.®

Results and Discussion

Short reads mapping and data processing. We set out to
align rat RNA-seq data to the rnor5 genome assembly using
SHRiMP# with the default setting. The mapping statistics
showed that =85% of the total reads was mapped successfully
to the rnor5 genome, with =75% of them having the quality

values >10 (Supplementary Table 1A), indicating that the
reads are of high quality. Moreover, a small variation in the
mapping statistics between biological replicates was observed,
suggestive of the consistency between two replicates.

The mouse RNA-seq data (GSE52564) were originally
mapped to mm9 by TopHat.*? To make a rigorous compari-
son with the rat RNA-seq data, we reprocessed the mouse
short reads by mapping them to mm10 by also using the
default setting of SHRiMP. The mapping statistics showed
that =75% of total paired reads was mapped to the genome,
with =70% of them having the quality values >10 and lit-
tle variation observing between two biological replicates
(Supplementary Table 1B).

The mapping statistics of the rat and mouse RNA-seq
data to the constitutive exons in the cross-species annotation
are listed in Supplementary Table 2. The percentage of the
short reads properly mapped to the cross-species annotation
is fairly low — between 12% and 16% because the annota-
tion was cut down to just over 12% of its original size. Note
that the percentages of mapped reads from the rat and mouse
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samples are similar, indicating that the quality of the annota-
tion is not significantly changed after it has been translated
across species.

Purity of rat neural cell types and data reproducibility.
To validate the purity of the cultured brain cell types, we
examined the transcriptome data for the expression of well-
known cell type-specific genes'>?7*~% for astrocytes (eg,
Gfap, Aldh1/1, Sicla3, and Agp4), neurons (eg, Tubb3, Stmn2,
Snap25, Eno2, and Synl), and OPCs (eg, Pdgfra, Cspg4,
Enpp6, Nfasc, and Mbp) (Fig. 1). All these classical cell type-
specific markers exhibit high expression in the corresponding
cell populations, but with no or low expression in other cell
types. These data confirmed the purity and identity of the cell
types cultured iz vitro and established the confidence for fur-
ther analysis.

To assess the reproducibility of the rat RNA-seq data
and conservation across biological replicates, we first gener-
ated the heat maps of 200 most expressed genes across all
samples to visually inspect the differences within and between
cell types (Fig. 2). While approximately half of the 200 genes
have high expression (>10 counts per million) in all three cell
types, ie, astrocytes, neurons, and OPCs, the remaining genes
display differential expression across the cell types (Fig. 2A).
A more detailed analysis on individual samples showed that
the expression levels between two biological replicates are
similar (Fig. 2B), suggesting the consistency of gene expres-
sion within each cell type.

To quantify the differences within and between cell
types, we calculated the correlations across all RNA-seq
samples and found that the samples within each cell type
are highly correlated (Spearman’s rank correlation, mean
r = 0.953 £ 0.028), which illustrates a high similarity
between biological replicates (Fig. 3). Note that a higher
correlation is seen between astrocytes and OPCs (mean
r=0.715 + 0.019) and between neurons and OPCs (mean
r = 0.832 + 0.004), while a lower correlation is observed
between astrocytes and neurons (mean r = 0.657 = 0.020),
consistent with the fact that OPCs are able to differentiate
into astrocytes and neurons.3

Differential gene expression across rat cell types. To
characterize DEGs between different cell types, we first
made straightforward pairwise comparisons, that is, between
astrocytes and OPCs (Ast/OPC), between astrocytes and
neurons (Ast/Neu), and between neurons and OPCs (Neu/
OPC). The edgeR package was used to identify DEGs with
P <0.05and FDR < 0.01.3° A total of 2102 (=338 + 1764)
DEGs that are upregulated in the Ast/OPC group are also
upregulated in the Ast/Neu group (Supplementary Fig. 2A).
These data indicate that 2102 genes have significantly higher
expression in astrocytes than in neurons and OPCs. Simi-
larly, we found that 1407 ( = 1273 + 134) DEGs have sig-
nificantly lower expression in astrocytes than in neurons
and OPCs (Supplementary Fig. 2B). The heat maps of the
40 most significant DEGs in the Ast/OPC, Ast/Neu, and
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Figure 2. Dendrograms of 200 genes with the highest expression levels across the samples, grouped by similarity of expression patterns of cell

