Molecular Neurobiology (2019) 56:7694-7707
https://doi.org/10.1007/512035-019-1620-4

®

Glutaric Acid Affects Pericyte Contractility and Migration: Possible Sicse i‘s"
Implications for GA-l Pathogenesis

Eugenia Isasi ' - Nils Korte - Verénica Abudara® - David Attwell® - Silvia Olivera-Bravo'

Received: 18 February 2019 / Accepted: 23 April 2019 /Published online: 18 May 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Glutaric acidemia I (GA-I) is an inherited neurometabolic childhood disease characterized by bilateral striatal neurodegeneration
upon brain accumulation of millimolar concentrations of glutaric acid (GA) and related metabolites. Vascular dysfunction,
including abnormal cerebral blood flow and blood-brain barrier damage, is an early pathological feature in GA-I, although the
affected cellular targets and underlying mechanisms remain unknown. In the present study, we have assessed the effects of GA on
capillary pericyte contractility in cerebral cortical slices and pericyte cultures, as well as on the survival, proliferation, and
migration of cultured pericytes. GA induced a significant reduction in capillary diameter at distances up to ~ 10 pm from the
center of pericyte somata. However, GA did not affect the contractility of cultured pericytes, suggesting that the response elicited
in slices may involve GA evoking pericyte contraction by acting on other cellular components of the neurovascular unit.
Moreover, GA indirectly inhibited migration of cultured pericytes, an effect that was dependent on soluble glial factors since
it was observed upon application of conditioned media from GA-treated astrocytes (CM-GA), but not upon direct GA addition to
the medium. Remarkably, CM-GA showed increased expression of cytokines and growth factors that might mediate the effects of
increased GA levels not only on pericyte migration but also on vascular permeability and angiogenesis. These data suggest that
some effects elicited by GA might be produced by altering astrocyte-pericyte communication, rather than directly acting on
pericytes. Importantly, GA-evoked alteration of capillary pericyte contractility may account for the reduced cerebral blood flow
observed in GA-I patients.

Keywords Glutaric acidemia type 1 - Glutaric acid - Astrocytes - Pericyte - Cell migration - Capillary contractility -
Astrocyte-conditioned media

Abbreviations NG2 neural/glial antigen 2

BBB Blood-brain barrier aSMA alpha smooth muscle actin

GA-1 glutaric academia type I CM astrocyte conditioned media

GA glutaric acid CM-GA  GA-treated astrocyte conditioned media
3-OHGA  3-hydroxyglutaric acid CM-C control astrocyte conditioned media
GCDH glutaryl-CoA dehydrogenase aCSF artificial cerebrospinal fluid

PDGFR receptor 3 of the platelet derived growth factor PI propidium iodide
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include striatal degeneration (expressed as delayed motor re-
sponses or regression during infancy), gliosis, diffuse and pro-
gressive white-matter abnormalities, and early vascular dys-
function [1, 3, 4].

The most prominent vascular defects in GA-I include
blood-brain barrier (BBB) breakdown, subdural effusions,
chronic extravasation from trans-arachnoid vessels, and
intradural and retinal hemorrhages that usually occur be-
fore the triggering of striatal damage [1-3, 5-8].
Significant expansion of the cerebrospinal fluid volume
and cerebral blood volume, as well as an elevation of the
mean capillary transit time, was also found in some chil-
dren [6, 9]. Blood-brain barrier breakdown together with
vasogenic oedema, distention of striatal capillaries, en-
larged vessels, and hemorrhagic areas were also found in
Gcedh—/— mice, once exposed to a high lysine diet that
elevated GA levels [10].

The few molecular studies focused on GA-I vascular
dysfunction show that cerebral cortices of Gecdh—/— mice
have higher mRNA expression of vascular endothelial
growth factors A and C, and of angiogenin, all of which
are involved in regulating angiogenesis and vascular per-
meability [11]. In addition, endothelial cells were damaged
by incubation with 3-hydroxyl-glutaric acid (at concentra-
tions larger than those found in patients during crises [2])
as well as in Gedh—/— mice fed a high lysine diet [10],
suggesting that this may disturb the integrity of vascular
structures [12].

Recently, we have reported that a single intracerebral
dose of GA given to rat pups affects key components of
the neurovascular unit (NVU), evoking decreased expres-
sion of aquaporin 4 in astrocyte end-feet, loss of PDGFR (3
positive pericytes surrounding micro-vessels, and de-
creased laminin associated with blood vessels, all leading
to significant BBB leakage [13]. These findings, in the
context of previous reports showing that GA induced as-
trocyte increased proliferation, oxidative stress and de-
creased support to neurons [14, 15], led us to propose that
effects of GA-I evoked metabolites on pericytes, acting
either directly or via astrocytes, may have a role in the
vascular dysfunction reported in the disease.

Moreover, as Strauss et al. [6, 16] hypothesized that
vascular defects may depend on hemodynamic alterations
caused by glutarate accumulation in the brain, in the pres-
ent study, we evaluated whether a pathophysiological con-
centration of GA affected brain capillary contractility in
slices and in isolated brain pericyte cultures. In addition,
we assessed the effects of GA and GA-elicited astrocytic
soluble factors on the proliferation and migration of cul-
tured pericytes. Finally, we evaluated the cytokine compo-
sition of astrocyte-derived soluble factors released from
GA-treated cells.

