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Development of a method for isolating sl

brain capillaries from a single neonatal mouse
brain and comparison of proteomic profiles
between neonatal and adult brain capillaries
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Abstract

Background The functions and protein expressions of the blood-brain barrier are changed throughout brain
development following birth. This study aimed to develop a method to isolate brain capillaries from a single frozen
neonatal mouse brain and elucidate the enrichment of brain capillaries by quantitative proteomic analysis. We further
compared the expression profile of proteins between neonatal and adult brain capillary fractions.

Methods The brain capillary fraction was prepared by the optimized method from a single frozen mouse neonatal
brain on postnatal day 7. The brain capillary fractions and brain lysates were digested by trypsin and analyzed by
liquid chromatography-mass spectrometry for quantitative proteomics.

Results By optimizing the isolation method, we observed brain capillaries in the fraction prepared from a single neo-
natal mouse brain (nBC fraction). A protein amount of 31.5 ug, which is enough for proteomic analysis, was recovered
from the nBC fraction. By proteomics analysis, the brain capillary selective proteins, including Abcb1a/Mdr1, Slc2a1/
Glut1, Claudin-5, and Pecam-1, were found to be concentrated > 13.4-fold more in nBC fractions than in whole brain
lysates. The marker proteins for neurons and astrocytes were not concentrated in nBC fractions, while those of peri-
cytes and microglia were concentrated. Compared to adult mouse brain capillary fractions (aBC fractions), the expres-
sions of Abcb1a/Mdr1a, Abccd/Mrp4, and Slc2a1/Glut1 were significantly lower in nBC fractions than in aBC fractions,
whereas those of Slc1a4/Asct1, Slc1a5/Asct2, Slc7a1/Cat1, and Slc16a1/Mct1 were significantly higher. Amino acid
transporters, Slc38a5/Snat5, showed the greatest nBC-to-aBC ratio among transporters (9.83-fold). Network analysis of
proteins expressed differentially between nBC and aBC fractions revealed that the proteins with terms related to the
extracellular matrix were enriched.

Conclusions We succeeded in isolating brain capillaries from a single frozen brain of a neonatal mouse at postnatal
day 7. Proteomic analysis revealed the differential expression in brain capillaries between neonatal and adult mice.
Specifically, amino acid transporters, including Slc1a5/Asct2 and Slc38a5/Snat5, were found to be induced in neonatal
brain capillaries. The present isolation method will promote the study of the function and expression of the neonatal
blood-brain barrier.
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Background

Brain capillary endothelial cells (BCECs), together with
pericytes, astrocytes, neurons, and extracellular matrix as
a neurovascular unit, form the blood—brain barrier (BBB)
[1]. BCECs express tight junction proteins to form tight
junctions, restricting paracellular diffusions between the
blood and brain [2]. BCECs also express various trans-
porter proteins supplying nutrients from the blood to
the brain and limiting drug distribution to the brain [3].
Receptor proteins expressed in the BCECs regulate the
functions of the BBB and mediate the transport of ligand
molecules across it [4].

The functions and protein expressions of the BBB are
changed during brain development after birth. P-gly-
coprotein is an efflux transporter selectively expressed
in BCECs and limits drug entry into the brain [3]. The
expression of P-glycoprotein in rat brains increases at
postnatal week 8 compared to that at week 2, and the
brain distribution of oseltamivir, a P-glycoprotein sub-
strate, simultaneously decreases [5]. An age-dependent
increase in P-glycoprotein staining intensity has been
reported in the human cortex [6]. The expression of the
glucose transporter GLUT1 in brain capillaries has also
been reported to increase from neonates to adults in
mice and rats [7, 8]. The influx rate of glucose into the
brain of 15-18-day-old rats was half that of adults aged
9-12 weeks [9]. In contrast, the expression of the trans-
porter for lactate and ketone bodies, MCT1, is higher in
the brain capillaries of neonates than in those of adults
[7, 8]. The influx rates of lactate and pyruvate into the
brain were also greater in neonatal rats than in adult rats
[9], indicating that the developmental changes in the BBB
are important for understanding the regulation of home-
ostasis during brain development and the distribution of
central nervous system-acting drugs in the brain during
childhood.

