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The functional state of the neurovascular unit (NVU), composed of the
blood-brain barrier and the perivasculature that forms a dynamic interface
between the blood and the central nervous system (CNS), plays a central role
in the control of brain homeostasis and is strongly affected by CNS drugs.
Human primary brain microvascular endothelium, astrocyte, pericyte, and
neural cell cultures are often used to study NVU barrier functions as well

as drug transport and efficacy; however, the proteomic and metabolomic
responses of these different cell types are not well characterized. Culturing
each cell type separately, using deep coverage proteomic analysis and charac-
terization of the secreted metabolome, as well as measurements of mitochon-
drial activity, the responses of these cells under baseline conditions and when
exposed to the NVU-impairing stimulant methamphetamine (Meth) are ana-
lyzed. These studies define the previously unknown metabolic and proteomic
profiles of human brain pericytes and lead to improved characterization of the
phenotype of each of the NVU cell types as well as cell-specific metabolic and
proteomic responses to Meth.

1. Introduction

The human neurovascular unit (NVU) that
contains the blood-brain barrier (BBB) con-
sists of brain microvascular endothelium,
as well as perivascular pericytes, astrocytes,
and neurons, plays a critical role in the met-
abolic homeostasis of the central nervous
system (CNS), regulating drug accessibility
to the brain, and protecting the brain from
potentially harmful molecules found in the
blood. Thus, it is important to understand
how each of the individual cell types in
the NVU responds to potentially harmful
stimuli, such as drugs or toxins. While
extensive brain cell-specific proteome
mapping has been carried out recently in
micel these data do not directly translate
to the human NVU as proteomic analysis
of whole isolated vessels from human
and mouse cortices demonstrated large
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interspecies differences in expression of NVU-specific mole-
cules, such as transporter proteins.l Transcriptional analysis of
human primary brain microvascular endothelial cells has been
carried out and again significant differences with that of mouse
endothelial cells were noted.’! Human brain pericytes have not
been characterized at either the proteome or transcriptome
levels; however, a recent mouse transcriptomics study led to the
identification of potential new pericyte cell-specific markers.!"¢7]
Human astrocytes and neurons also have not been mapped with
modern high-content proteomics, but transcriptome studies sug-
gest several differences compared to mouse cells.®l

We and others have recently reported the proteomic® and
metabolomic®!% analysis of the individual compartments of a
microfluidic human NVU-on-Chip (NVU Chip). In our previous
work, the NVU Chip is composed of a 2-channel influx BBB Chip
lined by human brain microvascular endothelial cells interfaced
with human pericytes and astrocytes coupled via its perivascular
channel to a Brain Chip containing human brain hippocampal
stem cell-derived neuronal networks, which is further coupled to
a second efflux BBB Chip again via its perivascular channel. In
this on-chip configuration, the metabolic and proteomic charac-
terization of the NVU cells was carried out of mixed populations
of neurovascular cells that exhibited different phenotypes with
or without fluidic coupling.’! We have furthermore studied the
contributions of the human brain microvascular endothelial cells
interfaced with human pericytes and astrocytes to inflamma-
tory processes in 2D cultures and 3D BBB Chip configuration.
While there is a need for advanced brain in vitro models,[213] the
characterization of the metabolic and proteomic phenotypes of
these individual NVU cell types in conventional cell cultures is
still lacking, even though this format is far more widely applied
for in vitro studies and high-throughput screening. Therefore,
this study is based on data generated from separated conven-
tional 2D cultures of each of the NVU cell types.

Several therapeutic and abusive drugs also have an impact
on the NVU by altering the function of one or more of the cells
that form the BBB.™ Methamphetamine (Meth) is the second
most abused drug in the US, with 13 million people 12 years of
age or older having been reported to abuse the drug.'>'® Regard-
less of the mode of administration, Meth is delivered to the brain
through the circulating blood and it affects many NVU functions.
For example, neuronal N-methyl-p-aspartate receptor receptors
become overactivated due to Meth-mediated glutamate release,
which leads to increased synthesis of superoxide and nitric oxide
and eventually the formation of peroxynitrate, a major neu-
rotoxin.'®) Exposure to Meth also triggers neuronal apoptosis
through the p53 pathway,”l and Meth-treated astrocytes and neu-
rons reduce their glucose uptake due to inhibition of the glucose
transporter protein-1.1% Besides, Meth decreases tyrosine hydroxy-
lase and tryptophan hydroxylase activitiesl!?% and increases astro-
cytic expression of basic fibroblast growth factor and glial fibril-
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lary acidic protein (GFAP) that are necessary for sensitization to
amphetamine.?! Lastly, Meth leads to metabolic alterations/?223l
and the degradation of the BBB,"?4l triggering secondary injury
to the neuronal cells. While the mechanism is still unclear,?¥
Meth is known to affect BBB permeabilityl"1%24 directly through
inflammatory signaling that alters tight junctions and fluid-phase
vesicular transport following glial activation, aminergic nerve
damage, and hyperthermia, as well as by indirect mechanisms
involving microglia activation and transmigrating leukocytes.! A
more comprehensive picture cannot be described today because
there is lack of detailed studies on the important structure—func-
tion relations of the primary human cells comprising the NVU,
which will require high-resolution characterization of the pro-
teome and secreted metabolome of the individual cell types.