populations (A) and individual samples (B).
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Figure 3. A heat map illustrating the Spearman correlation values of the expression of each transcript in the rnor5 annotation across each individual rat
sample. Rnast1 and rnast2 represent two biological replicates of rat astrocytes, while rnneu and rnopc stand for rat neuron samples and OPC samples,
respectively. The colors indicate the z-score of the average counts per million of each gene in each cell type.

Neu/OPC groups clearly illustrate the differences in gene
expression (Supplementary Fig. 2C-E). However, this pair-
wise comparison is not a good way to provide a complete pic-
ture of DEGs in three cell types. For example, if gene A is
upregulated in the Ast/OPC group but downregulated in
the Ast/Neu group, it is difficult to conclude if this gene
is upregulated in astrocytes compared to the other two
cell types.

To overcome this limitation, we made another comparison
by comparing the expression level of a gene in one cell type
with the average expression of this gene in the other two cell
types. We found that 3107 genes have significantly higher
expression in astrocytes than the average expression in neurons

and OPCs (Supplementary Fig. 3A). Similarly, 2366 genes

have significantly lower expression in astrocytes than the
average expression in neurons and OPCs (Supplementary
Fig. 3B). Differences in gene expression are ostensible for
the 40 most significant DEGs (Supplementary Fig. 3C-E).
A small number of genes, 129 genes, are shared between astro-
cytes and neurons (Supplementary Fig. 3A), which means that
these genes are upregulated in both astrocytes and neurons,
but are downregulated in OPCs. Therefore, these genes are
DEGs for both astrocytes and neurons. Detailed examination
of transcriptome data for the expression of these genes has
confirmed this observation, that is, manual examination of
expression levels of these 129 genes across rat cell types indeed
showed that they are upregulated in astrocytes and neurons,

but not in OPCs.
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Pathway analysis of DEGs between rat cell popula-
tions. Although a list of DEGs is a detailed and robust way
to represent differences in expression among samples, it
is not a very friendly format for human beings to visualize
and understand. We conducted pathway analysis based on
DEGs between cell types using two different tools, GAGE*®
and SPIA.*" GAGE performs a standard gene set enrichment
analysis by examining all differential expressions between
two samples and determining which annotated cellular path-
ways from KEGG* are significantly different. SPLA performs
similarly, but has the added feature of assessing the topology
of the pathway. For example, if in a particular comparison,
the first sample has highly expressed genes promoting a cer-
tain pathway, and the second sample has highly expressed
genes repressing this pathway, SPIA rates this pathway as
more significantly different than if the DEGs are randomly
distributed through the pathway. However, there is a poten-
tial limitation in SPIA. If genes involved in both activation
and repression of a pathway are upregulated in one sample
compared to the other, it will reduce the possibility of iden-
tifying this pathway. For this reason, both GAGE and SPIA
are used in this study.

To characterize the significantly enriched pathways,
GAGE and SPIA were used to identify pathways statistically
different (FDR-adjusted P < 0.05)% between astrocytes and
neurons (Supplementary Tables 3 and 4), between astrocytes
and OPCs (Supplementary Tables 5 and 6), and between
neurons and OPCs (Supplementary Tables 7 and 8). Several
of these pathways identified by both GAGE and SPILA were
selected for illustration to provide a coherent view at why the
cells present different transcriptomes as mentioned earlier. The
pathways selected for closer examination were on the basis of
high significance and prior knowledge, that is, if the pathways
are shown to be involved in the development of the cell type
in question. The pathways were visualized by pathview*’ with
color-coded DEGs to represent how they are upregulated in
different samples.