Materials and Methods
Ethical Statement

This study was performed in accordance with the Principles of
Laboratory Animal Care, National Institute of Health of
United States of America, NIH, publication no. 85-23 (2011
revision), and approved by the IIBCE Ethical Committee for
the Care and Use of Laboratory Animals and from the
National Committee for Laboratory Animal Care (CNEA)
from Uruguay. All efforts were made to minimize suffering,
discomfort and stress to the animals. The number of animals
employed in this work was the necessary to produce reliable
scientific data.

Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), 100 IU penicillin/100 mg/ml streptomycin, and
trypsin were purchased from Invitrogen (Carlsbad, CA, USA).
Collagenase type I, DNAase I, poly-D-lysine, GA, and all
other chemicals of analytical grade were obtained from
Sigma-Aldrich (USA). Rat Cytokine Antibody Array C2
was purchased from RayBiotech (Norcross, GA, USA).

Animals

Primary cell cultures and acute brain slices were obtained
from Sprague-Dawley (SD) rats bred at IIBCE and UCL.
Animals were housed in cages with food and water ad libitum,
controlled temperature and 12-h light/dark cycles.
Institutional guidelines based on National and International
laws for protection of vertebrate animals used for scientific
purposes were followed. All procedures were carried out in
accordance with the guidelines of the IIBCE Ethical
Committee and the UK Animals (Scientific Procedures) Act
1986 and subsequent legislation. For cell culture experiments,
seven separate astrocyte cultures were obtained from the ce-
rebral cortices of seven rat pups of postnatal day 1 (P1) and
seven pericyte cultures were obtained from seven whole
brains of 2—3-week-old rats. For experiments on acute brain
slices of P21 SD rats, tissue was obtained from at least four
animals on at least four different experimental days.

Brain Slice Preparation

As previously described [17, 18], 240-300-um-thick coronal
cortical slices were prepared from P21 rats on a vibratome in
ice-cold oxygenated (95% O,, 5% CO,) solution containing (in
mM) 93 N-methyl-D-glucamine chloride, 2.5 KCl, 30 NaHCO;,
10 MgCl,, 1.2 NaH,POy, 25 glucose, 0.5 CaCl,, 20 HEPES, 5
sodium ascorbate, 3 sodium pyruvate, and 1 kynurenic acid. The
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slices were incubated at 34 °C in the same solution for 15—
20 min, then transferred to a similar solution but containing (in
mM) 93 NaCl, 1 MgCl,, and 2 CaCl,, and then incubated at
room temperature (21-23 °C) until used in experiments.

Imaging of Capillaries in Brain Slices

Slices (300 wm thick) were perfused with artificial cerebrospi-
nal fluid (aCSF) containing (in mM) 124 NaCl, 2.5 KCl, 26
NaHCOs, 1 MgCl,, 2 CaCl,, 1 NaH,POy, 10 glucose, 1 sodi-
um ascorbate, heated to 31-35 °C, and gassed with 20% O,
5% CO,, and 75% N, to produce a physiological [O,] around
the imaged cells [19]. Capillaries were imaged using differen-
tial interference contrast (DIC) microscopy at 20-50-pum
depth within layers III-VI of cortical slices containing the
motor and prefrontal cortices, employing a 40x water immer-
sion objective, a Coolsnap HQ2 CCD camera, and ImagePro
Plus acquisition software. Images were acquired every 30 s,
with an exposure time of 100 ms and a pixel size of 160 nm.
Vessel internal diameters were measured by manually placing
ameasurement line perpendicular to the vessel cross section at
locations close (< 10 wm) or far (2025 pum distance) from the
center of pericyte soma. Measurements were made using
Metamorph software or Image J (NIH, USA). To assess GA
effects on capillary diameter, images were obtained in basal
condition (5 min perfusion with acSF) and after the addition of
1 mM GA (pH=7.4) for 20 min or endothelin 1 (10 nM,
which was used as a positive control to assess whether
pericytes were responsive to contractile agonists).

Capillary diameters were also measured in fixed brain
slices (240 um thick) that were previously incubated with
aCSF or aCSF containing 1 mM GA (pH=7.4) for 1 h at
37 °C. After fixation, slices were stained with fluorescent
isolectin B4 (10 pg/ml) and Hoestch 33,342 (1 pg/ml) and
visualized with a confocal microscope Zeiss LSM700. Z-
stacks of 23 wm width (excluding the first 30 wm from the
surface) from different cortical regions were acquired. Vessel
diameters in IB4 images were measured at different distances
(up to 10 um) from the center of pericyte somata by using
Image J (NIH, USA).