Thus, here we set out to describe how the proteome of the indi-
vidual NVU cell types correlates with their respective functionali-
ties, and how it relates to the secreted metabolome of these cells
under baseline conditions and when stressed by exposure to an
acute dose of the recreational drug, Meth. We carried out the first
proteomic and metabolomic (both targeted and untargeted) anal-
ysis of the four different primary human cell types that comprise
the NVU analysis, in addition to measuring changes in respira-
tion and cytokine responses in the presence and absence of Meth
stimulation in these cell types. Importantly, we selected primary
cells that are commercially available to allow for wide-spread
applicability in basic research and drug development. We then
related the important NVU functions (metabolic support, neuro-
transmitter uptake and synthesis, barrier function) to unique pro-
tein expression and secretome patterns for each cell type.

2. Results

2.1. Proteomic Characterization of Individual Primary Cell Types
of the Human NVU

To characterize the unique properties of each cell type of the
NVU, we separately cultured primary human microvascular
endothelium, perivascular pericytes, astrocytes, or brain neural
cells (derived from primary fetal neural hippocampal stem cells)
in vitro, in wells. (Figure 1a,b). For each cell type, we charac-
terized its morphology, proteome, and metabolome, as well
as its cytokine and respiratory responses, in the presence or
absence of Meth stimulation (Figure 1c). To maximize the use-
fulness of this data set in CNS research, we only used commer-
cial suppliers of the cells in this study. Each cell type exhibited
typical morphology and characteristic markers: the endothe-
lial cells exhibited a cobblestone morphology and expressed
zona occludens-1 (ZO1) along their apical borders (Figure 2a),
the brain pericytes expressed platelet-derived growth factor-f
(PDGFRJ) and Desmin, Phalliodin (Figure 2b and Figure S1,
Supporting Information), and the astrocytes expressed GFAP
(Figure 2c). We have previously demonstrated vascular endothe-
lial cadherin in the endothelial cells and o~smooth muscle actin
expression in the pericytes from the same vendor." The neural
stem cells differentiated to a mixed population of neural cells
with characteristic morphology and extended outgrowth of cel-
lular processes, quantified to =40% neuronal cells that stained
for BI1I-Tubulin and =60% GFAP-positive glial cells (Figure 2d).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Characterizing the human neurovascular unit (NVU) in vitro. a) The human NVU is characterized by a tightly organized microvascular
endothelium (red), perivascular pericytes (brown), astrocytes (blue), and brain neural cells (green), illustrated sketches of the human brain (left) and a
part of a blood vessel (right). b) Human primary cells which make up the NVU were cultured in vitro independently of each other (the primary human
neural cells were a mixture of primary neural stem cell-derived neurons and astrocytes). c¢) Comprehensive characterization was done for each of the
cell types, which includes morphological, energetic, and cytokine assessments together with proteomics and metabolomics studies. The system was
studied both at homeostasis and under stress due to methamphetamine (Meth) addition.

In addition to immunocytochemistry, untargeted mass spec-
trometry (m.s.) was used to characterize the cellular proteomes
from whole cell lysates. We identified more than 2000 proteins in
total with a large number of proteins that were unique for each
cell type (Figure 2e). Endothelial cells showed the largest number
of unique proteins (1405) compared to pericytes (771), astrocytes
(904), and neural cells (811). In addition to these unique proteins,
the common proteins between the different cell types were used
to quantify the overlap and similarity between the cell types by
measuring Pearson correlations. While the protein expression
patterns of the endothelial cells and pericytes were highly corre-
lated (0.82), the neural cultures exhibited the lowest correlation
to all other cell types (0.63-0.64) (Figure 2f and Figure S2, Sup-
porting Information). These findings are consistent with previous
descriptions of the functional resemblance between endothelium
and pericytes relative to neural cultures of murine cells.?l We
can further conclude the astrocytes’ proteome was more similar
to pericytes than either neural cells or endothelium. The pericyte
proteomics moreover demonstrated expression of neuron-glial
antigen-2 (also known as Chondroitin sulfate proteoglycan 4,
CSPG4) which is a characteristic marker for this cell type.