'The first pathway is the ECM-receptor interaction path-
way (KEGG ID: rno04512), which was ranked as one of the
most significant pathways in the comparison between astro-
cytes and neurons (Fig. 4). It is clear that most of the genes
in the ECM-receptor interaction pathway are upregulated
in astrocytes, which is consistent with previous findings that
astrocytes expressed ECM proteins on their surfaces in cul-

50,51 and the integrin a6B4 localized on astrocytes medi-

ture,
ates astrocyte-ECM interactions.*? The second pathway is the
calcium signaling pathway (KEGG ID: rno04020) found in
the comparison between neurons and OPCs (Fig. 5). Many
genes that have increased expression in neurons are genes
related to the production of calcium ions, which are needed
for the membrane depolarization of an action potential and
neuronal synaptic transmission. This pathway has previously
been shown to be significantly enriched in neurons acutely

purified from mouse brains.!®

'The basis of the cross-species comparisons between rat
and mouse hinges upon the assumption that the orthology-
based cross-species annotation adequately reflects changes in
gene expression between rat samples and mouse samples. To
illustrate the consistency of the results derived from the rnor5
annotation (aforementioned) and the cross-species annotation,
we repeated the pathway analysis and analyzed significantly
enriched pathways (P < 0.05) between cell types in question
using the cross-species annotation. We found that the ECM-
receptor interaction pathway and the calcium signaling path-
way are still enriched in astrocytes and neurons, respectively,
consistent with the earlier results based on the rnor5 anno-
tation (comparing Figs. 4 and 5 and Supplementary Figs. 4
and 5). Note that the pathways from the cross-species annota-
tion have fewer DEGs, because a large number of exons were
removed from the mm10 assembly that served as the basis for
the cross-species annotation.

In summary, the RNA-seq data obtained from rat astro-
cytes, neurons, and OPCs cultured in vifro exhibited high
expression of cell type-specific genes, high reproducibility
between replicates, substantial variations in gene expression
between different cell types, and typical biological pathways
found in the corresponding cell populations. Furthermore, the
pathway analysis and DEGs were quite similar in the com-
parison between the 77075 annotation and the cross-species
annotation. This indicates that the process for generating the
cross-species annotation works well within the rat samples.
All these results suggest that the RNA-seq data generated
for three rat neural cell types are of high quality, enabling
meaningful cross-species comparisons with their counterparts
in mice.

Differential gene expression between in wvifro and
in vivo. To characterize cross-species differential gene expres-
sion across neural cell types, we first visually inspected
200 most expressed genes (Supplementary Fig. 6). Gene
expression based on cell type exhibited substantial changes
between different cell populations (Supplementary Fig. 6A).
By contrast, gene expression based on individual samples
showed that expression levels between biological replicates
are highly correlated, illustrating the consistency and repro-
ducibility within each cell type for both rat and mouse data
(Supplementary Fig. 6B). The top 40 genes of each cell type
are listed in Supplementary Table 9.

Next, we quantified the DEGs in vitro compared
to in vivo (and vice versa) by making two comparisons,
namely, direct comparison (Supplementary Table 10A) and
species-corrected comparison (Supplementary Table 10B).
For the direct comparison, we made a Venn diagram
for upregulated genes in three groups: rat astrocytes vs.
mouse astrocytes, rat neurons vs. mouse neurons, and rat
OPCs vs. mouse OPCs (Fig. 6A). The numbers represent
significantly upregulated genes in rat samples (in vitro)
compared to mouse samples (in vivo). Similarly, we made
a Venn diagram for upregulated genes in mouse samples
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(in vivo) compared to rat samples (in vitro; Fig. 6C). Note
that most DEGs in the Venn diagrams are shared by all
three cell types, indicating that a large number of upregu-
lated genes (in vitro vs. in vivo and vice versa) are common
among the three cell populations. This could be a combina-
tion of two factors: in vitro vs. in vivo and rat vs. mouse.
To minimize the influence of the second factor, we made
a species-corrected comparison. That is, we compared the
expression level of a gene in rat astrocytes with the average
expression of this gene in rat neurons and OPCs and iden-
tified DEGs. These DEGs were then compared with their
counterparts derived from mouse cell types. As a result,
for each cell type, we identified species-corrected DEGs
upregulated in rat samples (in vitro; Fig. 6B) and in mouse
samples (in vivo; Fig. 6D). We found that, compared to
OPC:s, astrocytes have a higher number of DEGs with sig-
nificant changes in expression levels between in vitro and
in vivo (averagely 1346 genes in astrocytes vs. 744 genes
in OPCs), suggesting that the transcriptome of astrocytes
is perturbed in a more drastic manner compared to that of
OPCs. These data are consistent with earlier findings that
gene expression profiles of cultured astrocytes are dissimi-
lar to those of acutely purified astrocytes.!”