Assessing Pericyte Death in Slices

This procedure was carried out as previously described in Hall
etal. ([19]). Brain slices of 240 pum thickness were incubated in
a multi-well plate, with oxygen blown gently at the surface in
aCSF alone or aCSF containing 1 mM or 5 mM GA (pH =7.4).
All extracellular solutions contained isolectin By (10 png/ml) to
label the basement membranes (and pericytes wrapped in it)
and 7.5 uM propidium iodide (PI) to label cells with mem-
branes that had become non-specifically permeable [19].
After 2 h of incubation, slices were fixed in 4% paraformalde-
hyde (PFA, pH = 7.4) and imaged on a Zeiss LSM700 confocal
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microscope. To avoid counting cells killed by the slicing pro-
cedure, quantification of the percentage of pericytes that were
dead excluded cells within 12 um of the slice surface.

Astrocyte Primary Cultures to Obtain Conditioned
Media

Astrocyte primary cultures were prepared from SD rats aged
1-2 days as described by Cassina et al. [20] with minor mod-
ifications. Briefly, glial mixed cultures were obtained from
cortices that were dissociated with trypsin and by mechanical
pipetting, seeded in proliferation media containing DMEM
supplemented with 10% FBS, 3.6 g/l HEPES, 1.2 g/l
NaHCOs plus penicillin/streptomycin. Once 100% confluent,
cultures were depleted of other contaminant glial cells by con-
tinuous shaking for 48 h. Cultures containing at least 98%
glial fibrillary acid protein (GFAP)-positive astrocytes and a
lack of OX42-positive microglial cells were left resting for a
week. Then, cells were trypsinized, harvested on 60-mm Petri
dishes or 25-cm? T flasks at a density of 1.5-2.0 x 10*/cm?,
and maintained in proliferation media. Once confluent, cul-
tures enriched in astrocytes were exposed to 5 mM GA (pH =
7.4) or vehicle for 24 h. The medium was then removed, cells
were thoroughly washed with 10 mM phosphate-buffered sa-
line solution (PBS, pH="7.4), and incubated in proliferation
media. After 24 h, the conditioned media from control (CM-
C) and GA-treated astrocytes (CM-GA) were collected by
centrifugation and immediately applied to pericyte cultures.

Pericyte Primary Cultures

Pericyte cultures were prepared as described by Tigges
et al. [21] with some modifications. Briefly, 2-3-week-
old rats were euthanized and brains quickly extracted and
placed in PBS. The olfactory bulbs, cerebellum, and me-
dulla were dissected away, and meninges were carefully
removed. The rest of the brain was minced thoroughly with
a sterilized razor blade and incubated in DMEM containing
0.225 mg/ml collagenase I, 5 mM CaCl,, and 40 pg/ml
DNase 1. After 1-h incubation at 37 °C, the digested brain
tissue was homogenized manually and then filtered
through an 80-um mesh. The homogenized cells were
mixed with 1.7 volumes of 22% bovine serum albumin
(BSA) solution and centrifuged at 2000 rpm for 10 min.
The pellet was re-suspended in DMEM supplemented with
10% FBS and isolated brain microvessel fragments were
seeded on 35-mm Petri dishes pre-coated with 5 pg/cm?
collagen 1. Once grown to confluence (7-8 days later),
cells were detached with 0.05% trypsin (5 min), centri-
fuged (1000 rpm, 10 min), and plated on uncovered Petri
dishes at a 1:3 dilution in supplemented DMEM. This step
was repeated (second passage) and cells were maintained
until confluent (~ 1 week). At this stage, cultures consisted



Mol Neurobiol (2019) 56:7694-7707

7697

of at least 95% neural/glial antigen 2 (NG2) and PDGFRf3
expressing pericytes, ~ 1% of von Willebrand factor ex-
pressing endothelial cells and less than 4% of GFAP ex-
pressing astrocytes.

Pericyte Migration and Proliferation Assays

To test whether GA can affect pericyte migration, confluent
second-passage pericyte cultures were scratched manually
with a sterile 0.1-10-ul pipette tip. Detached cells were re-
moved with three rinses of PBS and then cultures were ex-
posed to 5 mM GA (pH=7.4) or PBS (control). In other
experiments, scratched cells were treated with CM-C or
CM-GA (1:1 dilution) to analyze the effect of astrocyte-
conditioned media on pericyte migration. Images were taken
at 0, 24, and 48 h after the scratch, and cell-free areas mea-
sured at each time and condition. To test the effects of GA or
astrocyte-conditioned media on the proliferation of scratched
pericytes, in some experiments, 40 uM bromodeoxyuridine
(BrdU) was added to the culture media with each treatment.

Contractility Assessment

Confluent second-passage pericyte cultures were incubated
with 5 mM GA (pH=7.4), CM-C, CM-GA, or 100 uM
ATP (positive control) [22, 23] for 2 h (at 37 °C, with 5%
CO,/95% 0O,). After that, pericytes were washed with PBS,
fixed with 4% PFA (20 min, RT), and visualized using white
light and fluorescence in an inverted microscope Olympus IX-
81. Pericyte contraction was clearly seen as a change in cell
morphology [22] that included retraction of the cell body,
emergence of visible processes, and smaller nuclei. The per-
centage of contracted cells (normalized by the total number of
Hoechst 33342-stained nuclei) was evaluated.