Isolated brain capillaries are the samples essential for
elucidating BBB transport mechanisms during develop-
ment. Single-cell analysis has recently been used to ana-
lyze gene expression in well-characterized brain cells,
including BCECs [10, 11]. However, single-cell analysis is
limited to gene expression, and isolated brain capillaries
are necessary for functional and protein expression anal-
yses. The preparation of brain capillary fractions is diffi-
cult for neonatal brains than for adult brains because of
the former’s smaller volume and increased fragility [12].
In a previous report, brain capillaries were isolated from
the brains of 12—-15 newborn mice [13]. Another study
isolated the brain capillaries of 50 mice at postnatal day
5 and conducted proteomic and transcriptomic analy-
ses [14]. Brain capillaries were isolated from the brains
of 4-15 neonatal rats and 2 adult rats [8]. Recently, we
developed a method to efficiently isolate brain capillaries
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from the frozen brain of an adult mouse using a bead
homogenizer, cell strainer, and glass beads [15]. Through
this method, we prepared brain capillary fractions with
higher enrichment and recovery than that of the standard
isolation method, suggesting that brain capillaries can
be isolated from the brain of a neonatal mouse using our
method.

Therefore, this study aimed to develop a method to
isolate brain capillaries from a single frozen neonatal
mouse brain and elucidate the enrichment of brain cap-
illaries by quantitative proteomic analysis. Brain capil-
laries were isolated from the frozen brain of a neonatal
mouse on postnatal day 7, and brain capillary enrichment
in the isolated fraction was evaluated using proteomics.
We further compared the expression profile of the pro-
teins in the neonatal and adult brain capillary fractions.
The changes in protein expression between neonatal and
adult brain capillaries were comparable to those reported
in previous studies, and amino acid transporters, includ-
ing Slc38a5/Snat5 and Slcla5/Asct2, were upregulated
in neonatal brain capillaries compared to those in adult
brain capillaries. We also observed changes in the expres-
sion of proteins related to the extracellular matrix, such
as laminins, collagens, and integrins, in neonatal brain
capillaries.

Methods

Animals

C57BL/6 ] pregnant mice were purchased from Japan
Clea (Tokyo, Japan). All animals were bred in the Kum-
amoto University Faculty of Pharmaceutical Sciences
Animal House and were housed in 12-h light/dark envi-
ronment. All animal experiments were approved by the
Institutional Animal Care and Use Committee at Kuma-
moto University and followed the Fundamental Guide-
lines for Proper Conduct of Animal Experiments and
Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Cul-
ture, Sports, Science, and Technology as well as the Ani-
mal Research: Reporting in Vivo Experiments guidelines.

Brain capillary isolation

Newborn mice were dissected at 7 days of age. A single
neonatal mouse brain was frozen in liquid nitrogen in
a 1.5-mL tube and stored at — 80 °C. For preparation, a
single mouse brain was transferred to a 2-mL screw-
cap tube (Watson, Tokyo, Japan) after thawing, and
1 mL of a homogenizing buffer (101 mM NaCl, 4.6 mM
KCl, 2.5 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,,
15 mM HEPES, pH 7.4) was added. The brain was subse-
quently homogenized by a bead homogenizer (Bead Mill
4, Thermo Fisher Scientific, Waltham, MA, USA) for 30 s
at 1 m/s without beads to reduce homogenizing power.
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Thereafter, the homogenate was uniformly homogenized
by pipetting and transferred to a new 2-mL tube. More-
over, 50 uL of the brain homogenate was dispensed in
another tube as whole brain lysate. The homogenate was
centrifuged (1000 X g, 10 min, 4 °C), and the supernatant
was carefully removed. Up to 1 mL of the homogenizing
buffer was added to the pellet and suspended by pipet-
ting gently. After suspension, an equal volume of 32 w/v%
dextran/homogenize buffer was added into the tube and
mixed by inverting. The samples were immediately cen-
trifuged (4500 g, 15 min, 4°C), and the supernatant was
collected into a new 2-mL tube. The pellets were kept on
ice. The supernatant was centrifuged (4500xg, 15 min,
4°C) again, and the supernatant was discarded. After
removing the fat content adhered at the wall of the tube
using Kimwipe (Nippon Paper Crecia, Tokyo Japan), pel-
lets were suspended in the suspension buffer (homog-
enized in buffer containing 25 mM of NaHCO;, 10 mM
of glucose, 1.2 mM of pyruvate, and 5 g/L of bovine
serum albumin, 200 pLXx2), and the samples of the
two tubes were combined into one tube. A cell strainer
(pluriStrainer-Mini, 70 um mesh, pluriSelect, Leipzig,
Germany) was filled with 800 mg of glass beads (0.35—
0.5 mm, AS ONE, Osaka, Japan) and washed 4 times with
500 pL of suspension buffer. Then, the combined suspen-
sion sample was added to a cell strainer with glass beads
and washed 10 times with 500 pL of suspension buffer.
Glass beads were transferred to a new tube using a spat-
ula. Thereafter, 1 mL of suspension buffer was added to
glass beads and mixed by inverting. The supernatant was
then quickly transferred into a new tube. The suspension
buffer of 500 uL was re-added on glass beads and mixed
by inverting; the supernatant was quickly transferred into
the previous tube. The tube was centrifuged (3300xg,
5 min, 4°C), and the supernatant was removed. The pellet
was suspended using 100 puL of a homogenization buffer.
Part of the isolated brain capillary fraction was used for
microscopy. Isolated brain capillary fractions were lysed
in a hypotonic buffer (10 mM NaCl, 1.5 mM MgCl,,
10 mM Tris—HCI, pH 7.4) by sonication, and protein
levels were measured using a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific).

