
Copyright © 2019 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.<zdoi;10.1097/WNR.0000000000001391>

﻿ 11/28/19 4 Color Fig(s): F1-4 15:35 Art: NR-D-19-01101

Original article  1

0959-4965 Copyright © 2019 Wolters Kluwer Health, Inc. All rights reserved.� DOI: 10.1097/WNR.0000000000001391

Selective accumulation of adiponectin in the cerebral cortex 
under chronic cerebral hypoperfusion in the rat
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Adiponectin is a plasma protein predominantly derived 
from adipocytes. Adiponectin has beneficial properties 
against diabetes, cardiovascular diseases, and cancer. 
In experimental acute cerebral ischemia, adiponectin 
accumulates on vessels in ischemic lesions and has 
anti-inflammatory protective effects. Chronic cerebral 
hypoperfusion is associated with white matter lesions and 
risk of dementia. Chronic cerebral hypoperfusion induced 
by permanent occlusion of the bilateral common carotid 
artery can experimentally produce cerebrovascular white 
matter lesions in the rat brain. Microglia are activated 
shortly after ischemia and correlate with the severity of 
white matter and hippocampal tissue damage. These 
data suggest that the inflammatory response selectively 
increases white matter and hippocampal damage 
during chronic cerebral hypoperfusion. However, factors 
protecting the cerebral cortex have not been elucidated. 
To clarify the role of adiponectin, we investigated possible 
changes in adiponectin and adiponectin receptor 1 (ADR1) 
in the brains of rats under chronic cerebral hypoperfusion. 
Adiponectin accumulated on the vessels predominantly in 
the cerebral cortex under chronic cerebral hypoperfusion. 

Adiponectin accumulation was not detected in the white 
matter or hippocampus. In the cerebral cortex, the number 
of ADR1-immunopositive vessels was increased, and 
adiponectin was colocalized with ADR1. It is plausible 
that accumulation of adiponectin may be mediated by the 
binding of adiponectin to ADR1, and its accumulation in 
the cerebral cortex may protect tissue injury by inhibiting 
inflammation under chronic cerebral hypoperfusion. 
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Introduction
Adiponectin is a plasma protein mainly derived from 
adipocytes. Adiponectin contributes to the homeostatic 
control of glucose levels and lipids, energy metabolism, 
and has anti-inflammatory actions [1,2]. Adiponectin 
has beneficial properties against diabetes, cardiovascu-
lar diseases, and cancer [2]. Adiponectin multimerizes 
to form stable trimer, hexamer, or high molecular weight 
complexes in the blood [3]. In the central nervous sys-
tem (CNS), tightly regulated membrane permeability of 
cerebral blood vessels permits selective passage of adi-
ponectin trimers and hexamers into the CNS [4]. Thus, 
the physiological actions of adiponectin are attributed 
to its trimeric and hexameric forms [5]. Adiponectin 
is not produced in the brain and is delivered into the 
brain by the blood stream [4]. Lower plasma adiponec-
tin levels are associated with ischemic cerebrovascular 
disease [6]. Hypoadiponectinemia has been related 
to an increased risk of mortality after stroke [7]. The 
inverse association between plasma adiponectin levels 
and cerebrovascular disease is in accordance with ame-
lioration of acute ischemic injury by adiponectin, which 

can be delivered intravenously and suppresses intracer-
ebral inflammatory reactions [8]. Moreover, circulating 
adiponectin accumulates on blood vessels in ischemic 
lesions, possibly due to its role in adhering to vascular 
endothelial cells [9].

There have been conflicting data on the level of adi-
ponectin in patients with cognitive decline and incident 
dementia, ranging from decreased [10] to increased lev-
els [11]. These inconsistent results may be due to the 
different stages or underlying causes of dementia. To 
ascertain the role of adiponectin in dementia of vascular 
causes, we used a chronic cerebral hypoperfusion model, 
which induces cognitive decline in the rat by perma-
nent occlusion of both common carotid arteries [12–14]. 
Prolonged decrease of cerebral blood flow results in 
the demyelination and axonal loss in white matter, and 
memory impairment, which is associated with injury to 
frontal-subcortical circuits [12–14]. The neuronal loss in 
CA1 hippocampal region has also been reported in this 
model [14,15]. Although white matter and hippocampus 
bear most of the obvious histopathological changes after 
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occlusion, it is worth noting that bilateral carotid ligation 
exposes the entire forebrain to prolonged hypoperfusion.