Cell Viability Assay

The sulforhodamine B (SRB) assay is based on the
measurement of cellular protein content. The assay was
performed according to manufacturer’s instructions
(Sigma-Aldrich). Briefly, 10,000-20,000 pericytes were
seeded in each well of a 96-well plate. Pericytes were
grown to confluence and incubated with 5 mM GA,
CM-C, or CM-GA during 24 h. After that, cell mono-
layers were fixed with 10% (w/v) trichloroacetic acid
(1 h, 4 °C), left to dry, and stained with SRB (0.4%,
30 min), after which the excess dye was removed by
washing repeatedly with 1% (v/v) acetic acid. The
protein-bound dye was dissolved in 10 mM Tris base
solution for determination of optical density at 565 nm
and background multiwell absorbance at 690 nm, by
using a Varioskan microplate reader.

Immunocytochemistry

Pericytes were recognized by immunolabeling against three
prototypic markers: alpha smooth muscle actin (xSMA),
PDGFRf3, and NG2 [24]. To perform the immunolabeling,
cells were washed with PBS, fixed with 4% PFA, perme-
abilized with 0.1% Triton X-100, blocked with 5% BSA,
and incubated overnight at 4 °C with one or two of the fol-
lowing antibodies: anti-aSMA (1:100, SIGMA), anti-
PDGFRf (1:100, abcam), anti-NG2 (1:250, Millipore).
Cells were quickly washed and incubated for 90 min at RT
in 1:500 dilutions of secondary antibodies conjugated to
Alexa Fluor 488 or 546. For visualization of the actin cyto-
skeleton, fixed and permeabilized cells were incubated with
phalloidin conjugated to TRITC (1:250, Invitrogen) for
20 min at RT and rinsed with PBS afterwards. All cells were
mounted with 1:1 glycerol-PBS containing 1 pg/ml Hoechst
33342 and were visualized with a confocal microscope
Olympus FV300 and Zeiss LSM8&00.

Cell proliferation was assessed by immunocytochemical
detection of BrdU at 48 h after the scratch. To do this, pericyte
cultures were fixed with 4% PFA (20 min, RT), washed with
PBS, and underwent DNA denaturation with 2 N HCI for
45 min at RT. After several washes with PBS, cultures were
incubated in blocking buffer containing 5% BSA for 1 h,
followed by incubation with an anti-BrdU antibody (1:500,
Dako) overnight at 4 °C. After three washes with PBS, cul-
tures were incubated with a secondary antibody conjugated to
Alexa Fluor 488 (1/500, Invitrogen). BrdU-positive cells were
counted and proliferation rate was expressed as the percentage
of cells labeled with Hoechst 33342.

Ethidium Bromide Staining

Ethidium bromide (EtBr) is a cationic probe, which is normal-
ly cell membrane impermeant, but when applied in the extra-
cellular milieu, the dye can enter into certain types of cell
through diverse mechanisms including large pore channels
and pumps [25, 26]. Once intracellular, EtBr fluoresces when
it intercalates into nucleic acid strands. Pericyte cultures were
incubated with 10 nM EtBr at 5% CO, and 37 °C for 20 min,
then washed several times in PBS, and finally fixed with 4%
PFA (30 min, RT). After mounting with glycerol-PBS con-
taining Hoechst 33342 (1 pg/ml), cells were imaged using an
Olympus FV300 and Zeiss LSM800 confocal microscope
with an excitation laser of 488 nm and a bandpass emission
filter of 630660 nm.

Live Cell Imaging
Pericyte cultures were seeded on a Lab-Tek® 4-well chamber

slide in a range of 20-25,000 cells/well and maintained con-
fluent in DMEM supplemented with 10% FBS. Cultures were
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maintained at 37 °C and 5% CO, and incubated with 5 mM
GA (pH=7.4), 100 nM ATP or PBS (control). Images were
acquired every 1 min for 35-40 min using a Leica CTR6500
TCS5P6 confocal microscope with a motorized stage.
Quantification of cell-free area was performed by using
Image] software (NIH, USA).

Rat Cytokine Array

Astrocytes grown to confluence in 75-cm? T flasks were treat-
ed with GA (5 mM, 24 h) or PBS, followed by incubation in
DMEM without FBS for 24 h. Conditioned medium was col-
lected and centrifuged (10 min, 2000 rpm), and the superna-
tant was frozen at —20 °C. After that, conditioned medium
was concentrated by using a Millipore Centricon® with an
ultracel YM-3 membrane, 3000 nominal molecular weight
limit, according to manufacturer instructions. Quantitation of
total protein content was determined by using a bicinchoninic
acid assay or Bradford assay. The expression level of 32 sol-
uble cytokines present in astrocyte conditioned media was
assessed with the Rat Cytokine Antibody Array C2 kit from
RayBiotech according to the manufacturer’s instructions.
Images were taken with a CCD camera for chemilumines-
cence detection. The total integrated density of the same area
in each spot was measured with Image J software (NIH,
USA), values of negative controls were subtracted and then
the corrected integrated density was normalized to the mean
integrated density of the positive controls present in each
membrane. A value of 0 was assigned to the spots which
integrated density was minor than negative controls. To com-
pare signals in different membranes, values were corrected by
the ratio among the average of positive controls in each mem-
brane after taking CM-C membrane as the reference for each
determination. The n-fold between CM-GA and CM-C sig-
nals was calculated as the ratio between the averaged values of
integrated density for each single cytokine in each condition.
Two independent cytokine array experiments were conducted
each one having 6 positive controls, 12 negative controls, and
34 cytokines made in duplicate.