Western blot analysis

A western blot analysis of the isolated brain capillary
fraction was performed as previously described [16].
Samples were separated on a sodium dodecylsulfate
(SDS) polyacrylamide gel and blotted onto a polyvi-
nylidene fluoride (PVDF) membrane. The following pri-
mary antibodies were used: Claudin-5, 1/4000 dilution
(35-2500; Thermo Fisher Scientific); B-actin, 1/10000
(8H10D10; Cell Signaling Technology, Danvers, MA,
USA); and horseradish peroxidase (HRP) conjugated
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secondary antibodies, 1/10000 dilution (Goat anti mouse
IgG HRP, 70768, Cell Signaling Technology). Band inten-
sity was quantified using Image] software (National Insti-
tutes of Health, Bethesda, MD, USA).

Quantitative proteomic analysis

The peptide samples of brain capillary fractions and
whole brain lysates for quantitative proteomics were
prepared by trypsin digestion using phase transfer sur-
factant. Proteomic analysis was conducted as described
previously [17, 18]. Briefly, each sample was analyzed
by data independent acquisition (DIA/SWATH) on the
TripleTOF 6600 (SCIEX, Framingham, MA, USA) inter-
faced with the Eksigent nanoL.C 400 (SCIEX). Mass cali-
bration and checking of intensities, retention times, and
peaks were done every 5-6 samples by trypsin-digested
B-galactosidase with the auto-calibration function in
Analyst TF 1.7.1 (SCIEX). Protein identification and
quantification were conducted using the library-free
search function in DIA-NN 1.8 with the UniProt mouse
reference proteome allowing one miss-cleavage [19].
Default settings were used for amino acid modifications
and the properties of the precursors and fragments.
The intensities of the precursors were normalized using
retention time-dependent cross-run normalization, and
the concentration of each protein was calculated from
specific peptides using the MaxLFQ algorithm [20],
which was integrated into the DIA-NN. Peptides and
proteins were filtered at a false discovery rate of less than
1% for identification and quantification. To validate the
quality of the present proteomic data, the distribution of
intensities and coefficients of variance (CV) of the identi-
fied proteins are shown in Additional file 2: Fig. S1. The
score plot of principal component analysis is shown in
Additional file 2: Fig. S2. The intensity distributions were
not significantly different among the samples according
to a one-way ANOVA (Additional file 2: Fig. S1IA and
B). The %CV histograms overlapped between the two
or four groups, and the averages and medians were less
than 21.0% and 17.7%, respectively (Additional file 2:
Fig. S1C and D). The replicate samples from each group
formed clusters in the score plots (Additional file 2: Fig.
S2). The protein concentrations of all quantified proteins
are listed in Additional file 1: Tables S1 and S2. Raw data
files of the liquid chromatography with tandem mass
spectrometry analysis have been deposited in jPOST
(GPOST ID: JPST001978/PXD039296 for neonatal data
and JPST002139/PXD041770 for adult data).

Statistical analysis

Numerical data are expressed as mean =+ standard
deviation. Between-two group comparisons were per-
formed using the paired-samples t-test or Welch t-test
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in Microsoft Excel (Microsoft Corp.; Redmond, WA,
USA). Network analysis of the differentially expressed
proteins was conducted using STRING 11.5 (https://
string-db.org/) [21]. The UniProt accession number list
of differentially expressed proteins was set to search
for multiple proteins, and the organism was set as Mus
musculus. Clustering was performed using MCL with
an inflation parameter of 3 (Fig. 5A and Additional
file 2: Fig. S3). Cluster 1, which contained 60 proteins,
was further analyzed using functional enrichment anal-
ysis (Fig. 5B and Additional file 2: Fig. S4, Additional
file 1: Table S4). Principal component analysis was per-
formed using SIMCA 14 (Sartorius, Gottingen, Ger-
many) with centering and scaling variables set to Pareto
Variance. Graphs and heat maps were created using
GraphPad PRISM7 (GraphPad, Boston, MA, USA).
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Results

Isolation of brain capillaries from a single neonatal mouse
brain

First, we prepared brain capillary fractions from neo-
natal mice brains using the previously reported isola-
tion method from the single brain of an adult mouse
[15]. However, no brain capillary was observed in the
recovered fraction. To adapt to the fragility of the neo-
natal brain, the isolation method was modified by reduc-
ing homogenizing power, and filtration was omitted to
improve recovery (Fig. 1A). Consequently, the fraction
enriching neonatal brain capillaries (nBC fraction) was
obtained from a single neonatal brain (postnatal day 7),
as shown in Fig. 1B and C. The diameter of the isolated
capillaries was 5—10 pum as previously reported [22]. The
enrichment of brain capillaries was examined by Clau-
din-5, which is specifically expressed in BCECs (Fig. 1D).
Claudin-5 was detected in the nBC fraction, but not in

Isolation method for neonatal brain

Homogenization by bead homogenizer
(No bead, 1 m/s, 30 sec)
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Suspending the pellet

Purification of brain capillaries
by glass beads

v

Neonatal brain capillary fraction

- 5

.

