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Histopathological study of time course changes in inter-renal
aortic banding-induced left ventricular hypertrophy of mice
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The left ventricular hypertrophy (LVH) in response to

pressure overload is a compensatory mechanism to maintain

circulatory homeostasis. However, prolonged pressure

overload results in excessive cardiomyocyte hypertrophy and

fibrosis which lead to increased stiffness and impairment

of pumping capacity (Swynghedauw 1999; Fedak et al.
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Summary

The left ventricular hypertrophy (LVH) in response to pressure overload is an important

risk factor in cardiac morbidity and mortality. To investigate the time course of histo-

pathological alterations in the LVH in response to pressure overload, histopathological

and immunohistochemical examination was performed using the aortic banding-induced

mouse LVH model. Five-week-old male CD-1 mice were subjected to the inter-renal

aortic banding. Major organs were sampled on 3, 10, 14, 21, 28 or 42 days after band-

ing. Haematoxylin and eosin (H&E) staining, Masson’s trichrome staining and immu-

nohistochemistry for proliferating cell nuclear antigen (PCNA), alpha-smooth muscle

actin (aSMA), ICAM-1, type I collagen and CD31 was performed and microscopically

examined. Three days after aortic banding, acute inflammatory changes, such as macr-

ophages/neutrophil infiltration and vascular wall injury were observed on/around the

coronary arteries/arterioles of both ventricles. Intense ICAM-1 immunostaining was

observed on the endothelium of the coronary arteries/arterioles. After day 10, vascular

wall thickening and perivascular fibrosis was induced on the coronary arteries/arteri-

oles. Immunohistochemistry for aSMA and PCNA demonstrated the proliferation of

vascular smooth muscle cells in the media. After day 28, minimal cardiomyocyte

hypertrophy was observed at the light microscope level. In the inter-renal aortic band-

ing LVH model, histopathological alterations in early phase were mainly observed on

coronary arteries/arterioles. These early phase alterations were thought to be hyperten-

sion-related changes in the coronary vasculatures. The cardiomyocyte hypertrophy

observed in later phase was minimal at the light microscope level. These evidences

would facilitate the understanding of pathophysiology of pressure overload LVH.
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2005a,b,c) and would be a risk factor in cardiac morbidity

and mortality including heart failure, coronary diseases, sud-

den death in the patients with hypertension and ventricular

dysrhythmias (Levy et al. 1987, 1989; Brilla et al. 1991;

Haider et al. 1998). Therefore, prevention or regression of

LVH is emerging as a major therapeutic target (Levy et al.

1987, 1989; Brilla et al. 1991; Haider et al. 1998).

The mechanisms underlying the development of pressure

overload-induced LVH have been extensively studied using

mouse aortic banding models (Wang et al. 2004). The trans-

verse or abdominal aortic bonding has been mainly used to

mechanically induce cardiac pressure overload (Rockman

et al. 1991; Wettschureck et al. 2001; Esposito et al. 2002).

With either model, the heart is challenged with an immedi-

ate pressure overload and myocardial hypertrophy develops.

After aortic banding, there was an initial increase in cardiac

contractility with enhanced activity of sympathetic nervous

system (Brede et al. 2002) and progressive LV enlargement

and dysfunction were evident after 8 weeks (Esposito et al.

2002).

To date, using aortic banding models, several signal

molecules, such as angiotensin II (Baker et al. 1990;

Kagaya et al. 1990), TNF-a (Stamm et al. 2001) TGF-b

(Takahashi et al. 1994; Kuwahara et al. 2002), IGF-1

(Donath et al. 1998; Tanaka et al. 1998) and endothelin-

1(Ito et al. 1994; Ichikawa et al. 1996) have been pro-

posed as mediators promoting pressure overload-induced

LVH. In addition, the use of these aortic banding methods

in genetically modified animals, such as gene knockout or

transgenic, has provided significant insight into the cellular

and molecular pathway leading to the development of

LVH (Barbosa et al. 2005). Moreover, aortic banding

models were applied to genome-wide transcriptional profil-

ing or proteomics analysis, and candidate genes involved

in the pathophysiology of the cardiac response to pressure

overload were identified (Wagner et al. 2004; Lindsey

et al. 2006).