To correlate protein mass abundance with their function-
ality (KEGG classification), we used proteomaps (Figure S3a,b
and Movies S1-S4, Supporting Information), which showed
that cytoskeletal proteins dominate the neural cell proteome
whereas proteins relating translation and transcription are
more dominant in the other three cell types. When we further
analyzed the results using GOSlim to compare relative num-
bers of each of the significantly enriched protein, we can con-
clude that a small number of neural cytoskeletal proteins are
dominating the pattern (Figure S2c, Supporting Information).
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In addition, we used ingenuity pathway analysis (IPA)P® to
identify significant canonical pathways and their respective
z-scores (Figure 2g) to estimate overall up- or downregulation
of the pathways. The endothelial cells and pericytes had a rela-
tively high Pearson correlation, but still displayed significant
differences in terms of which pathways were dominant. Phos-
phoinositide 3-kinases (PI3K)/protein kinase B (AKT), extracel-
lular signal-regulated kinases (ERK)/mitogen-activated protein
kinases (MAPK), regulation of actin-based motility by Rho,
actin nucleation, Signal transducer and activator of transcrip-
tion 3 (STAT3), hepatocyte growth factor/scatter facto (HGF),
and integrin signaling pathways were upregulated in pericytes
compared to the endothelial cells, which is consistent with our
observation that cultured pericytes were more proliferative and
motile than the quiescent endothelial monolayer culture. The
endothelium is the only cell type that exhibited upregulation
of sphingosine-1-phosphate signaling, reinforcing the impor-
tance of this pathway for endothelial barrier function.l?! The
primary astrocytes exhibited a low z-score for many of the path-
ways related to growth and motility (Figure 2g), which is con-
sistent with the fact that we cultured these cells in serum-free
medium. The high z-score for protein kinase A in the astro-
cytes is interesting since this pathway is critical for astrocyte
responsiveness to the environment, both for neural support
functions and inflammation."?] The neural cells displayed
a similar profile to the astrocytes with some exceptions, with
more upregulated PI3K/AKT and neuregulin signaling and
downregulated peroxisome proliferator-activated receptors
(PPAR)/retinoid X receptor (RXR) and protein kinase A sign-
aling, along with a total absence of expressed proteins in the
Sphingosine-1-phosphate and ceramide signaling pathways.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. The similarity and discrepancy in the proteome of the cells in
the human NVU. a-d) Immunocytochemistry of each cell type exhibiting
characteristic markers, a) endothelial cells expressing zona occludens-1
(ZO-1, white), b) primary human brain pericytes or astrocytes that
respectively expressed platelet derived growth factor-8 (PDGFRp,
magenta), and c) glial fibrillary acidic protein (GFAP, magenta). F-actin
labeled with phalloidin in gray. d) A mixed population of primary human
neural cells (=60% glial cells (GFAP, magenta) and 40% neurons (f-111-
Tubulin, gray) (scale bars: a,b) 25 um and c,d) 75 um). e) Venn dia-
grams showing the overlap of the proteins that were found for each
cell type. f) Pearson correlation of the label free quantification (LFQ
values) quantifies the similarity in the protein profile between the dif-
ferent human NVU cell types, high correlation (red), and low correlation
(blue), the table also presents the distribution of the samples. g) IPA
was used to identify the canonical pathways and their regulation using
Z-score (red, high Z-score, the pathway is upregulated and blue, low
Z-score, the pathway is downregulated).
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2.2. Effect of Meth on the NVU Cell Proteome, Cytokine
Secretion, and Respiration

We then aimed for exposing the NVU cells to an acute single
Meth dose that has the highest clinical relevance for CNS
perivascular and parenchymal cells. Causal abuse of Meth
results in plasma concentrations in the range 0.1 x 107°-11 x
10® ™ with up to ten times accumulation in brain tissue.?
We exposed each of the NVU cell types to 50 x 107® m Meth for
24 h, a dose that did not produce any detectable effect on human
endothelial barrier properties (Figure S4, Supporting Informa-
tion) or morphological changes to any of the NVU cell types
(Figure S5, Supporting Information). Noteworthy is that primary
human brain microvascular cells in monoculture do not form
strong a barrier, here we measured trans-endothelial resistance
values of <25 Q cm.?) Meth administration resulted in a distinct
change of protein expression patterns for each of the NVU cell
types (Figure 3 and Figures S2, S6, and S7 and Tables S1 and
S2, Supporting Information). The cell type-specificity of these
proteome-wide expression patterns was visualized using self-
organizing maps created by gene expression dynamics inspector
(GEDI) software based on changes in expression levels/?®!
(Figure 3a and Figure S6, Supporting Information). Meth expo-
sure also changed the variability of the expression for each of the
different cell types, as depicted by principal component analysis
(PCA) (Figure 3b,c and Figures S6 and S7, Supporting Informa-
tion). The neural cells primarily displayed an increase in the
first PC compared to the other three cell types, which showed
increased variability also in the second PC. In addition, the PCA
showed that the proteins with the highest variability are associ-
ated with DNA maintenance, biosynthesis and folding, sorting,
and degradation according to GOSlim biological process classifi-
cation, which is consistent with previous studies.!"*2°-31

When IPA was used to identify the significant canonical
pathways and their z scores (Figure 3d), the endothelial and
neural cells were found to show strong upregulation in path-
ways related to inflammation (such as interleukin 8 (IL-8),
high-mobility group protein 1 (HMGB1), and interferon regula-
tory factor (IRF)), proliferation, and migration (including FGF,
integrin, PI3K/AKT, stress-activated protein kinases (SAPK)/
jun amino-terminal kinases (JNK), and PDGF) upon Meth
exposure. Astrocyte and pericytes, on the other hand, show no
alternation or minor downregulations in the inflammation and
migration pathways suggesting a lower degree of injury fol-
lowing acute Meth exposure.

As both our proteomic data and clinical observations indicate
that inflammation is part of the brain’s response to Meth,[1416:32]
we evaluated cytokines secreted by each cell type (data only
shown for neural cells, Figure 4a,b). We found that at this level of
Meth exposure, only the mixed neural cells exhibited significant
increases in IL-6 (Figure 4a) and IL-8 (Figure 4b). In addition, we
evaluated the respirational responses of these cells when exposed
to Meth because it has been reported to induce mitochondrial
damage.}3 Using a Seahorse assay, we compared the oxygen
consumption rate (OCR) versus extracellular acidification rate
(ECAR) as a measure of aerobic versus glycolytic respiration and
the level of energy consumption (Figure 4c). As expected, these
findings confirmed that the astrocytes are the most glycolytic
cells, whereas the neural cells are the most energy demanding.[*4

