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Immunoreactivity and a new staining method of monocarboxylate transporter 1
located in endothelial cells of cerebral vessels of human brain in distinguishing cere-
bral venules from arterioles
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Distinguishing brain venules from arterioles with arteriolosclerosis is less reliable using traditional staining
methods. We aimed to immunohistochemically assess the monocarboxylate transporter 1 (MCT1), a specific
marker of venous endothelium found in rodent studies, in different caliber vessels in human brains. Both large-
and small-caliber cerebral vessels were dissected from four autopsy donors. Immunoreactivity for MCT1 was
examined in all autopsied human brain tissues, and then each vessel was identified by neuropathologists using
hematoxylin and eosin stain, the Verhoeff’s Van Gieson stain, immunohistochemical stain with antibodies for
a-smooth muscle actin and MCT1 in sequence. A total of 61 cerebral vessels, including 29 arteries and 32 veins
were assessed. Immunoreactivity for MCT1 was observed in the endothelial cells of various caliber veins as
well as the capillaries, whereas that was immunenegative in the endothelium of arteries. The different labeling
patterns for MCT1 could aid in distinguishing various caliber veins from arteries, whereas assessment using the
vessel shape, the internal elastic lamina, and the pattern of smooth muscle fibers failed to make the distinction
between small-caliber veins and sclerotic arterioles. In conclusion, MCT1 immunohistochemical staining is a
sensitive and reliable method to distinguish cerebral veins from arteries.
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Introduction

There is accumulating evidence suggesting that cerebral
venule disease might relate to leukoaraiosis and Alzheimer’s dis-
ease, most of which come from neuroimaging studies.!”” Although
in pressing need, neuropathological studies on venules are scarce,
likely owing to limited histological methods in identifying cerebral
venules. Large-caliber cerebral arteries and veins can be histologi-
cally differentiated by the vessel shape and the presence of an
internal elastic lamina, which is infeasible in small vessels.®

To date, there are two methods proposed for small-caliber arte-
riovenous identification in human histopathological studies.
Staining for alkaline phosphatase was firstly proposed in 1995 by
Moody and colleagues, yet the time-critical sampling procedure to
maintain alkaline phosphatase activity limited the application of
this method.! The other method is anti-o-smooth muscle actin
(aSMA) immunohistochemical staining, which relies on the char-
acteristic pattern of the continuous wreath of concentric smooth
muscle in the arteries.” However, arteriole may be misinterpreted
as venule when arteriolosclerosis occurs, since arteriolosclerosis
manifests as loss of smooth muscle cells and deposits of fibro-
hyalinized material.!?

Various hierarchical signaling proteins are involved in the
carly and late stages of arteriovenous differentiation and vascular
development, and result in expressing of specific molecules in the
endothelial cells of arteries or veins.!! Recently, Michael et al.
revealed the molecular definitions of vascular arteriovenous types
using single-cell transcriptomics in adult mice, and identified that
monocarboxylate transporter 1 (MCT1), encoded by solute carrier
16al gene (Slcl6al), is an underlying endothelial venous and cap-
illary marker, whereas it remains to be clarified in human brains.!?
In the current study, we aim to examine the immunoreactivity for
MCT1 in various caliber vessels and explore whether MCT1
immunostaining is a sensitive and reliable method to discriminate
between venules and arterioles in human brains.

Materials and Methods

All brain tissue samples were obtained at autopsy from four
donors of the National Human Brain Bank for Development and
Function (http://anatomy.sbm.pumec.edu.cn/brainbank), located at
the Chinese Academy of Medical Sciences/Peking Union Medical
College (CAMS/PUMC). Four cases without a history of cere-
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brovascular disease were included and the main characteristics
were shown in Supplementary Table 1. The post-mortem delay of
brain tissues was within 24 hours. The research protocol was
approved by the Institutional Review Board of the Institute of
Basic Medical Sciences of the CAMS/PUMC, Beijing, China
(Approval Number: 009-2014), and informed consent was
obtained from all individual participants. A detailed protocol
describing the collection and processing was published else-
where.!>!* According to the National Institute of Aging and the
Alzheimer’s Association (NIA-AA) guidelines, all vessels dissect-
ed from brain tissue samples were embedded in conventional
paraftin after gross examination and sectioned at a 5-pm thickness.

Cerebral vascular tissues were divided into large-caliber and
small-caliber vessels. Large-caliber vessels include common
carotid arteries, internal carotid arteries, and middle cerebral arter-
ies which respectively represented elastic arteries and muscular
arteries, as well as corresponding veins such as internal jugular
veins, great cerebral veins of Galen, and internal cerebral veins.
Small-caliber vessels include small arteries and veins, which were
defined as vessels visible under microscopy without anatomical
names, normally larger than 300 um or 200 pm and less than 1 mm
in diameter, as well as arterioles and venules were defined as ves-
sels having caliber less than 300 um or 200 pm in diameter.!> All
small-caliber cerebral vessels were detected in the frontal white
matter adjacent to the anterior horn of the lateral ventricles, cau-
date/putamen, and occipital white matter adjacent to the posterior
horn of the lateral ventricles.