In aortic banding-induced model, we observed the time

course of biomarker changes after inter-renal aortic banding

such as significant increases in angiotensin II in plasma, and

increase in cardiac expression of brain natriuretic peptide

(BNP), beta myosin heavy chain (beta-MHC), alpha smooth

muscle actin (aSMA) and a decrease in SERCA2 genes [H

Inoue (unpublished data)]. These data indicated that increa-

ses in gene expression including inflammation, fibrosis and

proliferation were induced in response to aortic banding. To

further investigate the time course of histopathological alter-

ations after pressure overload, we histopathologically and

immunohistochemically examined the inter-renal aortic

banding-induced LVH model.

Methods

Animal treatment

Five-week-old male CD-1 mice (23–27 g), purchased from

Charles River Japan, were used for the experiment. Animals

were housed under controlled environmental conditions with

free access to standard laboratory food and water according

to Ethical Guideline for Animal Experiments, Tsukuba

Research Laboratories, GlaxoSmithKline. The animals were

anaesthetized initially with isoflurane (3.5% in medical grade

oxygen) in an induction chamber, and maintained at 2% con-

centration throughout the surgery. After making a sidelong

laparotomy, the intestines were reflected and isolation of the

abdominal aorta was made between the renal arteries. A

30-gauge injection needle was positioned adjacent to the

aorta. To make a fixed stenosis, the aorta and injection needle

were ligated by 6-0 silk thread and the needle was immedi-

ately removed. The surgical wound was closed in layers and

the animals were allowed to recover on a warming pad over-

night to maintain normothermia. The sham operation was

identical except that the aorta was not ligated.

Tissue sampling and processing

Three, 7, 10, 14, 21 and 42 days after aortic banding, the

mice were killed by exsanguination from the abdominal

aorta under deep anaesthesia. Isolated heart, kidney, lung,

aorta and adrenal glands were fixed in 10% neutral-buffered

formalin, embedded in paraffin. Coronal sections (2 lm

thickness) were prepared and stained with either haematoxy-

lin–eosin (HE) or Masson’s trichrome method.

Immunohistochemistry

Immunohistochemistry was performed using VECTASTAIN

elite ABC kit (Vector Laboratories, Burlingame, CA, USA)

Briefly, the sections were deparaffinized with xylene and

rehydrated through gradient ethanol immersion. Antigen

retrieval was performed by microwaving (500 W) the sec-

tions for 10 min in citric acid buffer (2 mm citric acid and

9 mm trisodium citrate dehydrate, pH 6.0). After cooling

down at room temperature for 20 min, the slides were

washed twice in PBS. Endogenous peroxidase activity was

quenched by peroxidase blocking reagent (Dako, Glostrup,

Denmark) for 7 min, followed by two 1-min washes with

PBS. The sections were then blocked with 5% normal sheep

serum or normal rabbit serum for 20 min. After two 1-min

washes with PBS, sections were incubated with the EPOSTM

anti-PCNA/HRP (U7032, Dako), EPOSTM anti-alpha
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Smooth Muscle Actin/HRP (Dako), 1/500 dilution of anti-

CD31 antibody (Santa Cruz Biotechnology, Santa Cruz, CA,

USA) or 1/100 dilution of anti-ICAM-1 antibody (R&D Sys-

tems, Minneapolis, MN, USA). Negative control was per-

formed by replacing the primary antibody with mouse IgG

or normal goat IgG.

For immunohistochemical detection of CD31 or ICAM-1,

specimens were treated with biotinized goat anti-mouse anti-

body for 20 min at room temperature, and after two 5-min

washes with PBS containing 0.02% (v/v) Tween 20 (PBST),

the specimens were incubated with streptavidin-horseradish

peroxidase for 20 min at room temperature.