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. The impact of acute Meth challenge on the proteome of the cells in the human NVU. a) Protein expression was analyzed using gene dynamics
inspector (GEDI). Differences in protein expression for Meth administration is displayed for each cell type visualizing low (or no) differences in blue,
moderate differences in green/yellow, and high differences in red. Each sample is normalized to its untreated sample. The allocation map and the
response normalized to “neural without Meth control” shown in Figure S4 in the Supporting Information. Principal component analysis (PCA) shows
the variability in the protein expression all the NVU cells type, in b) homeostasis and c) under Meth administration shows the variance in the protein
expression. For each protein, the biological function was assigned (legend at the bottom of (b) and (c)). d) IPA was used to identify the significant
canonical pathways and their regulation which change due to Meth administration, using Z-score (red, high Z-score, the pathway is upregulated and

blue, low Z-score, the pathway is downregulated).

Moreover, the endothelium is significantly more glycolytic
compared to pericytes (p < 0.0001), almost comparable to astro-
cytes. Moreover, the endothelium is significantly less aerobic
then pericytes and can be considered as displaying quiescent
energy characteristics. These parameters have not been previ-
ously reported for pericytes, while the findings for the other
cell types correlated well with previous experimental findings
and with their known functionality in the NVU (e.g., the neural
cells utilize high amounts of energy whereas the astrocytes must
undergo high glycolysis to support the neurons).?* In addition,
we found that Meth exposure resulted in a significant change
of the OCR/ECAR for the astrocytes, but not for the other cells
(Figure 4c and Table S3, Supporting Information, p = 0.0274).

2.3. Targeted and Untargeted Metabolomic Analysis of
NVU Cells

One of the most fundamental properties of the NVU is to con-
trol the supply of nutrients that are transported from the blood
to the brain parenchyma, we, therefore, used both targeted
and untargeted mass spectrometry and analyzed the cell cul-
ture supernatants for all small molecules (<550 Da) to identify
the role of each cell type under baseline conditions and when
exposed to Meth (Figure 5). Similar to the changes in protein
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expression we observed (Figures 2 and 3), each cell type exhib-
ited a unique small molecular profile, which was identified via
PCA of the untargeted mass spectrometry data (Figure 5a and
Figure S8, Supporting Information). The cells did not change
their PCA clustering in response to Meth administration,
showing that the acute dose does not drastically change the
metabolome of these cells. Moreover, while the neural cells and
endothelium showed very distinct metabolomes, the pericytes
and astrocytes displayed similar patterns much as we observed
for their proteomes (Figure 2f), which suggests that pericytes
might have an important role in the metabolic regulation in the
NVU, similar to the astrocytes.

As a next step, we used Compound Discovery 2. Mum-
michogl® and IPA (QIAGEN Inc.)P% software to identify both
metabolites and metabolic pathways that are associated with
the small molecules that were identified with untargeted m.s.
(Figure 5b,c and Table S5, Supporting Information). There
were overlaps between the molecules that we identified within
metabolic pathways using Compound Discovery 2.0 associ-
ated to KEGG, but each cell type also displayed a distinct set
of secreted molecules (16 for endothelium, 5 for pericytes, 2
for astrocytes, and 13 for neural cells) (Figure 5b and Table S5,
Supporting Information). The metabolic pathways that were
significantly associated with the identified secreted molecules
(Figure 5c) displayed a pattern similar to that detected by the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Inflammatory and respirational response upon Meth chal-
lenge on the human NVU cytokine release, IL6 a) **, p = 0.0037 and IL8
b) *, p=0.0292 t-test, show significant response in neural cells, n=3 and
error bars showing standard deviation c) energy map for the cells that
comprise the NVU, filled symbols are controls and open Meth treated
cells. n =4 and error bars are standard deviation. p-values for significant
differences the cells within each treatment group (Control and Meth) are
in Table S3 in the Supporting Information, a pairwise comparison with
regular ANOVA and Sidak multiple comparison test for Control-Meth of
each cell type for both ECAR and OCR.

PCA (Figure 5a), where the pericytes and astrocytes exhibited
more similar patterns compared to endothelial and neural cells.

We then analyzed how Meth affects the metabolic pathways
for each cell type. Interestingly, Meth administration reduced
the number of the identified metabolic molecules produced by
endothelial cells and astrocytes, whereas these numbers were
increased in pericytes and neural cells (Figure 5c and Figures S8-
S10 and Table S4, Supporting Information). Further characteriza-
tion of the significant metabolic pathways (identified with IPA)
revealed cell-type-specific responses to Meth. The overviewing
observation is that endothelial cells, which are exposed to a very
high dose by clinical comparisons show downregulation in all
but Histamine and Biosynthesis. Neurons, astrocytes, and peri-
cytes which are exposed to a Meth concentration often observed
in the brain of abusers instead show upregulation in most of
the metabolic pathways (Figure 5d). One specific pathway, glu-
tathione synthesis, which is a significant pathway in the ROS
(reactive oxygen species) regulation process, was downregulated
in the endothelium and upregulated in the pericytes and astro-
cytes, whereas its level varied among the different neural cells
(Figure 5d). This can be attributed to physiological function of