Comparison with published studies. To examine if
DEGs identified by species-corrected expression values
make sense, we assessed genes previously shown to be

enriched 7 vitro or in vivel®

using this approach. Cahoyetal
published top 80 genes from astrocytes that were enriched
in vitro over in vivo, and top 80 genes enriched in vivo over
in vitro.”> We calculated the fold change (FC) for these
previously identified DEGs using the species-corrected
expression values (Supplementary Tables 11 and 12).
Note that not all the DEGs can be used for this analysis
because some of these genes were not included in the cross-
species annotation.

Supplementary Table 11 presents a list of 42 genes
that are enriched in vitro over in vivo based on the study
by Cahoy et al.’® Consistent with their observations, we
found that 28 of these genes (67%) have positive log,(FC)
values, meaning that these genes are more expressed in
vitro, while 14 genes have negative log,(FC) values, indi-
cating that they are more expressed in vivo. This ratio of
2:1 (28:14) is increased to 5:1 (14:3) if only the genes with
FDR-adjusted P-values < 0.05 are considered. Similarly, in
a list of 32 genes that are previously found to be enriched
in vivo over in vitro (Supplementary Table 12),'* we found
that 23 genes (72%) have negative log,(FC) values, mean-
ing that these genes are more expressed in vivo. If only the
genes with FDR-adjusted P-values < 0.05 are used, four
genes have negative log(FC) values and one gene has posi-
tive log(FC) value.

In a separate study, myelin-related genes are found to

27

be differentially expressed in OPCs in vitro vs. in vivo,”” and

seven of them exist in the cross-species annotation. We found

that five of these genes (71%) are indeed more expressed iz
vitro (Supplementary Table 13).

Overall, our data confirmed most of the genes previ-
ously shown to be expressed in vitro over in vivo, or in vivo
over in vitro.'>?” The observed discrepancies between our
results and the published results may be due to the follow-
ing reasons. First, the experiments by Cahoy et al.'> used
microarrays, while our data are based on RNA-seq. Any bias
present in either experiment may have skewed the results
found in these genes in either direction. It has been previ-
ously shown that microarray and RNA-seq analysis of the
same samples can result in very different results.*? Second, in
the study by Cahoy et al.'>, in vitro astrocytes were actually
astrocytes that were freshly harvested from the mouse brain,
and then cultured for five days before sequencing. The astro-
cytes used in our experiment were ordered, frozen, and pre-
isolated, from a supplier, and then were thawed and cultured
for 15 days before sequencing was performed. The difference
in physical treatment of the cells may be a part of the reason
for this marked difference shown earlier. Finally, the study
by Cahoy et al used forebrain samples, while our study used
cortical samples. Since forebrain includes more than just the
cortex, some of the differences in gene expression could be
tissue specific.

Pathway analysis for DEGs in vitro vs. in vive. To
examine which pathways are significantly enriched in mam-
malian neural cells grown in wvitro and in vivo, we applied
GAGE and SPIA to the DEGs found in the rat and mouse
data using the cross-species annotation. More pathways were
found in astrocytes (Supplementary Table 14), compared to
neurons (Supplementary Table 15) and OPCs (Supplementary
Table 16). This result is consistent with our previous finding
that, compared to the other two cell types, astrocytes have a
higher number of DEGs with significant changes in expres-
sion levels between in vitro and in vive (Fig. 6B and D). It
indicates that many biological pathways are perturbed in cul-
tured astrocytes compared to their counterparts acutely puri-
fied from animal brains.