MW Brain nBC
(kDa)

20—
17—

«. | «Claudin-5

48]
35—

< B-Actin

40 pm

Fig. 1 Isolation procedure and enrichment of brain capillaries from a single neonatal mouse brain. A Isolation procedures of brain capillaries from
the single frozen brain of adult and neonatal mice. The modifications in neonates are indicated in red. B and C Images of the isolated brain capillary
fractions from a single neonatal mouse brain with different magnifications. Scale bar, 250 um in B and 40 um in C. D Western blot analysis of

Claudin-5 in whole brain lysate and neonatal brain capillary (nBC) fraction
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the whole brain lysate, suggesting that brain capillaries
were concentrated in the nBC fraction.

Comprehensive analysis of isolated neonatal brain
capillary fractions by quantitative proteomics
The enrichment of brain capillaries in the nBC fraction
was further evaluated by proteomics. The nBC fraction
was prepared from a single neonatal brain by four bio-
logical replicates. The total protein amount of the frac-
tion was 31.5+9.7 pg (n=4), which is less than half of the
fraction from a single adult mouse brain (73.5 pg) [15]
but sufficient for proteomic analysis. The analysis iden-
tified 4,362 proteins in the nBC fraction and 5,090 pro-
teins in whole brain lysate; 3,782 proteins were identified
in both fractions, and 2,739 proteins demonstrated sig-
nificant differences (p <0.05, Additional file 1: Table S1).
The reproducibility among replicates was evaluated by
the coefficient of variance (%CV) of the quantified val-
ues of the 4,362 proteins identified in the nBC fraction.
The average %CV was 18.9%, and the 75" percentile was
23.8% (Fig. 2A). The reproducibility of the enrichment
process was assessed by the %CV of nBC-to-brain enrich-
ment ratio (Fig. 2B). The average %CV of the enrichment
ratio was 23.8%, and the 75™ percentile was 30.1%, sug-
gesting sufficient reproducibility in the preparation of the
nBC fraction for analyzing the protein expression profile.
The enrichment of proteins selectively expressed in
brain capillaries was investigated to assess the enrich-
ment of brain capillaries in the nBC fraction (Table 1).
The nBC-to-brain enrichment ratios of the selective
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proteins in the brain capillary were greater than 5.23,
with a maximum value of 20.8. The enrichment ratio of
Claudin-5 was 17.5, and its concentration in the nBC
fraction is consistent with the result of the western blot
shown in Fig. 1D. Enrichment ratios were also calculated
for the marker proteins of neurons, astrocytes, pericytes,
oligodendrocytes, and microglia (Table 1). The enrich-
ment ratios of markers for neurons, astrocytes, and oligo-
dendrocytes were less than 1, suggesting the exclusion of
those cells during the capillary isolation from the brain.
In contrast, the enrichment ratios of the markers for
pericytes and microglia were significantly greater than 1,
indicating the inability to remove pericytes and microglia
from the nBC fraction. The range of the ratio of pericyte
markers was similar to that of brain capillary markers
(5.51-16.2 vs. 5.93-20.8), while that of the microglia
maker was lower (about 2). Therefore, pericytes were
enriched in the fraction in a manner similar to that in
brain capillaries, and the enrichment of microglia was
lower than that of pericytes.

Contamination of the cerebral artery and venous ves-
sels was assessed using proteins selectively expressing
vascular smooth muscle cells that adhere to large cer-
ebral blood vessels [23]. The enrichment ratios of aor-
tic smooth muscle actin (Acta2), transgelin (Tagln), and
myosin-11 (Myh11) ranged from 1.02 to 6.80 (Table 1),
which were lower than those of the marker proteins for
BCECs or pericytes. Therefore, the arteries and venous
vessels were retained in the nBC fraction but were not as
concentrated as the brain capillaries and pericytes.
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Fig. 2 Reproducibility of brain capillary isolation from a single neonatal mouse brain. A Histogram of the coefficient of variance (%CV) of protein
intensities of 4,362 proteins detected in the nBC fractions (n=4). B Histogram of the %CV of the nBC-to-brain enrichment ratios of 3,782 proteins

detected in both nBC fractions and whole brain lysates (n=4)
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Table 1 Enrichment ratios of proteins in the nBC fraction to the
whole brain lysate