Firstly, immunohistochemical examination for anti-MCT1
(Proteintech Cat# 20139-1-AP, RRID: AB 2878645, rabbit poly-
clonal antibody, diluted 1:800) receptor was performed in all
slides. It was replicated in another consecutive slice to verify the
immunoreactivity and negative control was also carried out.
Secondly, for identifying the vessel type, hematoxylin and eosin
(H&E), Verhoeff’s Van Gieson (VVG), immunohistochemistry
against aSMA (Cat# 19245, RRID: AB 2734735, rabbit mono-
clonal antibody, diluted 1:400; Cell Signaling Technology,
Danvers, MA, USA) and MCT1 were conducted on the prepared
unstained sections. For double immunofluorescence, MCTI,
aSMA and vascular endothelial growth factor C (VEGF-C, Cat#
22601-1-AP, RRID: AB 2879132, rabbit polyclonal antibody,
diluted 1:200; Proteintech, Rosemont, IL, USA) antibodies were
incubated with the CD31 (Cat# ab9498, RRID: AB 307284,
mouse monoclonal antibody, diluted 1:200; Abcam, Cambridge,
UK) antibody, respectively. The sites of antigen-antibody reactions
were detected by using AlexaFluor 488-labeled anti-mouse IgG

Table 1. The basic characteristics of cerebral vessels classified by structure and diameter of vessel walls.

Elastic arteries n=10 Common carotid artery 6.28+1.63 mm ++ + ++ -
Internal carotid artery 4.75+1.12 mm ++ + ++ -

Muscular arteries n=7 Middle cerebral artery 2.7+0.88 mm + + +++ -
Small arteries* n=4 Small arteries on 3 selected regions 0.88+0.32 mm + ++ + -
Arterioles* n=8 Arterioles on 3 selected regions 123.86+36.72 m - ++ + -
Venules* n=§ Venules on 3 selected regions 182.37+58.49 m - ++ +
Small veins* n=4 Small veins on 3 selected regions 0.72+0.28 mm - ++ +
Medium caliber veins n=6 Internal cerebral vein 0.78+0.22mm - + +/- +
Large caliber veins ~ n=14 Great cerebral vein of Galen 1.53+0.48 mm - + + +
Internal jugular vein 7.74+2.02 mm +/- + +/- +

WG, Verhoeff’s Van Gieson; SMA, smooth muscular actin; MCT1, monocarboxylate transporter 1; *the selected regions include frontal white matter adjacent to anterior horn of the lateral ventricles,

caudate/putamen, and occipital white matter adjacent to posterior horn of the lateral ventricles.
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(Cat# A-11001, RRID: AB_2534069, diluted 1:500; Thermo
Fisher Scientific, Waltham, MA, USA) and 647-labeled anti-rabbit
IgG (Cat# A-21244, RRID: AB 2535812, diluted 1:500; Thermo
Fisher Scientific). The Masson trichrome stain was also conducted
in small-caliber vessels to assess the degree of collagen deposition.
For H&E-stained slides, criteria used to distinguish the venous sys-
tem from the arterial system included the following: veins and
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venules are oval or oblong and collapse easily; arteries and arteri-
oles are round, and the lumens are rigid. The elastic fibers stained
black, and collagen stained red by VVG, and vessels were classi-
fied based on the presence or absence of an internal elastic lamina.®
For aSMA slides, the artery was defined by a continuous wreath of
concentric smooth muscle, and the vein was defined by bundled
smooth muscle fibers with intermixed collagen.®® For MCT1 stain-

aSMA MOT-1

Figure 1. Different patterns of elastic fibers, smooth muscle cells, and monocarboxylate transporter 1 in arteries and veins. The
Verhoeff’s Van Gieson (VVG)-stained section showed that the abundant elastic fibers were demonstrated significantly in the common
carotid artery (A) and the internal carotid artery (D), and the presence of the internal elastic lamina in the middle cerebral artery (G)
was still predominantly which was completely different from veins without an elastic lamina (J,M,P). Anti-alpha-smooth muscle actin
(«SMA) immunohistochemistry showed that the smooth muscle pattern in the arteries was demonstrated by a continuous wreath of
concentric smooth muscle (B,E,H), while for veins, there was less bundled smooth muscle demonstrated in walls (K,N,Q).
Monocarboxylate transporter 1 (MCT1) was immunopositive in the venous endothelium using anti-MCT1 immunohistochemistry
(L,O,R), while the endothelial cells of arteries were non-stained despite some modest stains were demonstrated in the media tunica (C,
E and I). Scale bars: A,P) 200 pm; B-EL,Q,R) 100 pm; G-LJ,K,M-0O) 20 ym.