Among the enriched pathways in astrocytes (Supple-
mentary Table 14), the Notch signaling pathway is of interest
because it was identified previously by Cahoy et al.’® These
authors compared gene expression profiles from cultured
astroglia and acutely purified astrocytes and found that the
Notch signaling pathway is one of the most significantly
enriched signaling pathway in astrocytes iz wvivo. In addi-
tion, they found that the Notch ligands (eg, Serrate/Jagged-1
and delta) are expressed both in vifro and in vive. However,
the downstream Notch effecter Hes5 is not expressed in
vitro, and Hesl is expressed at a much lower level in witro.
Our analysis showed that the Serrate gene is more expressed
in vivo (indicated by blue in Supplementary Fig. 7). With
regard to the Hes5 and Hesl genes, they are not included in
the cross-species annotation. We manually examined their
expression levels using the 772075 and mmI0 annotations and
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Figure 6. Venn diagrams compare the DEGs showing the number of DEGs in common among the different comparisons. Genes are upregulated
in vitro over in vivo or vice versa with direct (A and C) or species-corrected comparison (B and D).

found that the Hes5 gene has essentially no expression in rat
samples, while the Hesl gene has greatly reduced expression
in rats compared to the homologous gene in mice, clearly in
agreement with the published data.’®

Next, we checked the pathways significantly enriched in
OPCs in vitro and in vive and found that only the cell cycle
pathway was identified by both GAGE and SPIA (Supplemen-
tary Table 16). Many genes in this pathway are upregulated
in rat samples (in vitro; Fig. 7), consistent with the earlier
findings that cell cycle genes are often upregulated in the first
few days of primary cultures of OPCs.?” Note that very few
pathways were found to be significantly enriched in cultured
and acutely purified neurons, with no pathway identified by
both GAGE and SPIA (Supplementary Table 15). This may be
due to the cross-species annotation used in this study. Future
studies generating iz vifro and in vivo data from the same spe-
cies, namely, mice, may address this issue.

In summary, the analysis described earlier has revealed
many biological pathways that are more enriched in cells cul-
tured iz vitro vs. in cells acutely acquired from animal brains,
and vice versa. These differences to some extent add to our
knowledge of environment-specific gene expression. Never-
theless, other factors may also contribute to the observed dif-
ferences, for example, inherent species difference (eg, rat vs.
mouse) and experimental settings (eg, cultured cells vs. cells
dissociated from mouse brains). Other confounding varia-
bles include, but not limited to, laboratory environment, year
of experiment, models of sequencers, and orthology-based

cross-species annotation. Further studies should take these
factors into account.

Conclusions

We have presented the first RNA-seq analysis of mammalian
neuralcellsgrown invitro. Three major classes of ratneural cells,
ie, neurons, astrocytes, and OPCs, from commercial sources
grown in primary cultures were used for sequencing. Map-
ping statistics of RNA short reads exhibited the consistency
between two biological replicates. Known cell type-specific
marker genes were only expressed in the corresponding cell
types, highlighting the purity of the cell populations used
in this study. Gene expression and pathway analysis have
uncovered canonical signaling pathways that are well estab-
lished in a specific type of cells. These data indicate that these
RNA-seq datasets are of good quality. We repeated these
analyses using the cross-species annotation and obtained
the same results, indicating that the cross-species annota-
tion reflects the expression of the rat cell types based on the
rnor5 annotation.

We compared the rat RNA-seq data with the published
data generated from mouse neural cells using the cross-
species annotation. Since the mouse cells were acutely purified
from neural tissues in a short period of time, these cells were
believed to reflect the physiological condition in vive. Com-
parison of RNA datasets between the cultured and acutely
purified cells allows us to identify hundreds of DEGs in vitro

and in vivo. We found more DEGs in astrocytes compared to
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Figure 7. Difference in expression of cell cycle-related pathways between rat and mouse OPCs correcting for species averages. Red indicates genes
more expressed in rats (in vitro), while blue indicates genes more expressed in mice (in vivo).

OPCs. These data suggest that care needs to be taken when
interpreting the data from primary cultures of astrocytes.