To clarify the role of adiponectin, we investigated the 
changes in adiponectin and adiponectin receptor 1 
(ADR1) expression in the rat brain under chronic cere-
bral hypoperfusion. We found increase of adiponectin 
in vascular endothelial cells. Adiponectin-accumulating 
vessels were preferentially distributed in the cerebral 
cortex, while the white matter and hippocampus were 
spared. These findings reveal regional vulnerability to 
chronic cerebral hypoperfusion.

Materials and methods
Surgical procedure
The present study used 37 male Wistar rats weighing 
250–350 g (Charles River Laboratories Japan, Inc., Japan). 
The rats were anesthetized with 5% isoflurane for induc-
tion and 1.5% isoflurane for maintenance in 30% O

2
/70% 

N
2
O through a facemask. During the operation, the core 

body temperature was maintained at 37.0 ± 0.5ºC using 
a heating pad. Both common carotid arteries were dou-
ble-ligated with 5-0 silk sutures, as described elsewhere 
[12]. After the operation, animals were housed in cages 
with food and water available ad libitum. As controls, 8 
sham-operated animals (four animals for western blot and 
four animals for immunohistochemistry) were subjected 
to the same surgery except for carotid ligation.

The Fujita Health University Institutional Animal Care 
and Use Committee approved all experiments. All exper-
iments were conducted in accordance with the guide-
lines for the management of laboratory animals of Fujita 
Health University.

Western blot
The differences in adiponectin protein levels in the 
cerebral hemisphere were analyzed 7 days after bilat-
eral carotid occlusion and sham-operation by western 
blot analysis. Equal amounts of brain proteins were 
resolved on polyacrylamide gels, and were trans-
ferred to a nitrocellulose membrane. The membrane 
was incubated with the following primary antibodies 
(dilutions in parentheses): mouse anti-adiponectin 
antibody (1:500; R & D Systems, Inc., Minneapolis, 
Minnesota, USA) and mouse anti-actin antibody (1: 
2000; IMGENEX Corporation, San Diego, California, 
USA). Then, the blot was incubated with alkaline phos-
phatase-conjugated anti-mouse antibodies (1:2000; 
Jackson ImmunoResearch Laboratories, West Grove, 
Pennsylvania, USA). An alkaline phosphatase substrate 
kit (BCIP/NBT; Vector Laboratories, Burlingame, 
California, USA) was used for the detection of immuno-
reactive proteins. Comparative quantification was ana-
lyzed using Scion Image software (Meyer Instruments 
Inc., Houston, Texas, USA). These procedures are 
described in detail elsewhere [16].

Immunohistochemistry
At 1, 3, 7, 14, and 30 days after surgery, the animals 
were deeply anesthetized with sodium pentobarbital 
(100 mg/kg, intraperitoneally), perfused transcardially 
with 0.01 mol/L PBS, and then with a fixative con-
taining 4% paraformaldehyde in 0.1 mol/L phosphate 
buffer (PB).