Calculation of Effect of Vessel Constriction on Flow

We assume that pericytes are regularly spaced on capillaries at
an interval of 2 1. For flow governed by Poiseuille’s law, the
resistance of a segment of capillary of length L (from a
pericyte soma to midway between two pericytes) and radius
ry is given by

k.L/I‘14

where k is the constant. If GA-induced pericyte contraction
reduces the capillary diameter from a value of »; at the mid-
point between pericytes to 7, near the pericyte soma, then if
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this reduction is linear with distance, the resistance of the
capillary segment from the soma to the midpoint is given by

kL.(ri> 4+ 1.2 +12%) /(3017 .12°)

so the factor by which the resistance is altered is
(14 (1 /) + (1 /r2)| (1 /r2) /3

This was used to calculate the predicted flow reduction
to be produced by pericyte constriction in Fig. 1 and the
main text.

Statistical Analysis

Data analysis was performed with Graphpad Prism 3.0 and 6.0
by using a Student’s ¢ test for parametric data or a Mann-
Whitney test for non-parametric data to compare two groups.
P values were corrected for multiple comparisons using a one-
way ANOVA followed by Tukey or Bonferroni post hoc tests
for parametric data or a Kruskal-Wallis test followed by
Dunn’s test for non-parametric data. A p value <0.05 was
considered statistically significant. Values were represented
by using the mean £ SEM or the median and interquartile
range as appropriate.

Results

GA Produced Capillary Constriction in Cerebral
Cortical Slices

Coronal slices from P21 rats were perfused with aCSF
(5 min) or aCSF containing 1 mM GA (20 min) while
imaging the capillaries. GA evoked a capillary constric-
tion of ~ 16% near pericyte somata (p = 0.04, n=10) after
25 min of incubation. Vessel diameters near pericyte
somata were measured at <10 pm from the center of
pericyte somata as stated in the Methods (Fig. la, b).
Control experiments were done with aCSF alone (n=3),
and as a positive control, slices were incubated with
10 nM endothelin 1 (n=4), which evoked a 40% capillary
diameter reduction at 15.5 min (p=0.008). To estimate
the effects of GA-induced capillary constriction on cere-
bral blood flow, Poiseuille’s law was applied as described
in the Methods. The observed reduction of 16% in vessel
diameter near pericyte somata is predicted to increase the
capillary resistance by a factor of 1.43.

Other sets of slices were perfused with aCSF alone
(controls) or aCSF containing 1 mM GA for 1 h and submitted
to PFA fixation and IB, staining. Then, confocal stack images
were taken and vessel diameters were measured at < 10 um
from the center of pericyte somata. There was a 23% reduction
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a Living slice

Baseline

= |

Fixed slice
Control

DAPI

Fig. 1 GA induced capillary constriction in rat cortical slices. a DIC
images of a longitudinal profile of a healthy capillary containing red
blood cells, in basal conditions or after 20-min perfusion with aCSF
containing 1 mM GA. The capillary constricts after GA exposure, near
the pericyte soma. Diameters measured are shown by a red line and
pericyte somata by yellow/red arrows. b Quantitation of capillary diam-
eters measured near pericyte somata (< 10 um distance from the center of
pericyte somata) and further from the soma (20-25 pm distance).
Diameters were measured every 30 s in basal conditions (5-min
perfusion with aCSF) and then incubated with GA (20-min perfusion of
aCSF + 1 mM GA). A significant reduction in capillary diameter (¢ test,

in capillary diameters of slices exposed to GA compared with
controls (p =0.0006) (Fig. 1c, d).

Vessel constriction was not related to pericyte death in rigor
as reported in ischemia (see [19]). Pericyte death assessment
by propidium iodide incorporation did not show any signifi-
cant difference between GA-treated slices and controls (Fig.
Sla, b).

+1mMGA(25mi
§ 3 - g,

® near pericyte soma - 8

m far from pericyte soma
0.7+ T T T T 1
0 5 10 15 20 25
Time (min)

Normalized capillary diameter

(2]
1

*p=0.0006

>
1

w
1

N
1

-
1

o
I

Capillary diameter
near pericyte somata (um)

»<0.05, n=10) was observed after minute 12. At 25 min, there was a
16% reduction in capillary diameter compared with baseline (7 test, p =
0.04). ¢ Maximum intensity projection z-stack images of fixed cortical
slices showing blood vessels with fluorescent IB4 (gray) and nuclei
stained with DAPI (blue). Yellow/red arrows are pointing pericyte somata
containing nuclei and the red lines indicate the internal vessel diameters
that were measured. d Graph shows the average of all vessel diameters
measured < 10 pm from the center of pericyte somata. There is a 23%
reduction in the capillary diameter of slices exposed to GA compared
with controls (*7 test, p = 0.0006). a, b Living slices. ¢, d Fixed slices