As the cross-species annotation was generated based on
orthology, ie, pairwise genome alignment, it does not work
well as evolutionary distance from the base species to the
target species increases. Since rats are suitably closely related
to mice in terms of sequence conservation, this cross-species
comparison works well as expected. But it may not be the case
for mice and human beings for example.

Comparisons were then presented quantifying difter-
ences in gene expression of the mouse cell populations in vivo
against the corresponding rat cell populations iz vifro among
orthologous genes. Unfortunately, one of the major limitations
of this method s its inability to control for evolutionary difter-
ences across species in cell types. This means that when report-
ing results regarding which genes are differentially expressed
between in vitro rat cells and in vive mouse cells, these dif-
ferences could be due to the difference in cell setting (eg, in
vitro and in vivo), or due to differences introduced by evolu-
tionary divergence (eg, mouse and rat). These factors affect all
the examined cell types in a similar way. Note that the bias
introduced by the cross-species annotation can be controlled
by correcting gene expression using the species average.

Comparisons of in vitro astrocytes against in vivo astro-
cytes showed that many pathways were different between the
cells grown in two different settings, in vitro and in vivo. We
showed that the Notch pathway, in particular, has a different
expression between the settings in a way mostly consistent with

previous results.’® Other pathways that are shown to be differ-
ently expressed include pathways involved in the cell’s inter-
action with its extracellular surroundings (eg, ECM-receptor
interaction pathway) and pathways in metabolism, morphol-
ogy, and intercellular connectivity. Interestingly, our prelimi-
nary study found that many DEGs from primary cultures of
human neurons were found in the pathways involved in neuro-
logical diseases such as the Alzheimer’s disease, indicating that
care needs to be taken when interpreting in vifro data to under-
stand the biological processes in the Alzheimer’s disease.

Future work may involve the sequencing of mouse cells
raised iz vitro, which would provide data to verify the results of
the comparisons aforementioned. These samples would allow
for additional robustness in the iz vitro/in vivo comparison as
well as providing an opportunity for the quantification of the
quality of the cross-species comparison performed in this study.
Additionally, further downstream analysis may be applied to
the existing body of data to subset it further and derive more
meanings from the comparisons made in this study.
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Supplementary Material

Supplementary Table 1. SHRiMP alignment statistics
of each input file. Statistics are shown for (A) Rattus norvegicus
cells, single-end data from neural cells grown in vitro and (B)
Mus musculus cells, paired-end data from neural cells acutely
purified from animals.

Supplementary Table 2. The number of input fragments
that successfully matched against the generated cross-species
annotations are shown here. Low percentages are to be
expected, as the annotation was cut down to just over 12% of
its original size.

Supplementary Table 3. GAGE pathway enrichment
results between astrocytes and neurons. This table shows the
names of all pathways significantly enriched between the two
samples to a significance level of P < 0.05.

Supplementary Table 4. SPIA pathway enrichment
results between astrocytes and neurons. This table shows the
names of all pathways significantly enriched between the two
samples to a significance level of P < 0.05. This P-value is calcu-
lated by combining the P-values of the number of DEGs with
the P-value of the accumulated perturbation in the pathway.

Supplementary Table 5. GAGE pathway enrichment
results between astrocytes and OPCs. This table shows the
names of all pathways significantly enriched between the two
samples to a significance level of P < 0.05.

Supplementary Table 6. SPIA pathway enrichment
results between astrocytes and OPCs. This table shows the
names of all pathways significantly enriched between the two
samples to a significance level of P < 0.05. This P-value is calcu-
lated by combining the P-values of the number of DEGs with
the P-value of the accumulated perturbation in the pathway.

Supplementary Table 7. GAGE pathway enrichment
results between neurons and OPCs. This table shows the names
of all pathways significantly enriched between the two samples.

Supplementary Table 8. SPIA pathway enrichment
results between neurons and OPCs. This table shows the names
of all pathways significantly enriched between the two samples
to a significance level of P < 0.05. This P-value is calculated
by combining the P-values of the numbers of DEGs with the
P-value of the accumulated perturbation in the pathway.