Protein nBC-to-brain enrichment ratio

Mean SD Significance
Brain capillary endothelial cells
Abcbla/Mdria 17.6 55 xxx
Abcc4/Mrp4 8.85 13.63 *x%
Abcg2/Bcrp 6.75 177 xxx
Slc2a1/Glutl 20.1 45 o
Slc7a5/Lat1 5.23 0.79 *xx
Slc22a8/0at3 6.63°
Slco1c1/Oatpict 1.5 36 o
Tie2/Tek nBC only
Tfr1/Tfrc 18.0 44 *xx
Claudin-5 17.5 7.6 Hxx
Occludin nBC only
JAM1 593 1.61 xxx
Esam 153 7.7 o
Pecam1 134 87 Hrx
VWF 20.8 179 o
Neurons
Synaptophysin 0.0861 0.0131 i
Map2 0.141 0.023 *rx
Astrocytes
Gfap 0.885 0.235
Slc1a2/Eaat2 0.192 0.021 o
Slc1a3/Eaatl 0.510 0.0495 *xx
Pericytes
Pdgfrb 16.2 9.0 *EX
Muc18/Mcam 551 0.51 Frx
Oligodendrocytes
Cnp 0.275 0.021 x
Microglia
Progranulin 2.05 0.23 *xX
Cdk11b 203 132 *xx
Vascular smooth
muscle cells
Acta2 3.05 1.04 *
Taglin 1.02°
Myh11 6.80 2.56 Fex

Each nBC-to-brain enrichment ratio represents the mean and standard deviation
(SD) (n=4), *p < 0.05 and ***p <0.001 represent significant difference between
the neonatal brain capillary (nBC) fraction and whole brain lysate assessed by
the paired-samples t-test. nBC only, protein expression was detected only in the
nBC fraction. *Detected in all four nBC fractions, but only in two of four whole
brain samples

Proteomic comparison of brain capillary isolation

between neonatal and adult brain capillary fractions

To evaluate changes in protein expression in mouse brain
capillaries between neonates and adults, we compared
the proteomic data of brain capillary fractions isolated
from the single brain of a neonatal mouse and those of
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an adult mouse (nBC and aBC fraction, respectively). The
proteomic data of the aBC fraction reported in our pre-
vious study was re-analyzed in concomitance with the
present nBC fraction data [15]. Consequently, 3,673 and
3,680 proteins were identified in the nBC and aBC frac-
tions, respectively, and 2,816 proteins were identified in
both fractions (Additional file 1: Table S2). The number
of identified proteins decreased compared to that of the
analysis in the last section as the mass spectrometry data
obtained from different measurements were compared.
To assess the reproducibility of preparation between the
nBC and aBC fractions, the %CV values of the intensity of
the common 2,816 proteins were compared. The average
%CYV value of the nBC fraction was significantly greater
than that of the aBC fraction (19.3% vs 16.5%, p <0.001,
Fig. 3A). However, the distribution of %CV values were
similar between both fractions, suggesting that the repro-
ducibility of preparation was slightly lower in the nBC
fraction than in the aBC fraction, but the variation was
small for comparison of protein expression. Moreover,
the brain capillary (BC)-to-brain enrichment ratios of
2,155 proteins, which were identified in all brain capillary
fractions and all brain lysate samples, were compared. As
shown in Fig. 3B, the enrichment ratios were significantly
correlated between neonatal and adult brains (r=0.832,
p<0.0001), suggesting that the enrichment manners are
similar in the fractions prepared from neonatal and adult
brains.

Comparison of protein expression between neonatal

and adult brain capillary fractions

We compared the expression levels of proteins involved
in the transport and cell junctions at the BBB between
the nBC and aBC fractions (Table 2). Transporters,
Abcbla/Mdrla, Abcc4/Mrp4, Abcg2/Bcrp, Slc2al/
Glutl, Slc3a2/4F2hc and Slcola4/Oatplad were signifi-
cantly less expressed, while Slcla4/Asctl, Slc7al/Catl,
Slc16al/Mctl and Slcolcl/Oatplcl were significantly
more expressed in the nBC fraction than in the aBC frac-
tion. Among receptors, transferrin receptor were 4.11-
fold more expressed in the nBC fraction than in the aBC
fraction, while FcRn in the nBC fraction were expressed
at 48.4% of that in the aBC fraction. As tight and adhe-
rens junction proteins, the expression of Claudin-5 was
1.49 higher in the nBC fraction than in the aBC fraction,
whereas occludin, JAM-1 and Cadherin-5/VE-cadherin
expression in the nBC fraction significantly decreased to
25.8%, 46.1%, and 35.1%, respectively, of that in the aBC
fraction.