GA Did Not Affect Pericyte Contraction in Culture

To assess whether the GA-induced constriction of capillaries
is due to a direct effect of GA on pericytes, we tested whether
GA evokes the contraction of isolated pericytes obtained from
brain microvessels, as described by Tigges et al. [21] with
minor modifications. Second passage pericyte cultures
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Q

2nd passage Primary culture

EtBr staining

CTL

20 um

20 um

Fig. 2 Characterization of primary pericyte cultures from rat brain. a
Images show a primary pericyte culture obtained from cortical
microvessels adhered on a collagen substrate. The initial culture
contained different cell types: pericytes (NG2, green), endothelial cells
(von Willebrand factor, vWF, red), and astrocytes (GFAP, red). TL=
transmitted light image. All panels are different fields of view. b
Purified pericyte cultures, i.e., 2nd passage, on a plastic substrate,
express the prototypical pericyte markers NG2 (green) and PDGFRf3
(red) and appear as flattened cells with an irregular shape in close contact

expressed the three prototypical pericyte markers NG2,
PDGFRf3, and aSMA, but not the endothelial cell marker
von Willebrand factor (vWF) or the astrocyte marker GFAP
(Fig. 2a, b). Pericyte cultures also responded typically to the
vasoactive agents ATP (10 uM) or adenosine (10 uM), by
changing cell morphology in accordance with ATP constrict-
ing them and maintaining their flat morphology upon
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+ATP

20um  +Ado

with one another as seen by light microscopy. All nuclei are stained with
Hoechst (blue). ¢ Response of pericyte cultures to ATP and adenosine.
Upon the addition of ATP (10 uM, 1 h), cultured pericytes adopted a
stellate shape with somata becoming rounded and smaller and cellular
processes emerging as shown by ethidium bromide staining (EtBr, red).
In contrast, pericytes exposed to adenosine (Ado, 10 uM, 1 h) maintained
a flattened morphology, similar to controls. TL: transmitted light
microscopy

adenosine exposure (Fig. 2c¢). However, when pericyte cul-
tures were incubated with 5 mM GA, 100 uM ATP (a positive
control) or vehicle (negative control) for 2 h, only ATP, but not
GA, caused visible morphological changes, that appear as a
reduction of soma and nuclei size together with the emergence
of conspicuous cellular processes (Fig. 3a, ¢). These morpho-
logical changes were also accompanied by a re-arrangement
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of actin filaments stained with phalloidin (Fig. 3b). In addi-
tion, live cell imaging of pericytes exposed to 5 mM GA,
100 uM ATP or vehicle for 35 min confirmed that progressive
morphological changes occur only in the ATP condition, and

Living pericytes
Baseline _ 36 min

not with GA, as shown by an increased cell-free area between
contracted pericytes (Fig. 3d, ). These results show that GA
does not have a direct effect on pericyte contractility in
pericyte-enriched cultures.
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« Fig.3 Absence of GA effect on contraction of cultured isolated pericytes.

a DIC images merged with Hoechst fluorescence show pericytes
incubated in a cell culture chamber with 5 mM GA, 100 uM ATP
(positive control), or vehicle (control) for 2 h. Only ATP exposure caused
visible morphological changes that appear as a reduction of soma and
nuclei size with emergence of conspicuous cellular processes.
Arrowheads show individual cells in all conditions mentioned above. b
Confocal images show phalloidin (Phall) staining (red) and Hoechst
stained nuclei in pericyte cultures. A visible actin cytoskeleton re-
arrangement is seen in the ATP condition compared with controls, with
pericyte processes becoming more clearly visible. Arrowheads point at
individual cells. Below, images at higher magnification are shown. ¢
Graph shows the percentage of contracted cells (relative to total cells).
This value is significantly increased in the ATP condition, but not in GA-
treated cells, compared with controls. Kruskal-Wallis test and Dunn’s
multiple comparison ***p=0.0004; **p =0.003 were employed. N.S:
statistically not significantly different. d Living pericyte cultures were
imaged every 1 min in basal condition and after the addition of 5 mM
GA, 100 uM ATP or vehicle (controls) for 35 min. e Graph shows the
quantitation of cell-free area, normalized with respect to time 0, every
5 min for the three experimental conditions: control, GA, and ATP-treated
cells. With ATP added to the medium, there is a significant increase in
cell-free area from minute 25 to 35 with respect to controls, indicating cell
contraction. Two-way ANOVA and Dunn’s multiple comparisons *p =
0.02; **p =0.006; **’p =0.002

To test whether GA is toxic to pericytes, they were
challenged with 1 and 5 mM GA or PBS for 24 h. Cell
viability was assessed with an SRB assay. This showed

a CONTROL

CM-C

that, at the concentrations used, GA did not affect
pericyte viability (Fig. S1d). Furthermore, no changes
in morphology, in actin filament arrangement or in
PDGFRf{ expression were found after 24-h exposure
of cultured pericytes to 5 mM GA (Fig. Slc, e). All
together, these data show that GA does not constrict
isolated cultured pericytes. Although it is possible that
pericytes change the proteins they express in culture,
these data suggest the GA-evoked capillary constriction
seen in brain slices may be an indirect effect mediated
by GA acting on cells in the slice other than pericytes.