Adv. Biosys. 2020, 1900230

1900230 (6 of 13)

www.adv-biosys.com

astrocytes, where the astrocytes maintain brain homeostasis and
protect neurons from ROS.*®l We then compared and contrasted
the significant changes in protein expression and the secreted
metabolome of the different human NVU cells that resulted
from Meth exposure compared to baseline conditions (Tables 1
and 2). This revealed a significant correlation (p < 0.05) between
the effects of Meth for proteomic and metabolomic pathways of
isoenzymes nitric oxide synthases (iNOS) signaling, PI3K/AKT
signaling, Stearate biosynthesis I, mitochondrial dysfunction,
phagosome maturation, and transfer ribonucleic acid (tRNA)
charging in all NVU cell types. In addition, there were correla-
tions among a number of specific pathways in the proteomic
and metabolomic analyses that significantly changed in two
or more cell types (Table 1); of these, changes in citrulline and
histamine have been recognized in methamphetamine studies
previously.?>31 As a metric of the difference between the NVU
cell types, we identified Meth-induced changes in the proteome
and metabolome that are unique to one of the cell types. The
astrocytes presented the highest number of unique metabolic-
proteomic correlated pathways which change due to Meth (7)
followed by the endothelium (6), and neural cells (3), the peri-
cytes did not show any unique metabolic-proteomic correlated
pathways which change due to Meth. (Table 2). Interestingly, for
each cell type, the unique metabolic-proteomic correlated path-
ways are associated to a specific biological process, for examples,
the unique pathways that are observed in the endothelium are
associated with urea production, astrocytes with glycine and
neurons with nucleotide production.

To accurately quantify the glycolytic capacity of the NVU
cells, and the impact of Meth exposure, we supplied the indi-
vidual cell types with Cl3-labeled glucose and identified the
related metabolites, lactate, pyruvate, glutamine, glutamate,
and paminobutyric acid (GABA) (Figure S11, Supporting Infor-
mation) using targeted m.s. (Figure 6). We found that all of the
cell types of the NVU carried out glycolysis, which is particu-
larly interesting for the pericytes since this metabolic capacity
was not described previously. The endothelium displayed the
highest production of pyruvate (Figure 6a), lactate (Figure 6b)
and glutamate (Figure 6¢c) compared to the other cell types.
We also found that the astrocytes and neural cultures did not
secrete detectable amount of glutamate (Figure 6d). While it is
expected that neurons should secrete glutamate in the synaptic
cleft, these studies revealed that the astrocytes (=60% of the
cells) in the culture take up the glutamate quickly (Figure 6¢,d),
as needed to avoid neurotoxicity.*¥ Importantly, Meth admin-
istration significantly decreased pyruvate production by the
endothelium which could directly affect the neuronal function-
ality, as pyruvate is discussed to be neuroprotective®! (Figure 6
and Table S6, Supporting Information). Besides the nutrient
source or metabolic pathways that produce the neurotrans-
mitter, GABA, changed significantly in the neural cells exposed
to Meth, which is a sign of altered neural function upon Meth
stimulation (Figure 6e,f).

3. Discussion

In this study, we cultured separately each of the four human
primary cell types that comprise the NVU and analyzed their

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Untargeted metabolism of reveals in vivo like changes after acute Meth challenge on the human NVU. a) PCA was used to cluster and identify
metabolic variance between each of the NVU cells, with and without Meth administration. Each cell type has a unique secretome. These differences are
kept after Meth addition. b) Venn diagrams show the overlap in the metabolites that were found for each cell type. c) The number of molecular spe-
cies in the secretome attributed to significant metabolic pathways that were identified with IPA for each of the NVU cells. In addition, a high number
(=150 of molecular species per cell) were attributed to other metabolic pathways. Each metabolite can be attributed to multiple pathways. The main
metabolic pathways were identified in “Others” as shown in Figure S8 in the Supporting Information. d) Metabolic pathways identified with IPA which
significantly change (p < 0.05) due to Meth challenge.

vitro, which are the least characterized of the cells in the NVU
even though their key contribution to NVU functionality is
well established."38] While proteomic analysis of human brain

proteome and metabolome in the presence or absence of expo-
sure to Meth. Importantly, this report is one of the first detailed
proteomic and metabolomic characterizations of pericytes in
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Table 1. Correlated metabolic and proteomics pathways which are found in more than one of the NVU cell types.

Endo?

Pericytes Astrocytes

Neural

iNOS signaling

PI3K/AKT signaling

Stearate biosynthesis | (animals)
Mitochondrial dysfunction
Phagosome maturation

tRNA charging

AMPK signaling

Palmitate biosynthesis | (animals)

Tryptophan degradation I1l (eukaryotic)

Citrulline biosynthesis

Mitochondrial L-carnitine shuttle
pathway

iNOS signaling
PI3K/AKT signaling

iNOS signaling

PI3K/AKT signaling
Stearate biosynthesis | (animals) Stearate biosynthesis | (animals)
Mitochondrial dysfunction Mitochondrial dysfunction
Phagosome maturation Phagosome maturation
tRNA charging tRNA charging

AMPK signaling
Palmitate biosynthesis | (animals)
Tryptophan degradation Ill (eukaryotic)

Histamine degradation Histamine degradation
Citrulline biosynthesis

Mitochondrial L-carnitine shuttle Mitochondrial L-carnitine shuttle

pathway pathway

iNOS signaling
PI3K/AKT signaling
Stearate biosynthesis | (animals)
Mitochondrial dysfunction
Phagosome maturation

tRNA charging

AMPK signaling
Palmitate biosynthesis | (animals)