After two 1-min washes with PBST, reaction product was

visualized with DAB liquid system (Dako) at room tempera-

ture for 2 min. Sections were counterstained with haematox-

ylin for 30 s and rinsed with tap water, immediately

dehydrated by sequential immersion in gradient ethanol and

xylene, then mounted with Permount on coverslips.

Microscopic evaluation and image acquisition

The sections were evaluated by scanning the entire tissue

specimen under low-power magnification (·40) and then

confirmed under higher power magnification (·200 and

·400). The severity of histopathological findings was scored

as (0) absent, (1) minimal, (2) mild, (3) moderate and (4)

marked change. All histopathological scoring and evaluation

was carried out by blind evaluation without knowing treat-

ment. Images were obtained under a light microscope

(Olympus BX51; Olympus, Tokyo, Japan) equipped with a

DP70 digital camera.

Results

After the aortic banding, the following significant histopath-

ological alterations were observed in the heart and kidney.

In the sham-operated animal, there was no evidence of histo-

pathological alterations in the examined tissues. The results

of the histopathological evaluation are summarized in

Table 1.

Inflammatory change

On day 3, a massive cellular infiltration dominated by neu-

trophils and macrophages was observed was observed on the

coronary arteries/arterioles of both ventricles (Figure 1a).

Table 1 Incidence of histopathological findings observed in the heart. Histopathological examination data shown as the number of

animals with each score/total number of animals for each time point

Histopathological finding Grading (score) Day 3 Day 10 Day 14 Day 21 Day 28 Day 42

Macrophage infiltration Absent (0) 0/7 1/7 1/7 1/7 1/7 2/7

Minimal (1) 4/7 4/7 2/7 6/7 4/7 5/7

Mild (2) 1/7 1/7 3/7 0/7 2/7 0/7

Moderate (3) 2/7 1/7 1/7 0/7 0/7 0/7

Marked (4) 0/7 0/7 0/7 0/7 0/7 0/7

Neutrophil infiltration Absent (0) 0/7 6/7 7/7 7/7 7/7 7/7

Minimal (1) 4/7 1/7 0/7 0/7 0/7 0/7

Mild (2) 1/7 0/7 0/7 0/7 0/7 0/7

Moderate (3) 2/7 0/7 0/7 0/7 0/7 0/7

Marked (4) 0/7 0/7 0/7 0/7 0/7 0/7

Vascular wall thickening Absent (0) 7/7 2/7 3/7 2/7 2/7 0/7

Minimal (1) 0/7 4/7 0/7 1/7 0/7 5/7

Mild (2) 0/7 0/7 1/7 4/7 3/7 2/7

Moderate (3) 0/7 1/7 2/7 0/7 1/7 0/7

Marked (4) 0/7 0/7 1/7 0/7 1/7 0/7

Fibrosis, perivascular Absent (0) 7/7 3/7 3/7 2/7 2/7 0/7

Minimal (1) 0/7 4/7 0/7 3/7 2/7 1/7

Mild (2) 0/7 0/7 4/7 2/7 3/7 0/7

Moderate (3) 0/7 0/7 0/7 0/7 0/7 0/7

Marked (4) 0/7 0/7 0/7 0/7 0/7 0/7

Hypertrophy, cardiomyocyte Absent (0) 7/7 7/7 7/7 7/7 6/7 4/7

Minimal (1) 0/7 0/7 0/7 0/7 1/7 3/7

Mild (2) 0/7 0/7 0/7 0/7 0/7 0/7

Moderate (3) 0/7 0/7 0/7 0/7 0/7 0/7

Marked (4) 0/7 0/7 0/7 0/7 0/7 0/7
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Transmigration figure of macrophages and vascular injury

were frequently observed in coronary arteries (Figure 1b).

Immunohistochemistry demonstrated intense ICAM-1

expression localized on the endothelium of coronary arter-

ies/arterioles (Figure 1c). On day 10, the level of neutrophil

infiltration significantly declined (Figure 1d), but macroph-

age infiltration remained at the same level by day 21. After

day 21, the level of macrophage infiltration slightly declined.