OPEN a ACCESS

[European Journal of Histochemistry 2021; 65(s1):3306]



ing slides, the assessment of arteriovenous identification is based
on the absence or presence of MCT1 stain in the endothelium.

Results

A total of 61 vessels were detected, including 10 elastic arter-
ies, 7 muscular arteries, 4 small arteries, 8 arterioles, 20 large-cal-
iber veins, 4 small veins and 8 venules. Characteristics of each ves-
sel group are described in Table 1.

Immunoreactivity for MCT1 in various cerebral vessels
Using immunohistochemistry, we assessed the distribution of

Small artery

Arteriale Small vein

Yenule
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MCT]1 in both arteries and veins. All of the cerebral venous slides
revealed intense labeling for MCT1 in endothelium regions
(Figure 1 L,O,R and Figure 2 H,P). A similar but less intense label-
ing pattern was seen in the media tunica of some arteries, whereas
all arterial endothelium was not stained. (Figure 1 C,F,I) Staining
for MCT1 was also observed in microvessels such as capillaries
and postcapillary venules.

Vessel type identification

For large-caliber cerebral vessels, the shape in the cross-sec-
tion and smooth muscle pattern was consistent with previous stud-
ies, and also the internal elastic lamina was different in arteries and
veins (Figure 1). For the elastic artery, in addition to the round
walls, the wreath of smooth muscle and abundant elastic fibers in

Figure 2. Verhoeff’s Van Gieson (VVG) staining (A,E,I,M); Masson’s trichrome staining (B,EJ,N); anti-alpha-smooth muscle actin
(xSMA) immunohistochemistry (C,G,K,0) and anti-monocarboxylate transporter 1 (MCT1) immunohistochemistry (D,H,L,P) in
small-caliber cerebral vessels. The internal elastic lamina was still present in most small arteries (A), while it became disappeared in arte-
rioles (<200 pm, I) which was similar to veins and venules (<300 pm, E,M). Masson’s trichrome staining demonstrated the collagen
fibers deposition existed to different extents (B,E]J,N). Little difference in the smooth muscle pattern existed between small-caliber arter-
ies and veins, although the smooth muscle cells in small arteries (C) and arterioles (K) were more thickened than that in small veins (G)
and venules (O), respectively. MCT1 was still immunopositive in the endothelium of small veins (H) and venules (P), while the endothe-
lial cells of small arteries (D) and arterioles (P) were non-stained, suggesting consistent and stable discrimination. Scale bars: 100 pm.
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the tunica media were notably demonstrated. Like the elastic
artery, the muscular artery also has the same shape and smooth
muscle pattern, while only the internal elastic lamina and much
lesser elastic fibers in the tunica media were observed. Large-cal-
iber veins demonstrated an oval or collapsed shape in cross-sec-
tion, bundled smooth muscle cells, and a lack of the internal elastic
lamina. Immunohistochemical examination using the antibody for
MCT1 showed immunoreactivity in all venous endothelial cells,
which showed a distinctive pattern to differentiate a vein from an
artery.

All small-caliber vessels have no distinctive internal elastic
lamina and have no notable differences in smooth muscle pattern,
especially for arterioles with severe fibrohyalinization. The cross-
sectional shape of small veins and venules collapsed easily, while
that of small arteries and arterioles was not as round and rigid as
large-caliber arteries. However, there are obvious distinctions of
MCT1 between small-caliber arteries and veins (Figure 2). The
CD31*/MCT1- small vessel is considered as an arteriole with pos-
itively immunolabeled for aSMA in the media tunica and VEGF-
C in the intima tunica (Figure 3). The considered venule demon-
strated a co-localized pattern for both CD31 and MCT1 in the
endothelium, whereas negative to the aSMA and VEGEF-C
immunostaining.

For fibrohyalinized arterioles and collagenized venules, identi-
fication based on smooth muscle cells and collagen without an
absolute cross-section was not feasible (Figure 4). The slides
lacked a typical cross-section shape, an internal elastic lamina, and
smooth muscle pattern, whereas demonstrated an MCTI1
immunopositivity which indicated it was a venule rather than an
arteriole.