Because GA was previously reported to induce astro-
cyte dysfunction [14, 27], we tested whether factors
released by astrocytes in response to GA regulate
pericyte contractility in cultures. Cultured pericytes in-
cubated with conditioned medium (CM) from astrocytes
treated with GA (CM-GA) or vehicle (CM-C) showed a
remarkable change in pericyte morphology after 2 h,
which resembled that observed with ATP treatment
(Fig. 4a). Interestingly, the increase in number of
contracted pericytes was similar in CM-C and CM-GA
conditions (Fig. 4b). This suggests that astrocytic solu-
ble factors affect pericyte contractility in culture inde-
pendently of the presence of GA and suggests that GA

b N.S.
50- #+0=0,0002
o Forp<0.0001 h
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Fig. 4 Astrocyte conditioned media induces pericyte contractility in cell
cultures. a Light microscope images of pericyte cultures in control
conditions and when incubated with conditioned media from control
astrocytes (CM-C) or GA-treated astrocytes (CM-GA) for 2 h. A con-
spicuous morphological change is observed with CM-C and CM-GA that
resembles ATP-induced contraction and includes a reduction of soma and

@ Springer

nuclei size and the appearance of more visible cellular processes.
Individual pericytes are indicated with white arrows. b Graph shows a
significant increase in the percentage of contracted cells defined as cells
with a conspicuous morphological change described as above. Kruskal-
Wallis test and Dunn’s multiple comparison correction, ***’p =0.0002,
*Hikkp <0.0001
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Fig. 5 Conditioned medium from GA-treated astrocytes inhibits pericyte
migration and delays scratch closure in cultures. a Light microscopy
images show pericytes in a scratch wound assay at 0, 24, and 48 h incu-
bated with 5 mM GA, or with conditioned medium from control (CM-C)
or from GA-treated (CM-GA) astrocytes. Although there is a reduction in
cell-free area in all experimental conditions over time due to pericyte
proliferation and migration, CM-GA exposure caused a delay in the clo-
sure of the scratch as shown by a larger cell-free area. The last column
shows fluorescent images of Hoechst-stained nuclei (blue) and mitotic
cells (BrdU+, green) at 48 h in the scratch region in all experimental
conditions. Black and white dashed lines encircle cell-free areas. b

Quantitation of cell-free area at 24 and 48 h, as a percentage of that at
0 h, shows significantly larger cell-free areas in the CM-GA condition
with respect to controls Kruskal-Wallis test and Dunn’s multiple com-
parison, *p=0.01, **p=0.005. ¢ Graph shows the number of nuclei
stained with Hoechst in the scratch area at 48 h. Quantitation confirmed
that CM-GA caused a larger reduction in the cell number of the scratched
area when compared to CM-C. One-way ANOVA and Tukey’s multiple
comparison, **p =0.002; **’p = 0.008. d Graph shows the rate of prolif-
erating cells defined as %BrdU+ cells/Hoechst+ cells in the scratched
area at 48 h. There were no differences in the proliferation rate which
was between 52 and 58% in all experimental groups
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might not generate pericyte contraction by evoking the
release of substances from astrocytes.

Astrocyte CM-GA Delayed Pericyte Migration

Cultured pericytes were submitted to a scratch wound as-
say and then incubated with vehicle (controls), 5 mM GA,
CM-C, or CM-GA for 48 h, and cell-free areca was quanti-
fied over time. As expected, a progressive reduction of
cell-free area was observed in all experimental conditions
because cells at the wound edge proliferate and migrate

Fig. 6 Secretome analysis of a
astrocyte CM-C and CM-GA.
Cytokine levels in concentrated
aliquots of CM-C and CM-GA
containing the same amount of
total protein were assessed with a
commercial array according to
manufacturer instructions. a Two
representative images that show
the expression of 34 soluble cy-
tokines in membranes exposed to
CM-C or CM-GA and detected
by chemiluminiscence with a
CCD camera. Spots inside the red
rectangle are positive controls and

CM-C

(o)

ABCDEFGH

[28]. However, CM-GA exposure caused a delay in the
closure of the scratch (compared to CM-C), as shown by
a significantly larger cell-free area at 24 and 48 h, respec-
tively (Fig. 5a, b). On the other hand, cell-free areas in
scratched cells directly treated with GA did not show any
significant differences with respect to controls. Moreover,
the delay in the scratch closure caused by CM-GA incuba-
tion cannot be attributed to reduced cell proliferation, since
the number of BrdU+/Hoechst+ cells in the scratch region
was similar to that found in control cultures (Fig. 5d).
Thus, CM-GA did not affect pericyte proliferation, but
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delayed pericyte migration as a result of soluble factors
secreted by astrocytes upon GA treatment.