To perform a comprehensive comparison, we extracted
the proteins with a BC-to-brain enrichment ratio
greater than 5 in either the nBC or aBC fractions as the
BC-enriched proteins, because the proteins selectively
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Fig. 3 Comparison of the reproducibility and enrichment between neonatal and adult brain capillary fractions. A Histogram of the coefficient of
variance (%CV) of the protein intensities of 2,816 proteins, which were detected in both the neonatal brain capillary (nBC) and adult brain capillary
(aBCQ) fractions (n=4). B Correlation of the BC-to-brain enrichment ratios between the nBC and aBC fractions. The correlation was compared for
2,155 proteins, which were identified in all brain capillary (BC) fractions and whole brain lysates (n=4)

expressed in brain capillaries had a BC-to-brain enrich-
ment ratio greater than 5.23 (Table 1). Consequently,
504 proteins were extracted, and 191 proteins showed a
significantly different expression between fractions, with
an nBC-to-aBC ratio>2 or<0.5, and a p-value<0.01
(Fig. 4A, Additional file 1: Table S3). Among the proteins
significantly more expressed in the nBC fraction than in
the aBC fraction, Slc38a5/Snat5, a sodium-coupled neu-
tral amino acid transporter 5, showed the greatest nBC-
to-aBC ratio among transporters (9.83-fold, Fig. 4A).
Therefore, by focusing on amino acid transporters, 9
proteins were detected in the nBC and aBC fractions,
including non-BC-enriched proteins (Fig. 4B). Slc7al/
Catl, Slcla5/Asct2, Slcla4/Asctl, and Slc38a5/Snat5
were > 1.8-fold more expressed in the nBC fraction than
in the aBC fraction. The nBC-to-brain enrichment ratios
of these transporters were all>5.51, except for that of
Slcla4/Asctl. The expressions of Slc7a2/Cat2, Slc38a2/
Snat3 and Slc7a5/Latl were not significantly different
between the fractions. The expressions of Slcla2/Eaat2
and Slcla3/Eaatl were significantly < 0.386-fold lower in
the nBC fraction than in the aBC fraction, with nBC-to-
brain enrichment ratios of < 0.506.

Network analysis was conducted with 191 proteins
showing significantly different expression between the
nBC and aBC fractions in Fig. 4A. Consequently, 60 pro-
teins were classified into one large cluster (red symbols
in Fig. 5A; details are shown in Additional file 2: Figs. S3
and S4). In this cluster, terms related to the extracellular
matrix, laminin, integrin, and collagen were enriched
(Fig. 5B). The protein expression levels of integrins and

laminins were lower in the nBC fraction than in the aBC
fraction (Fig. 5C). In contrast, the expressional changes
were different among collagen subtypes: Col26al and
Col3al were > 6.37-fold more expressed in the nBC frac-
tion than in the aBC fraction, while Col4al and Col4a2
were < 0.330-fold less expressed in the nBC fraction than
in the aBC fraction. These results suggest that extracel-
lular components around brain capillaries are different
between neonates and adults.

Discussion
We developed an isolation method for brain capillaries
from a single frozen neonatal brain. Due to the fragility of
the neonatal brain, brain capillaries cannot be recovered
through the standard homogenization performed for
adult brains. The present modifications are critical for the
recovery of capillaries from the neonatal brain (Fig. 1).
Quantitative proteomics validated the enrichment of
brain capillaries in the isolated fraction, as well as the suf-
ficient reproducibility to perform proteome comparisons.
Brain cell contamination is unavoidable for brain capil-
lary isolation. The nBC fraction contained enriched peri-
cytes, and neurons were efficiently removed (Table 1).
This was similar to the aBC fraction [15]. Enrichment
of the identified proteins was significantly correlated
between the nBC and aBC fractions (Fig. 3B). This sug-
gests that the overall enrichment and exclusion of brain
cells in the nBC fraction were similar to those in the aBC
fraction. However, the contaminations of astrocytes were
different between the nBC and aBC fractions. The astro-
cyte marker Gfap was 4.10-fold more enriched in the
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Table 2 Ratio of protein expression in nBC fraction to aBC