The coronal blocks were postfixed for 12 h in 4% para-
formaldehyde in 0.1 mol/L PB and stored in 20% sucrose 
in 0.1 mol/L PB for further immunohistochemical analy-
sis. Endogenous peroxidases were inactivated by 30 min 
incubation in 0.3% hydrogen peroxide in 10% metha-
nol/0.1 mol/L PBS. Then, the sections were incubated 
for 1 h in 5% normal horse serum in 0.1 mol/L PBS/0.3% 
Triton X-100 (PBS-Triton) to block nonspecific stain-
ing. After blocking, the sections were incubated at 4ºC 
overnight in PBS-Triton containing mouse anti-adi-
ponectin antibody (1:2000) or goat anti-ADR1 antibody 
(1:5000; abcam, Cambridge, UK). The sections were 
subsequently incubated for 1 h in PBS-Triton contain-
ing biotinylated anti-mouse IgG or biotinylated anti-
goat IgG (7.5 mg/ml; Vector Laboratories), followed by 
incubation with an avidin-biotin-peroxidase complex 
solution (1:100; Vector Laboratories) for 1 h at room tem-
perature. After each incubation, except for the blocking 
of nonspecific staining, the sections were washed with 
PBS-Triton for 15 mins. The immunoreative products 
were detected with diaminobenzidine (DAB kit; Vector 
Laboratories).

To confirm the localization of adiponectin on vascular 
endothelial cells, double-labeling fluorescent immu-
nohistochemistry was used. After blocking nonspecific 
staining, the sections were incubated at 4ºC overnight in 
PBS-Triton containing mouse anti-adiponectin antibody 
(1:2000) and rabbit anti-von Willebrand factor antibody 
(1:1000; Sigma, St Louis, Missouri, USA). Then, the sec-
tions were incubated for 1 h in PBS-Triton containing 
Cy3-conjugated anti-mouse IgG and a fluorescein iso-
thiocyanate (FITC) conjugated anti-rabbit IgG (1:100; 
Jackson Immuno Research Laboratories).

For the assessment of the colocalization of adiponectin 
with ADR1, double-labeling fluorescent immunohisto-
chemistry as described above was used. The agents were 
as follows: mouse anti-adiponectin antibody (1:2000), goat 
anti-ADR1 antibody (1:5000), Cy3-conjugated anti-goat 
IgG, and a FITC-conjugated anti-mouse IgG (1:100).

We counted the number of adiponectin or ADR1-
immunopositive vessels in the total area of the cerebral 
cortex, corpus callosum, internal capsule, caudoputamen, 
optic tract, and hippocampus in the cerebral hemispheres 
in a stereotactically determined section-2.3 mm from 
bregma, as described elsewhere [13]. This assessment 
was performed without information of animal’s group 
allocation.
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Statistical analysis
Data are represented as mean ± SD. Differences in 
adiponectin level between groups were analyzed by 
unpaired two-tailed Student’s t-test. Differences in 
adiponectin or ADR1-immunoreactive vessels were 
determined by repeated measures analysis of variance 
(ANOVA) followed by Bonferroni’s post-hoc comparisons 
tests using GraphPad Prism 6 (GraphPad Software, La 
Jolla, California, USA). P < 0.05 was considered statisti-
cally significant.

Results
Mortality rate
Of the 37 animals that were subjected to bilateral carotid 
ligation, five (13.5%) died within 7 days after ligation. 
None of the sham-operated animals died. Four animals 
in each group were used.

Effects of chronic cerebral hypoperfusion on 
adiponectin protein levels in the brain
We assessed the adiponectin levels in the cerebral hem-
ispheres by western blot analysis. Western blot for adi-
ponectin detected two identical bands with molecular 
weights of 30 kDa and 90 kDa, respectively. These bands 
were diminished in intensity or undetectable when the 
antibody was preadsorbed with adiponectin protein (data 
not shown). The band with a molecular weight of 90 kDa 
corresponded to the trimer of adiponectin.

To quantify relative levels of adiponectin, we compared 
band intensities from different groups, normalized to the 
level of actin as an internal control (Fig. 1).

Protein levels of adiponectin trimer in the brains of ani-
mals subjected to 7-day bilateral carotid occlusion were 
significantly increased compared to those of animals sub-
jected to sham-operation (P < 0.05).