Tryptophan degradation Il (eukaryotic)

Histamine degradation

Fglutamyl cycle
eNOS signaling

rglutamyl cycle
eNOS signaling

Phenylalanine degradation IV Phenylalanine degradation IV

(mammalian, via side chain) (mammalian, via side chain)

Putrescine degradation 11 Putrescine degradation Il

dCanonical pathways which have significant change in both of their metabolic and proteomic expression. This table exhibits the correlation between the protein and meta-
bolic expression, showing pathways are found in more than one of the NVU cell types.

microvessels has been carried out, the investigators were not
able to distinguish contributions from endothelial cells from
those due to closely interacting perivascular cells.! Human
brain endothelial cell cultures have been characterized at the
transcriptome level ! but not on the proteomic level. The same
lack of proteomic characterization holds for human primary
fetal astrocytes and primary stem cell-derived neural cells; how-
ever, there is an extensive transcriptomics study of human astro-
cytes from human adult and fetal tissue, which also includes
some data on endothelial cells and neurons.®! Our proteomic
characterization of these four cell types that are all available
from commercial sources should serve as a valuable reference
for researchers setting up in vitro studies in conventional for-
mats including high-through-put studies. The monoculture
format is however not a physiological microenvironment

and improved NVU phenotypes have been shown in many
microfluid systems.?** transepithelial electrical resistance
(TEER) values of the brain endothelium is a prime example
of this, here in monoculture we and others show values
20100 Q cm!? whereas microfluidic systems have shown TEER
<2000 Q cm.>* As a limitation in our approach, the cells that
are commercially available are not isogenic. It is likewise impor-
tant to emphasize that the neural cells are a mixed culture with
neurons and astrocytes. The data presented in this manuscript
demonstrates clearly that the mixed culture has a very different
phenotype compared to the astrocyte monocultures.

Proteomic analysis of the endothelial cells and pericytes
our morphological findings: the quiescent endothelial mon-
olayer expressed proteins in pathways not associated with
growth, whereas the motile and proliferating pericytes had their

Table 2. Correlated metabolic and proteomics pathways which are unique for each of the NVU cells.

Endo? Pericytes

Astrocytes Neural

Glutathione biosynthesis

Urate biosynthesis/inosine 5'-phosphate degradation

CMP-N-acetylneuraminate biosynthesis | (eukaryotes)
Urea cycle
Arginine biosynthesis IV

Superpathway of citrulline metabolism

Glycine degradation (creatine biosynthesis)

Purine ribonucleosides degradation to

L-carnitine biosynthesis

Purine nucleotides de novo biosynthesis 1|

ribose-1-phosphate
Glycine biosynthesis | Histidine degradation VI

dTMP de novo biosynthesis

Superpathway of serine and glycine biosynthesis |

Glycine betaine degradation

Salvage pathways of pyrimidine ribonucleotides

2 Canonical pathways which have significant change in both of their metabolic and proteomic expression. This table exhibits the correlation between the protein and meta-

bolic expression. showing pathways that are unique to one of the NVU cells.
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Figure 6. Targeted metabolism of labeled glucose reveals in vivo like changes after acute Meth challenge on the human NVU. The production rate of
a) pyruvate, b) lactate, c) glutamate, d) glutamine, and e,f) GABA is presented for each cell type with (gray) and without (black) Meth. Endothelial cultures
show the highest production rate of pyruvate, lactate, glutamate and are the most affected by Meth. As expected, the Astro and Neuro have the highest
Glutamine rate, which is significantly affected by Meth addition. e,f) The synthesis of the GABA generates different numbers of labeled carbons; their
distribution is not significantly affected by Meth addition. All data n =3 and error bars showing the standard deviation. p-values for significant differences
the cells within each treatment group (Control and Meth) are in Table S5 in the Supporting Information, a pairwise comparison with regular analysis of
variance (ANOVA) and Sidak multiple comparison test for Control-Meth of each cell type for a) endothelial cells p = 0.0197 and #-test and f) p = 0.0265.

PI3K/AKT, ERK/MAPK, regulation of Actin-based Motility by
Rho, actin nucleation, STAT3, HGF, and integrin signaling path-
ways upregulated. Like all primary cells, astrocytes are highly
sensitive to culture conditions, especially the conventional use
of proliferation-stimulating serum in the medium.® Here we
cultured the cells at the lowest passage commercially available
(PO) under serum-free conditions, and this is reflected in the
dominant canonical pathways we observed in the astrocytes,
which were consistent with a more quiescent phenotype. When
comparing the proteomics of neural cells and astrocytes, it is
important to consider that the primary human neural cells con-
tain =~60% astrocytes. When relating the proteomic data of the
individual well to the NVU study® we can first conclude that the
number of identified proteins in the comparably low cell number
containing endothelial compartment (1679) and the perivascular
compartment (1518) is lower than what can see from this larger
plate culture, whereas the difference for the larger neuronal
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compartment (1970) is less. The more striking difference is
the percentage of the proteins related to cytoskeletal processes
which more dominant in the devices, probably indicating more
dynamics in this environment compared to static wells.