fraction
Protein nBC-to-aBC ratio
Fold SD Significance
ABC transporters
Abcbla/Mdria 0.189 0.060 *xx
Abccd/Mrpd 0247 0.065 Hox
Abcg2/Bcrp 0471 0.072 xxx
SLC transporters
Slc1a4/Asctl 3.94 0.32 xxx
Slc2a1/Glutl 0.128 0.149 HxE
Slc3a2/4F2hc - 0.763 0.106 **
Slc7al1/Catl 1.80 0.1 Hxx
Slc7a5/Lat1 1.09 0.15
Slc16a1/Mctl 248 0.14 Hxx
Slc22a8/0at3 113 0.23
Slc27al1/Fatpl 0910 0.261
Slcola4/ 0.159 0.066 Hxx
Oatplad
Slcolcl/ 154 0.20 e
Oatplcl
Receptors
Transferrin 4.1 0.30 Frx
receptor
Insulin recep-  0.804 0.228
tor
Lrp1 1.01 0.07
FcRn large 0484 0.064 xx
subunit
Tight junction and
adherens junction
proteins
Claudin-5 1.49 027 *
Occludin 0.258 011 xx
Jam1 0461 0.079 el
Cadherin-5/VE- 0351 0.089 o
cadherin

Each nBC-to-aBC enrichment ratio represents the mean and standard deviation
(SD) (n=4).*p<0.05, **p <0.01, and ***p <0.001 represent significant differences
between the neonatal brain capillary (nBC) and adult brain capillary (aBC)
fractions assessed by the Welch t-test

aBC fraction than in whole brain lysate [15], while it was
not significantly concentrated in the nBC fraction (0.89-
fold, Table 1). It has been reported that astrocytes are
not as densely projecting as that at adult age compared
to that at 2 weeks of age, and that clear astrocyte bounda-
ries have not been established [24]. Thus, the adhesion of
astrocytes to brain capillaries may be immature, suggest-
ing that they were not enriched in association with neo-
natal brain capillaries.

Contamination should be considered when interpret-
ing protein expression in the brain capillary fraction.
For example, the expression of Na™/K*ATPase B1 and
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a3 (Atplbl and Atpla3, respectively) in the nBC frac-
tion was 12.4% and 12.8%, respectively, of that in the aBC
fraction, indicating a lower expression of these proteins
in nBC (Additional file 1: Table S2). However, the nBC-
to-brain enrichment ratios were 0.0781 and 0.0562, and
the aBC-to-brain ratios were 0.253 and 0.237 for Atplbl
and Atpla3, respectively. This suggests that Atplbl and
Atpla3 are not dominantly expressed in either nBC or
aBC, and their expression in the brain capillary fraction
contains residual expression in neurons and/or micro-
glia. A previous immunohistochemical study reported
that Atplbl was expressed in neurons and glial cells,
and Atpla3 was expressed in neurons of postnatal day 19
mouse brains [25]. This report also demonstrated a lower
expression of both proteins in neonatal mouse brains
than in adult brains. Since the expression of proteins
that were not enriched in the brain capillary fraction was
largely influenced by their expression in non-brain capil-
lary cells, the present comprehensive comparison of pro-
tein expression in the brain capillaries between neonates
and adults was performed using BC-enriched proteins
(Figs. 4 and 5).

The previous report has compared protein expressions
in isolated rat brain capillary fractions at 14 and 56 days
of age by targeted proteomics [8]. In that report, brain
capillaries were isolated from 4-15 neonatal rats and 2
adult rats. It is worth comparing the protein expression
changes between our present study and those in a previ-
ous report to validate the reproducibility of brain capil-
lary isolation in neonatal and adult mouse brains. In both
studies, Abcbla/Mdrla, Abcc4/Mrp4, and Abcg2/Berp
were 0.2—0.4-fold less expressed in neonatal brains than
in adult brains. Furthermore, 18 proteins were quantified
in both studies, and the nBC-to-aBC ratio was signifi-
cantly correlated (r=0.882, p<0.0001; Additional file 2:
Fig. S5). Therefore, the current isolation method can be
applied to compare the expression and function of brain
capillaries between neonate and adult mice, and the pro-
teomic data in the present study is helpful for the screen-
ing of the expressional changes of proteins at the BBB
between neonates and adults.

The present proteome comparison between the nBC
and aBC fractions suggests that altered expression of
amino acid transporters occurred in neonatal brain cap-
illaries (Fig. 4B). Slcla4/Asctl and Slc7al/Catl were
significantly more expressed in the nBC fraction than
in the aBC fraction. The previous immunohistochemi-
cal analysis demonstrated a higher expression of these
amino acid transporters in neonatal brain capillaries
in mice and rats [26, 27]. To our knowledge, this pro-
teomic analysis is the first to suggest that the expres-
sions of the amino acid transporters, Slc38a5/Snat5 and
Slcla5/Asct2, are induced in neonatal brain capillaries
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Fig. 4 Differential expression of proteome and amino acid transporters between neonatal and adult brain capillary fractions. A Volcano plot of the
average expressions of 504 brain capillary (BC)-enriched proteins compared between the neonatal brain capillary (nBC) and adult brain capillary
(aBC) fractions (n=4). BC-enriched proteins were extracted by the BC-to-brain enrichment ratio greater than 5 in either the nBC or aBC fraction.