Spatial and temporal profiles of adiponectin 
accumulation in the brain
To examine the distribution of adiponectin and ADR1, 
immunohistochemical analysis was used. Adiponectin-
immunoreactive vessels were selectively increased in 
the cerebral cortex and caudoputamen. In contrast, no 
increase in adiponectin-immunoreactive vessels was 
observed in the white matter and hippocampus. The 
number of adiponectin-immunopositive vessels in the 
cerebral cortex was significantly increased from 1 to 14 
days after surgery compared to sham-operated group (P < 
0.01). The number of adiponectin-immunopositive ves-
sels in the caudoputamen was significantly increased at 
7 days after surgery compared to sham-operated group 
(P < 0.05). Adiponectin-immunopositive vessels were 
increased predominantly in the cerebral cortex compared 
to the caudoputamen (Fig. 2).

The number of vessels immunopositive for ADR1 in the 
cerebral cortex was significantly increased from 1 to 14 

F1

F2

Fig. 1

Western blot analysis of brain protein extracts. Western blot of adiponectin detected two identical bands with molecular weights of 30 and 
90 kDa, respectively. The band at 90 kDa corresponds to the trimer of adiponectin. Protein levels of adiponectin trimer in the brains of animals 
subjected to 7-day bilateral carotid occlusion showed a significant increase compared to sham-operated group (P < 0.05).
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Fig. 2

Photomicrographs of immunohistochemistry for adiponectin and histograms of the numerical density of adiponectin-immunoreactive vessels in the 
brain. The number of adiponectin-immunoreactive vessels in the cerebral cortex was significantly increased from 1 to 14 days after surgery (P < 
0.01). The number of adiponectin-immunoreactive vessels in the caudoputamen was significantly increased at 7 days after surgery (P < 0.05). No 
increase in adiponectin-immunoreactive vessels was observed in the white matter and hippocampus. *P < 0.05 and **P < 0.01 compared with 
sham-operated group. Scale bar, 150 μm.
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days after surgery compared to sham-operated group (P < 
0.01) (Fig. 3). No increase was observed in other regions.

To assess the localization of adiponectin on the vessels, 
double-label fluorescent immunohistochemistry was per-
formed. Adiponectin accumulated on endothelial cells of 
the brain vessels (Fig. 4).

To examine the colocalization of adiponectin with ADR1, 
double-label fluorescent immunohistochemistry was per-
formed. Adiponectin and ADR1 were colocalized on the 
cerebral vessels under chronic cerebral hypoperfusion 
(Fig. 4).

Discussion
In this study, we observed that adiponectin trimers selec-
tively accumulated on the vessels in the cerebral cortex 
and caudoputamen under chronic cerebral hypoperfusion. 
The increase in adiponectin-immunoreactive vessels in 
the cerebral cortex persisted from 1 to 14 days after the 
surgery, whereas the increase in adiponectin-immunore-
active vessels in the caudoputamen was only detected at 
7 days after operation, and was not observed in the white 
matter and hippocampus. Conversely, the number of 
vessels immunopositive for ADR1 was increased in the 
cerebral cortex but was not detected in other regions. 
Double-label immunohistochemistry revealed that adi-
ponectin and ADR1 were colocalized on the cerebral 
vessels under chronic cerebral hypoperfusion. Therefore, 
the accumulation of adiponectin seems to be mediated by 
binding of adiponectin to ADR1, which is expressed on 
endothelial cells. The number of adiponectin-immuno-
reactive, but not ADR1-immunoreactive, vessels was sig-
nificantly increased in the caudoputamen. Accumulation 
of adiponectin in the caudoputamen may be partly attrib-
utable to other receptors, such as ADR2 and T-cadherin.

In this model, protracted hypoperfusion induced delayed 
white matter lesions [12–14]. In white matter lesions, 
induction of E-selectin on endothelial cells and infiltra-
tion of T cells into the brain parenchyma occurred under 
chronic hypoperfusion [12,13]. Microglia were activated 
in a manner that predicted the severity of white matter 
damage [12]. In addition, inflammatory reactions and 
neuronal loss were detected in the CA1 subregion of the 
hippocampus [15]. These data suggest that inflammatory 
reactions augment white matter and hippocampal damage 
under chronic cerebral hypoperfusion. Although white 
matter and hippocampus bear most of the obvious his-
topathological changes after occlusion, it is worth noting 
that bilateral carotid ligation exposes the entire forebrain 
to prolonged hypoperfusion. Therefore, neuroprotec-
tive factors may determine regional differences in tissue 
vulnerability to chronic ischemic insults. Nevertheless, 
these factors have not been clarified.