Arteriole

Venule

Discussion

In this study, immunohistochemical findings of MCT]1 recep-
tors on different caliber cerebral vessels were first been represent-
ed in human brains. Our findings suggested that the immunoreac-
tivity for MCT1 was negative on the endothelium of both large and
small caliber arteries, whereas it was prominently apparent in var-
ious venous endothelium, especially for small veins and venules.
Given this characteristic, evaluation based on endothelial MCT1
immunostaining is reliable to determine artery and vein in human
brains.

It is known that MCTI, also named solute carrier 16al
(SLC16A1), is an important membrane transport protein mediating
the translocation of monocarboxylates.!®!” Previous studies have
already detected a consistent immunoreactivity for MCT1 in cere-
bral vessels of both adult human and rodent brains, while its distri-
bution pattern in arteries and veins remained unexplored.'$->°
Single-cell transcriptomics profiled the principal cell types of the
mice brain vasculature, which clarified that the expression of
Slc16al transcripts and the corresponding protein MCT1 were spe-
cific to capillary-venous zonation.!> Our study further verified that
MCT1 immunostaining can also display positive in adult human
cerebral venous endothelium as well as capillaries, which may due
to the role of capillaries, postcapillary venules, and veins in regu-
lating the acidity by excreting out large amounts of lactic acids
with the collaboration of MCT1.!® In addition, we also observed
MCT1 immunopositivity in the tunica media of large-caliber arter-
ies, which have not been reported before. The prior pathological
finding from pulmonary arterial hypertension patients indicated
that the elevation of lactate was observed in pulmonary artery
smooth muscle cells, which may stimulate MCT1 expression in
smooth muscle cells with vascular remodeling.?! Accordingly, a
similar mechanism of vascular remodeling and smooth muscular

Figure 3. Immunofluorescence staining of small vessel sections. The endothelium is immunolabeled with CD31. The first CD31-
immunolabeled vessel is considered as an arteriole with a negative immunoreactivity for MCT1 (A) along endothelium but positive for
both &®SMA (B) in the media tunica and VEGF-C (C) in the intima tunica. The second vessel is considered as a venule with the dou-
ble-staining for CD31 and MCT1 (D) in endothelial cells, but immune-negative for XSMA (E) and VEGF-C (F). Scale bars: 20 pm.
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Figure 4. The hematoxylin and eosin (H&E) staining (A,E,I), Masson’s trichrome staining (B,E]J), anti-alpha-smooth muscle actin
(6SMA) immunohistochemistry (C,G,K), and anti-monocarboxylate transporter 1 (MCT1) immunohistochemistry (D,H,L) in discor-
dant cases. The arteriole (A-D) without a typical cross-section shape was not as round and rigid as the artery (A), and Masson’s trichrome
staining (B) demonstrated collagen fibers deposition which indicated fibrohyalinized change leading to thinner smooth muscle cells
than normal (C). Collagenosis also affected the venule (E,F), while the immunoreactivity of MCT1 in endothelium was still visible clear-
ly (H). For severe fibrohyalinized arterioles (I,]), even some leading to a stenosis of the vessel lumen, failed to stain with anti-GXSMA
(K) while MCT1 negative (L) indicated that these were arterioles (J). In this case, classification based on the smooth muscle cells to dis-

tinguish arterioles from venules did not work. Scale bars: 50 pm.

proliferation may be also performed in the large-caliber cerebral
vessels and contribute to MCT1 expression upregulation.

For large-caliber cerebral vessels, arteriovenous type can be
identified by the shape, the internal elastic lamina, and the pattern
of smooth muscle cells. The immunoreactivity of MCT1 observed
in the venous endothelium and some labeling in arterial tunica
media can also make an accurate distinguishment of vascular type.
For small-caliber cerebral vessels, previous histopathological stud-
ies may struggle to distinguish between a collagenized <150 um
cerebral vein and a small artery with arteriolosclerosis using the
Masson trichrome stain and anti-aSMA immunostaining.’ Indeed,
they might misinterpret the periventricular sclerotic arterioles as
collagenized venules due to the loss of smooth muscle cells in tuni-
ca media layers. The steady anti-MCT1 immunostaining on venous
endothelium rather than artery endothelium provides a reliable
method in arteriovenous discrimination, regardless of the presence
of arteriolosclerosis or venule collagenosis. Given the importance
of identifying these pathological changes in studies, the immuno-
histochemical staining method with MCT1 antibodies is of value.
It is to note that the anti-MCT1 immunostaining is inaccurate to
make a distinction between postcapillary venules and capillaries
because the structure of their walls and the physiological function
are almost identical.

Our findings reported the distinctive immunoreactivity for
MCTT1 on endothelial cells of human cerebral vessels from that of
arteries, and further verified that MCT1 immunohistochemical
staining is a sensitive and reliable method to distinguish cerebral
veins from arteries.

[European Journal of Histochemistry 2021; 65(s1):3306]
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