B Heatmaps of fold changes and nBC-to-brain enrichment ratios of the amino acid transporters detected in the nBC and aBC fractions. Heatmap
on the left indicates fold changes in the nBC-to-aBC fraction protein expression ratios (FC). Heatmap on the right indicates the nBC-to-brain

enrichment ratios (Enrich). The fold change and ratio are indicated by log,.
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Fig. 5 Network analysis of differentially expressed proteins and differential expression of extracellular matrix proteins between fractions. A Network
map of 191 differentially expressed brain capillary (BC)-enriched proteins by STRING. The proteins indicated by the red circle constitute the largest
network group by clustering analysis. The enlarged maps were indicated in Additional file 2: Figs. S3 and S4. B Pathways enriched in the largest
network cluster containing 60 proteins indicated by the red circle in Fig. 5A. Pathways from the reactome are shown. Pathways from gene ontology
and KEGG are shown in Additional file 1: Table S4. C Heatmaps of fold changes in BC-enriched extracellular matrix proteins compared between the
neonatal brain capillary (nBC) and adult brain capillary (@BC) fractions. The fold is indicated by log,. FDR, false discovery rate

(Fig. 4B). The functional role of Slc38a5/Snat5 at the
BBB has not been fully elucidated. However, in the brain
RNA-seq database, its mRNA was selectively expressed
in endothelial cells in both mouse and human brains
[28, 29]. Slcla5/Asct2 has been reported to mediate the
L-isomer selective efflux transport of aspartate in adult
rat brains [30]. Slc38a5/Snat5 and Slcla5/Asct2 transport
serine and glutamine [31, 32]. The concentration of ser-
ine in human cerebrospinal fluid is higher during infancy
than during adult age [33]. The clinical phenotypes of

serine-deficiency syndromes include neurological dys-
functions [34]. Glutamine supplementation after birth
increases white matter, hippocampus, and brain stem
volumes in very preterm children [35]. Moreover, serum
amino acid concentrations are higher in neonatal mice
than in adult mice [36]. Therefore, the induction of amino
acid transporters at the BBB is possible to supply sub-
strate amino acids to maintain brain development dur-
ing the neonatal period. Nevertheless, future studies to
clarify the molecular function and transport direction of
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the induced amino acid transporters at the neonatal BBB
are needed. The expression of Slcla2/Eaat2 and Slcla3/
Eaatl were significantly lower in the nBC fraction than in
the aBC fraction. This reduction is likely to be due to the
lower enrichment of astrocytes in the nBC fraction than
in the aBC fraction, as discussed for Gfap in the previous
paragraph.

The present network analysis revealed that the expres-
sion of proteins relating to the extracellular matrix,
including integrin, collagen, and laminin, were altered in
the neonatal brain capillaries compared to those in the
adult capillaries. Previous transcriptomic and proteomic
studies have analyzed isolated brain capillaries at post-
natal days 5 and 10 and in adult mice and extracted the
extracellular matrix and cell adhesion by pathway analy-
sis of differentially expressed genes and proteins [14].
A previous proteomic study identified 899 proteins at
three ages and showed the expression of three collagens
and four laminins, which were also detected in the pre-
sent study. Among these seven proteins, the expression
of six proteins (Col4al, Col6al, Lama5, Lama2, Lamab2,
and Lamacl) between P5 and adults in the previous study
was regulated similarly to that between P7 and adults in
the present study. The expression of Colla2 between P10
and adult stages in the previous study was similar to that
observed in the present study. Protein expression data
for integrins were not provided in the previous study.
These results indicated that the expression changes of
collagens and laminin were reproduced in the two pro-
teomic studies, and the present study provided further
proteome information. The lower expression of laminin
and integrin suggested the immatureness of the extracel-
lular matrix of brain microvasculature. The changes in
expression in collagen were type-dependent (Fig. 5C). In
the kidney, the developmental switching of subtypes is
observed in collagen type IV [37]. The results of the pre-
sent study propose the possibility of the developmental
switching of collagen types during the postnatal period.

Conclusions

We successfully prepared brain capillary fractions from
the single frozen brain of a neonatal mouse at postnatal
day 7. The developed method can analyze the function
and expression of individual neonatal brain capillaries
and contribute to the reduced use of animals in experi-
ments. The brain capillaries were enriched in the fraction,
which is sufficient for proteome analysis. The protein
expression changes between neonatal and adult brain
capillaries were comparable to those in previous stud-
ies. Furthermore, proteomic analysis revealed that amino
acid transporters, including Slc38a5/Snat5 and Slcla5/
Asct2, were upregulated in neonatal brain capillaries.
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Therefore, the present isolation method will promote the
study on the function and expression of neonatal BBB.
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