In this study, the number of ADR1-immunopositive ves-
sels was increased in the cerebral cortex under chronic 

hypoperfusion, and adiponectin was colocalized with 
ADR1-imunopositive vessels. Adiponectin interaction 
with ADR1 stimulates AMP-activated protein kinase 
(AMPK) [4], which subsequently promotes the differ-
entiation of endothelial cell into capillary-like structures 
[17]. Adiponectin also activates nitric oxide (NO) produc-
tion in endothelial cells through AMPK-endothelial nitric 
oxide synthase (eNOS)-dependent signaling pathways 
[18]. Endothelial NOS exerts vasodilatation and vascu-
loprotective effects, thereby protecting the brain from 
cerebral ischemia. Accordingly, compared to wild-type 
(WT) mice, adiponectin-deficient (Ad–/–) mice showed 
increased brain infarction after ischemia-reperfusion. 
Phosphorylation of eNOS in ischemic brain tissue and 
production of NO metabolites in plasma were attenuated 
in Ad–/– mice compared with WT mice [19]. Adiponectin 
may protect the cerebral cortex by vasculoprotection 
through eNOS-dependent mechanisms. In accordance 
with this hypothesis, regional cerebral blood flow in the 
cerebral cortex and caudoputamen recovered more rap-
idly after bilateral carotid occlusion [20]. Alternatively, 
adiponectin may protect the cerebral cortex by antiapop-
totic effects. Administration of recombinant adiponectin 
attenuated neuronal apoptosis induced by hypoxia-is-
chemia by activating the AdipoR1/APPL1/LKB1/AMPK 
signaling pathway in rat pups [21].

Notably, adiponectin has protective effects against acute 
ischemic neuronal injury through anti-inflammatory 
actions [8]. Ad–/– mice exhibit increased leukocyte-en-
dothelium interactions and upregulation of E-selectin and 
vascular cell adhesion molecule-1 in the vascular endothe-
lium [22]. Indeed, in chronic cerebral hypoperfusion, 
induction of E-selectin on endothelial cells and infiltration 
of T cells into the brain parenchyma were less prominent 
in the cerebral cortex than in the white matter [12,13]. 
Similarly, an inverse relationship between adiponectin 
expression and tissue injury has been underscored by the 
absence of microglial activation and tissue damage in the 
cerebral cortex [12,14] and less prominent damage in the 
caudoputamen than in the white matter [12], In addition, 
inflammatory reactions and CA1 neuronal damage were 
detected in the hippocampus [15], in which adiponectin 
was not increased. These data collectively suggest that 
adiponectin has the potency to protect the cerebral cortex 
and caudoputamen by suppressing local vessel injuries 
and surrounding inflammatory processes.

Conclusion
In conclusion, we observed that adiponectin-accumu-
lating vessels in the cerebral cortex were significantly 
increased from 1 to 14 days after surgery. In contrast, 
no increase in adiponectin-immunoreactive vessels 
was observed in the white matter and hippocampus. 
Inflammatory reactions and tissue damage were less 
prominent in the cerebral cortex than in the white matter 
and hippocampus. These results suggest that increase of 
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Fig. 3

Photomicrographs of immunohistochemical staining for adiponectin receptor 1 (ADR1) and histograms of the numerical density of ADR1-
immunoreactive vessels in the brain. The number of ADR1-immunoreactive vessels in the cerebral cortex was significantly increased from 1 to 14 
days after surgery. No increase was observed in other regions. **P < 0.01 compared to sham-operated group. Scale bar, 150 μm.
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adiponectin in the cerebral cortex may protect against tis-
sue injury by inhibiting inflammatory reactions in chronic 
cerebral hypoperfusion.
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