The differences in respiration detected in the neurovascular
cells allowed us to describe the relationship between oxidative
phosphorylation (OCR) and glycolysis. As we also observed,
endothelial cells have been demonstrated to rely on glyco-
lysis,[*? which is surprising given the high oxygen concentra-
tion of blood compared to peripheral parenchymal tissue.
Interestingly, the respiration properties of cultured pericytes,
which to our knowledge have not been studied previously,
were characterized by a much higher OCR/ECAR ratio than
endothelial cells and astrocytes suggesting a higher degree of
oxidative phosphorylation compared to glycolysis. Astrocytes
were also observed to have a lower glycolytic phenotype than
the neural cells which show a high energy oxidative phenotype.

© 2020 The Authors. Published by Wiley-VCH GmbH
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The astrocyte population in the neural culture (60%) could be
responsible for the upregulated glycolysis we observed to serve
the high metabolic need of the neurons, a cell-cell interac-
tion that has been demonstrated previously.*®l Overall, in our
studies, the neural culture was the most energy demanding of
the cultures.

In the untargeted metabolomics, we observed that the astro-
cytes and pericytes exhibited the most similar secretion patterns
(Figure 5a) and number of secreted molecules that were exclu-
sively common to these two cell types (Figure 5b). The targeted
metabolomics showed that the endothelial cells secrete more
lactate and exhibit the highest lactate/pyruvate ratio, which is
interesting because the perivascular pericytes can use lactate
as a substrate.®] These results correlate to our previous work
on a coupled NVU-Chip,”! which identified that the vasculature
secrete more lactate and pyruvate than the perivasculature. Per-
icytes have not previously been shown to synthesize glutamine
and have been suggested to lack glutamine synthetase, ! which
is not consistent with our data since we can measure glutamine
secretion. However, we must note that we cannot detect the
protein glutamine synthetase in any of the NVU cells in the
proteome. The absence of labeled glutamate in the media in
the neural and astrocytes cultures suggests strong glutamate
sequestering abilities of the astrocytes. These studies also con-
firmed that endothelial cells can produce glutamatel*? whereas
pericytes only synthesize and secrete low levels of glutamate
under these conditions. Overall, these results give a new
insight into the pericyte metabolism, showing a lactate pyruvate
ratio similar to astrocytes, very low glutamate secretion and glu-
tamine secretion] and also supported by our previous work.!
We observe that the endothelium is a major pyruvate producer.
We relate these results to the previous findings that the brain
vasculature and perivasculature has a significant contribution
to the neural metabolism by providing it with essential metabo-
lites, including pyruvate and lactate.

Meth abuse has many clinical manifestations, but here
we focused only on the effects of 24 h exposure to Meth. Our
dose of 50 x 107® M should be related to casual abuse of Meth
results in plasma concentrations in the mid pum with up to ten
times accumulation in brain tissue.? We aimed to compare
cellular responses in the different NVU cell types after Meth
exposure, we, therefore, chose a concentration that is mod-
erate for the three perivascular and brain parenchymal cells,
but which is high for the endothelial cells. Meth exposure has
been shown to suppress the expression of tight junction pro-
teins (ZO-1, occluding, and Claudin-5), and increase perme-
ability in cultured brain microvascular endothelial cells!*#84]
and mouse brain.*24051 Oxidative stress and inflammatory
signaling?4 (Cyclooxygenase-2 mediated) are also induced
by Meth in cultured brain microvascular endothelial cells>?
as well as in rats.*l The 24 h Meth dose did not produce vis-
ible morphology changes or induce any other stress signals in
any of the cells (Figure S5, Supporting Information). We have
shown that human primary brain endothelial cells under acute
Meth dosing show a barrier breakdown with I1Cs, 1500 X 107¢ m
(Figure S4, Supporting Information) and formation stress vacu-
oles at similar concentrations in previous studies.”’]

Changes in both proteomics and untargeted metabolomics
show a differential response to Meth in the four human NVU
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cell types (Figures 3d and 5a). In the endothelial cells, Meth
induces inflammatory pathways (e.g., IRF, IL6, IL8, HMGBI),
and the upregulation of growth factor signaling pathways
including PDGF signaling, which is consistent with studies
that suggest Meth induces an injury and stress response at this
dosel®! (Figure 3d). The endothelial NGF pathway upregulation
could possibly mediated via PI3K/AKT upregulation to promote
survival as previously demonstrated.’*>] The Gaq pathway
upregulation also can be linked to PI3K/AKT signaling and
thereby promote migration and survival.’® Lastly, the stress
response in endothelial cells is manifested also in the stress
induced SAPK/JNK pathway (Figures 3d and 5b,c)

Dysfunctional pericyte-endothelial interactions have been
suggested to drive disease progression in neurodegenerative dis-
ease.!l The effects of Meth on pericytes have only been reported
in one in vitro study, which showed that Meth induces a peri-
cyte migration response through stimulation of the sigma-1
receptor, with downstream activation of MAPK and PI3K/AKT
pathways, demonstrated in a resulting increase of “P53 upregu-
lated modulator of apoptosis” expression.[”l Our proteomic anal-
ysis revealed that the response of pericytes to Meth is different
compared to the endothelial cells. The stress or injury response
is less striking where none of the inflammatory pathways are
activated, and also only two growth factor pathways (FGF and
NGF) are upregulated. We observe a low upregulation of PPAR/
RXR activation and nuclear transcription factor (NRF2)-medi-
ated oxidative stress responses, combined upregulation of Gaq-
signaling, and downregulation of PI3K/AKT signaling. Notably,
previous observations for pathway PI3K/AKT was done in a per-
icyte cell line, which could affect the outcome.”)