Vascular wall change

On day 10, a minimal level of vascular wall thickening was

observed on coronary arteries/arterioles of both ventricles.

On day 14, the level of vascular wall thickening was

increased and remained at the same level by day 28

(Figure 1e,f). On day 42, the level of vascular wall thicken-

ing slightly decreased.

To identify the cell type contributing to vascular wall

thickening, we performed immunohistochemistry of cell type

and proliferation markers. CD31, aSMA, type I collagen

and PCNA ware used as an endothelial, vascular smooth

muscle, fibroblast cell and proliferation maker, respectively.

Immunohistochemistry demonstrated an increase in the

number of the alpha-smooth muscle actin (aSMA)-positive

vascular smooth muscle cells in the media of coronary arter-

ies (Figure 2b). In addition, these vascular smooth muscle

cells in thickened arteries showed intense PCNA immuno-

staining (Figure 2d).

Fibrotic change

On day 10, mild fibroblast proliferation and ECM accumu-

lation in the perivascular area of coronary arteries/arterioles

of both ventricles were observed (Figure 1c). On day 14,

mild progression of fibroblast proliferation and ECM accu-

mulation was observed, and thereafter it remained at the

same level (Figure 3a–d). During the examined time points,

fibrotic change was observed relatively limited to the

(a)

(c)

(e)

Day 3

Day10

(b)

(d)

(f)

ICAM-1

Day 28

Figure 1 Cellular infiltration and vascu-

lar wall thickening observed in the

inter-renal aortic banding-induced LVH

model. (a) Cellular infiltration domin-

ated by macrophages and neutrophils

around coronary artery observed on

day 3. (b) Transmigration and infiltra-

tion of macrophages/neutrophils

observed on day 3. (c) ICAM-1 immu-

nostaining on endothelium of the coron-

ary artery. (d) Mild cellular infiltration

dominated around coronary arteries

observed on day 10. (e) Moderate

coronary artery thickening observed on

day 14. HE staining (a, b and d–f),

Original magnification ·200 (a, c and

e), ·400 (b, d and f).
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(a) (b)CD31 α-SMA

(c) (d)Type I
collagen

PCNA

Figure 2 Immunohistochemistry for

CD31, aSMA, type I collagen and

PCNA in the inter-renal aortic banding-

induced LVH model. (a) Endothelium

marker, CD31. (b) Vascular smooth

muscle cell marker, aSMA. (c) Type I

collagen immunostaining. (d) Cell pro-

liferation marker, PCNA. Increase in

the number of aSMA-positive vascular

smooth muscle cells is observed. PCNA

immunostaining preferentially localized

to vascular smooth muscle cells.

Original magnification ·200 (a–d).

Sham day14
LV

Band day14
LV

Band day14
RV

(a) (b)

(c) (d) Band day 28
LV

Band day 28
RV

(e)Figure 3 Masson’s trichrome staining

in the inter-renal aortic banding-

induced LVH model. Perivascular fibro-

sis observed on coronary artery of right

ventricle (RV) and left ventricle (LV) at

14 days or 42 days after banding (a and

b or c and d respectively). Perivascular

area of LV and RV in sham-operated

animals on day 14 (e and f) Masson’s

trichrome staining (a–f). Original mag-

nification ·200 (a–e), bar 50 lm.
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perivascular area of coronary arteries/arterioles. Increased

type I collagen production in the perivascular area was evi-

dent by immunohistochemical detection (Figure 2c).

Myocardial hypertrophy

Minimal level of cardiomyocyte hypertrophy was observed

on LV after day 28. Slight increase in the size of cardiomyo-

cytes compared with sham-operated animal was observed at

the light microscope level (Figure 4a,b). The incidence of

cardiomyocyte hypertrophy increased on day 42, although

the level of hypertrophy was minimal.

Other findings

In a small number of animals in the banded groups, isch-

aemia-related kidney changes including cortical atrophy,

marked cortical necrosis, interstitial fibrosis and mineraliza-

tion were observed after day 14 (data not shown).