Differential Expression of Cytokines in CM-GA

To further understand which astrocytic soluble factors could be
affecting pericyte migration in cultures, we analyzed CM-C and
CM-GA using commercial rat cytokine arrays. Interestingly, the
levels of several cytokines seem to be increased in CM-GA com-
pared with CM-C (Fig. 6). We observed higher expression of the
tissue inhibitor of metalloproteinase 1 (TIMP-1), which inhibits
the matrix metalloproteinases (MMPs) that promote pericyte mi-
gration by degrading several components of the extracellular ma-
trix [29], vascular endothelial growth factor-A (VEGF-A), intra-
cellular cell adhesion molecule-1 (ICAM-1), cytokine-induced
neutrophil chemoattractant-1 (CINC-1), LIX, monocyte chemo-
attractant protein-1 (MCP-1), macrophage inflammatory protein-
3 (MIP3), and L-selectin, all of which have important effects on
vascular permeability and inflammation [30].

Discussion

Since cerebrovascular changes contribute to neuropathology
in GA-I, and the majority of the resistance to blood flow
within the brain parenchyma is located in capillaries [31], in
the present work, we have evaluated the effects of GA on
capillary constriction in acute cortical slices and in primary
cultured pericytes.

Experiments on pericytes in situ in brain slices showed that
applying GA at concentrations found in GA-I patients, or in
the Gedh—/— mouse model of GA-I [2, 10, 32], reduced cor-
tical capillary diameters by ~16%, which according to
Poiseuille’s law may cause an increase of capillary resistance
0f 43% and a reduction of 30% in blood flow. The data ob-
tained are in accordance with those of Strauss et al. [7] who
analyzed Amish GA-I patients ranging from lack of evident
striatal injuries to others presenting dystonia and striatal le-
sions in different disease conditions and ages. In that study,
perfusion scans from six patients showed that tissue blood
flow did not undergo a normal developmental surge, as usu-
ally occurs over the first few years of life, and that four pa-
tients had a significant reduction of cerebral blood flow some-
times accompanied by increased cerebral blood volume and
mean transit time. Haemodynamic alterations caused by brain
glutarate accumulation may therefore contribute to striatal ne-
crosis in GA-I [6, 7]. Because a subset of contractile pericytes
adjusts capillary diameter and the majority of the vascular
resistance in the CNS is located in capillaries [19, 24, 31,
33-35], it is likely that GA impairs microvascular perfusion
by acting on pericytes, as found in this work.

GA, however, did not elicit the contraction of isolated cul-
tured pericytes, making the possibility of a direct effect un-
likely, and suggesting that GA-induced pericyte contractility
in slices may be the result of signaling between cells of the
NVU. As we previously demonstrated that GA induced astro-
cytic dysfunction in vivo and in cultures by enhancing cell
proliferation, mitochondrial dysfunction, oxidative stress and
neurotoxicity [14, 27, 35], we tested whether astrocyte soluble
factors released by GA might elicit contraction of cultured
pericytes. Although conditioned medium obtained from both
control (CM-C) and GA-treated (CM-GA) astrocytes caused
morphological changes in cultured pericytes that resembled
those evoked by the vasoconstrictor ATP, CM-GA did not
increase pericyte contractility when compared to CM-C.
Soluble factors released by astrocytes may therefore elicit a
contractile response in pericytes, however, either the release of
these factors is independent of GA or the release of these
factors even in control conditions is sufficient to evoke a sat-
urating contraction. Nevertheless, the signaling mechanism by
which GA induces pericyte contaction is likely of a multicel-
lular nature and requires further study.

In contrast, exposure to CM-GA, but not to CM-C, GA
itself or vehicle, inhibited pericyte migration without chang-
ing proliferation in a scratch wound assay. Pericyte migration
evoked by endothelial PDGF-{3-pericyte PDGFRf3 signaling
is an important process during brain angiogenesis and is es-
sential for the normal structure and function of the brain vas-
culature [36-38]. Defects in pericyte migration during early
and post-natal development in GA-I patients could therefore
disrupt pericyte coverage of vessels and induce vascular dys-
function. In this regard, increased GA levels could affect brain
structure, not only during early infancy, but also prenatally
[39]. The link between blood flow alterations in GA-I patients
and pericyte dysfunction or loss requires further study.

We identified several soluble factors released from astro-
cytes that may inhibit pericyte migration. Among the cyto-
kines that were elevated in concentration in CM-GA relative
to CM-C are TIMP-1, ICAM-1, and VEGF-A, which are im-
portant in regulating vascular morphogenesis/regression [40],
angiogenesis [41], and BBB permeability [42, 43]. Therefore,
GA-induced astrocytic dysfunction could alter not only
pericyte migration, but also the physiology of other
neurovascular unit cells, through the release of soluble factors.

In summary, we demonstrate that acutely applied GA in-
creases pericyte contractility and decreases pericyte migration.
These effects are expected to decrease cerebral blood flow and
alter vasculogenesis. Together with the previously-
demonstrated effect of GA to disrupt the BBB [13], these
actions are likely to contribute to clinically important vascular
abnormalities in GA-L.
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