Astrocytes have been suggested to be activated by Meth, where
the reactive phenotype was demonstrated by increased expres-
sion of GFAP.F8 Moreover, a very high dose (500 x 107° m) of
repeated Meth dosing for 72 h resulted in cell cycle arrest, verified
by quantitative polymerase chain reaction (QPCR) and fluores-
cence-activated cell sorting (FACS) analysis.l”) Here, with a more
physiological, but short-term, dose of Meth, integrin, MAPK, IRF
pathways increased in the astrocytes, these are also signatures of
activation,®8%% but we could not observe a significant change in
GFAP expression with the untargeted proteomics.

The damages of Meth of neuronal cells have been exten-
sively discussed in the literature, with a focus on the degra-
dation of dopaminergic 19206162 cholinergic®® and sero-
tonergicl®#®] neuronal functions. This has been modeled
in rodents and is supported by clinical data from long-term
abusers. Meth has also been shown to induce apoptosis in
neurons3 in vitro at high concentrations (>250 x 107 m) and
in vivo.33l Our study demonstrates a stress response similar
to the patterns seen in the endothelial cells and upregulation
of oxidative stress pathways affecting the neural cell popula-
tion (Figure 3d). The activation of AKT/PI3K has previously
been observed in neurons and suggested as a survival mecha-
nism.l”l Qur study with a mixed neural culture also verifies
an inflammatory response by increased secretion of cytokines
IL6 and IL8 (Figure 4a,b).

Metabolic changes have been observed in Meth abusers, ¢!
but no untargeted m.s. characterization has been attempted
in human samples. For animal models, mouse?? and rat!?’!
approaches have shown increased energy metabolism,

© 2020 The Authors. Published by Wiley-VCH GmbH
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increased levels of excitatory amino acids and disruption of
mitochondria and phospholipid pathways. Here we do not see a
major shift in the PCA of metabolic profile (Figure 5a), which is
consistent with in vivo animal studies.??!

Treatment with Meth has decreased rat serum levels of lipids
and free fatty acids.?3] In line with this (Figure 5d), the correla-
tion between the metabolomics and proteomics, demonstrate
downregulation of palmitate and stearate biosynthesis for all the
NVU cell types. We also observe effects on 1-carnitine pathway,
a molecule that is involved in fatty acid metabolism. Interest-
ingly, acetyl-1-carnitine has been used to protect neurons and
astrocytes from adverse effects of Meth,[®l which indicates that
an endogenous protective response in this pathway has been
initiated. The regulation of several nucleoside degradation
pathways (Figure 5d), is apparent, but varying over the cells,
with downregulation only in endothelial cells. Upregulation of
nucleoside degradation, as we observe in pericytes, astrocytes
and neural cells could be a cellular compensation mechanism
for energy depletion, as has been reported for other drugs and
diseases!®] and discussed in the context of Meth.'® The hista-
mine biosynthesis pathway also shows a varying response, but
with part of the pathway being upregulated in all the cells. This
can be compared to observations of increased histamine levels
in rats after acute Meth administration.'¢?”! The regulation
of glutathione and y -glutamyl pathways, both associated with
cellular redox processes support the discussion about Meth as
an inducer of cellular stress. These findings correlate to rat in
vivo studies, which confirmed alternations in glutathione levels
after Meth dosing.[%8! The targeted metabolomics also demon-
strates minor changes after Meth treatment. The cellular stress
signals (e.g., inflammatory pathways, growth factor signaling,
glutathione and y -glutamyl pathways) that were evident from
the proteomics and untargeted metabolomics does not during
our 24-hour dose manifest in increased lactate secretion levels,
as previously seen in rats in vivo in a 5 d study.>}! We observed
a decrease in pyruvate secretion in the endothelial cells, indi-
cating an alternation in the energy metabolism of the cells.
Furthermore, we detected an increased GABA secretion from
the neural cultures. This correlated to previous studies in rat
demonstrating how Meth increases both extracellular gluta-
mate and dopamine, but also to increase GABA in regions of
the brain (substantia nigra).l) Here we observe a Meth induced
increases of extracellular GABA in the neural cell culture.

Clinically meth-induced alternations of the brain have been
mainly based on functional magnetic resonance imaging, posi-
tron emission tomography, and nuclear magnetic resonance for
determination of volume changes of certain brain regional and
certain specific metabolite levels and neurotransmitter localiza-
tion."?l Our study reveals effects in the proteome and metabo-
lome on each NVU cell type separately, but still shows a high
agreement with rat/mouse studies. This suggests that the sepa-
rate NVU cells can be highly relevant as first preclinical assays
for evaluation of drug effects on the BBB.

4, Conclusions

While the importance of the NVU is indubitable, there is a
lack of knowledge on structure-function of each one of its
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components (endothelium, pericytes, astrocytes, and neural
cells), both in homeostasis and under drug administration.
In this work, we performed comprehensive proteomics and
metabolomics analyses of each of the individual primary
human cell types which comprise the NVU and analyzed their
properties. We identified the metabolic and proteomic char-
acteristics of human pericytes, which were not previously
reported. Besides, the significant pathways as a response
to Meth were identified and show that endothelial cells and
neural cells show higher cellular stress compared to astro-
cytes and pericytes. This work presents new pathways that are
active in the cells at homeostasis and as a response to Meth,
which could be important when studying the CNS damage of
Meth intoxication.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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