Discussion

The aortic banding method has been extensively used for the

pressure overload LVH model (Wang et al. 2004). In the

present study, we examined the time course of histopatho-

logical alterations in the inter-renal aortic banding-induced

LVH model. Histopathological alterations were mainly

observed in the heart. Although ischaemia-related renal

changes were observed in a small number of banded ani-

mals, there was no clear relationship between the severity of

heart alterations and atrophied kidney.

Immediate after aortic banding on day 3, acute inflamma-

tory changes including neutrophil/macrophage infiltrations

and vascular wall injury were observed. These findings are

consistent with the findings in several reports of pressure

overload models (Fedak et al. 2005a,b), which demonstrated

that perivascular inflammation is one of the early phase

alterations due to rapid haemodynamic overload against vas-

cular wall or hormonal response. Acute inflammation found

in our model was relatively limited to the coronary arteries/

arterioles in the heart, not observed on the vasculatures of

other examined tissue, suggesting the possibility of temporal

local haemodynamic overload on coronary arteries/arterioles

rather than systemic change. In the pressure overload rat

model, transient upregulation of ICAM-1 was reported to

trigger perivascular macrophage accumulation (Kuwahara

et al. 2003). Consistent with this, we found intense ICAM-1

expression on the endothelium of the coronary arteries/arte-

rioles on days 3 and 10. This result emphasizes the import-

ance of ICMA-1-mediated pathway in cellular infiltration

induced by pressure overload.

On day 10, the time point immediately after acute inflam-

matory phase, perivascular fibrosis and vascular wall thicken-

ing were induced. Perivascular fibrosis is one of the key

pathological features in the early phase of the hypertensive

heart (Kai et al. 2005). In the present study, similar to the area

of acute inflammation, perivascular fibrosis was relatively lim-

ited to coronary arteries/arterioles. This suggests that the peri-

vascular fibrosis observed in this model is a reactive process

after acute inflammatory responses. Furthermore, the finding

that fibrosis did not progress into the interstitial area during

the observation period by day 42 suggests that fibrotic chan-

ges in this model did not significantly affect LV function.

In parallel with perivascular fibrosis, vascular wall thick-

ening was observed. Vascular wall thickening was mainly

observed on the wall of coronary arteries/arterioles. Immu-

nohistochemistry of aSMA and PCNA clearly revealed

prominent proliferation of vascular smooth muscle cells on

the media. Proliferation of vascular smooth muscle cells is

one of the typical hypertension-related changes in resistant

vessels including the coronary artery (Kai et al. 2005).

Taken together, our data suggested the involvement of

(a) (b) Band day 42Sham day 42

Figure 4 Cardiomyocyte hypertrophy in the inter-renal aortic banding-induced LVH model. (a) Cardiomyocytes of sham-operated

animal on day 42. (b) Cardiomyocytes of banded animal on day 42. Note minimal increase in the size of cardiomyocytes in the

banded animal. HE staining (a and b), original magnification ·200 (a and b), bar 50 lm.
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coronary artery/arteriole hypertension in early phase altera-

tions in the heart.

Cardiomyocyte hypertrophy observed in the present study

is only minimal at the light microscope level. In a thoracic

aortic banding model, cardiomyocyte hypertrophy was more

prominent (Rockman et al. 1991; Wettschureck et al. 2001;

Esposito et al. 2002). This result is consistent with the gen-

eral observation that the severity of cardiomyocyte hypertro-

phy increases when the banding site is closer to the heart.

In conclusion, the present study identified serial histopath-

ological alterations in the heart after inter-renal aortic band-

ing including (i) coronary hypertension-induced vascular

injury and acute inflammation, (ii) reactive responses such as

perivascular fibrosis and vascular wall thickening, and (iii)

minimal cardiomyocyte hypertrophy. These histopathologi-

cal evidences might facilitate the understanding of the patho-

physiology of LVH and contribute to the dosing protocol

for anti-LVH drug screening.
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