Supplementary Table 9. The top 40 genes expressed in
each cell type compared against all other cell types within
its species, sorted by log FC. Genes with total expression
logCPM < 1.3 have been removed.

Supplementary Table 10. The number of DEGs (¢ < 0.05)
between i vitro and in vivo cell types in rats and mice without
(A) and with (B) correction for average species differences. The

total number of DEGs is shown, and then broken down by the
direction in which they are differently expressed.

Supplementary Table 11. Expression of the genes listed
by Cahoy et al as enriched in astrocytes in vitro. Data are shown
for the rat/mouse comparison of astrocytes, corrected for spe-
cies averages. A positive logFC value indicates that the gene was
found to be more expressed in rats, while a negative value indi-
cates that the gene was found to be more expressed in mice.

Supplementary Table 12. Expression of the genes listed
by Cahoy et al as enriched in astrocytes in vivo. Data are shown
for the rat/mouse comparison of astrocytes, corrected for spe-
cies averages. A positive logFC value indicates that the gene was
found to be more expressed in rats, while a negative value indi-
cates that the gene was found to be more expressed in mice.

Supplementary Table 13. Expression information regar-
ding the myelin-related genes examined by Dugas, corrected
for differences between species. A positive logFC indicates
increased expression in OPCs in rats, while a negative value
indicates increased expression in OPCs in mice.

Supplementary Table 14. GAGE (A) and SPIA (B)
pathway enrichment results between rat and mouse astrocytes,
corrected for species averages. This table shows the names of
all pathways significantly enriched between the two samples
to a significance level of P < 0.05.

Supplementary Table 15. GAGE (A) and SPIA (B) path-
way enrichment results between rats and mice in neurons. This
table shows the names of all pathways significantly enriched
between the two samples to a significance level of P < 0.05.

Supplementary Table 16. GAGE (A) and SPIA (B)
pathway enrichment results between rats and mice in OPCs,
corrected for species averages. 'This table shows the names of
all pathways significantly enriched between the two samples
to a significance level of P < 0.05.

Supplementary Figure 1. Cell cultures of rat astrocytes (A),
neurons (B), and OPCs (C). Images were taken by a light micro-
scope (Ziess Axiovert 40 CFL) with an INFINITY-2 camera.

Supplementary Figure 2. Venn diagrams for upregu-
lated (A) and downregulated (B) DEGs that are in com-
mon between pairwise cell type comparisons. Heat maps are
shown for the expression of the 40 most significant DEGs
for astrocyte vs. neurons (C), astrocytes vs. OPCs (D), and
neurons vs. OPCs (E).

Supplementary Figure 3. Venn diagrams for upregu-
lated (A) and downregulated (B) DEGs that are in common
between pairwise cell type comparisons, corrected by average
expression values of two other cell populations. Heat maps are
shown for the expression of the 40 most significant DEGs for
astrocyte vs. neurons (C), astrocytes vs. OPCs (D), and neu-
rons vs. OPCs (E).

Supplementary Figure 4. Difference in expression of the
calcium signaling pathway between rat astrocytes and neu-
rons grown in vifro using the cross-species annotation. Red
indicates genes more expressed in astrocytes, while blue indi-
cates genes more expressed in neurons.
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Supplementary Figure 5. Difference in expression of the

calcium signaling pathway between rat neurons and OPCs

grown in vitro using the cross-species annotation. Red indi-

cates genes more expressed in neurons, while blue indicates

genes more expressed in OPCs.

Supplementary Figure 6. Heat maps for the 200 genes

with the highest expression clustered by cell types (A) or by

individual samples (B). The expression levels in each column

shown by color. Both rows and columns are grouped by overall

similarity, illustrated by a dendrogram. The black line on each

cell is merely a histogram, providing an additional visualiza-

tion of the value of each cell to complement its color.

Supplementary Figure 7. Differences in the Notch sig-

naling pathway between rat (in vitro) and mouse (in vivo)

astrocytes. The pathway is shown after species average correc-

tion. Red indicates genes more expressed in rats, while blue

indicates genes more expressed in mice.
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