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A novel dual fixation method for improving s
the reliable assessment of pulmonary vascular
morphology in pulmonary hypertension rats
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Abstract

This study introduced a novel dual fixation method for the pulmonary vasculature and lung tissue in pulmonary
hypertension (PH) rats, addressing the limitations of traditional fixation methods that failed to accurately preserve
the in vivo status of pulmonary vascular morphology. The modified method involved a dual fixation process,
combining individualized ventilation support and vascular perfusion to simulate the respiratory motion, pulmonary
artery pressure and right ventricular output of the rat under in vivo conditions. Utilizing a monocrotaline-induced
PH rat model, this study compared the dual fixation with the traditional immersion fixation, focusing on the
quantitative assessment of alveolar expansion degree, capillary patency, endothelial cell quantity and wall thickness
of pulmonary vein and artery. The results demonstrated that the dual fixation is superior in maintaining the
authenticity and integrity of lung tissue and more sensitive in the evaluation of pulmonary artery hypertrophy,
providing a more reliable representation of pulmonary vascular remodeling associated with PH.
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Introduction

Pulmonary hypertension (PH), characterized by elevated
pulmonary artery pressure and vascular resistance lead-
ing to right heart failure, represents a serious challenge in
respiratory and cardiovascular research [1, 2]. Pulmonary
vascular morphology is necessarily evaluated to directly
and quantitatively reflect pulmonary vascular remodel-
ing [3, 4]. Nevertheless, the authenticity of this evaluation
significantly depends on the method used for lung tissue
fixation [5, 6].

Currently, lung tissue fixation methods include immer-
sion fixation, intratracheal perfusion fixation, tracheal
ligation fixation, vascular perfusion, in situ fixation, fixed
volume fixation and vacuum inflation [5-12]. Immer-
sion fixation involves completely submerging the lung
tissue in a fixative to preserve the integrity of cells and
the extracellular matrix [7]. Intratracheal perfusion fixa-
tion fixes lung tissue by directly injecting the fixative into
the trachea, allowing the fixative to uniformly distribute
throughout the alveoli and lung tissue, effectively main-
taining the lung’s structure and morphology [6, 8]. Tra-
cheal ligation fixation involves tying off the trachea and
directly introducing the fixative into the lungs through
the trachea, which is especially effective in maintain-
ing the lungs’ natural expansion state and microscopic
structure compared to intratracheal perfusion fixation
[6]. Vascular perfusion introduces the fixative through
the animal’s vascular system to achieve rapid and uni-
form tissue fixation but is less conducive to preserving
the structural integrity and morphological characteris-
tics of the airways and alveoli [5, 6]. In situ fixation refers
to fixing the tissue in its original position, with the fixa-
tive delivered directly to the lungs through the trachea to
better preserve the lung tissue’s natural state and micro-
scopic structure [5, 9, 11]. In the fixed volume fixation
method, lung tissue is fixed within a pre-set volume to
help maintain the tissue’s original shape and size [5, 10].
Vacuum inflation places lung tissue in a vacuum environ-
ment and then slowly introduces fixative or air into the
lungs to simulate the natural expansion state of the lungs,
maintaining the structure of alveoli and bronchioles [5,
12]. However, up until now, there is no fixation method
specifically designed to preserve the morphology of both
pulmonary vasculature and surrounding tissue including
airways and alveoli, providing a more precise and realis-
tic visualization and assessment of the alterations of pul-
monary vascular morphology or remodeling associated
with PH.

In this study, we explored a modified method involving
a dual fixation process for the pulmonary vasculature and
airways. We utilized monocrotaline (MCT) to induce PH
in Sprague-Dawley (SD) rats [13], and compared the dual
fixation with the traditional or simple immersion fixation
on the integrity of lung tissue and pulmonary vasculature
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structure. The results indicated that the dual fixation
method more effectively preserves the in vivo structure
of lung tissue, particularly the authenticity and integrity
of pulmonary vascular morphology, enabling detailed
morphological analysis and more reliable description of
PH pathological alterations.

Materials and methods

Ethics approval and animal housing

This study involved a total of 24 Sprague-Dawley rats,
aged 7-8 weeks, with an equal distribution of males and
females, each weighing approximately 200 g. These ani-
mals were approved for use by the Institutional Animal
Care and Use Committee of Tongji Medical College,
Huazhong University of Science and Technology. The
rats were housed three per cage in a 0.3 m® enclosure and
maintained under a 12-hour light/dark cycle with ad libi-
tum access to standard laboratory chow and water. The
bedding consisted of high-temperature autoclaved wood
shavings, which were changed twice weekly. The source
of rats was Hunan Slaque Jingda Laboratory Animal Co.,
LTD., SPF level. The rats were anesthetized via an intra-
peritoneal injection of 40 mg/kg sodium pentobarbital
(1% solution).

Pulmonary hypertension model and hemodynamic
measurements

The experimental animals were randomly divided into
four groups, six animals per group, evenly split between
males and females. Two groups received intraperitoneal
injections of monocrotaline (MCT) at a dose of 60 mg/kg
to establish the model group (MCT group) as described
in previous studies [13, 14] including ours [14], while the
other two groups were given intraperitoneal injections
of saline to serve as the control group (control group).
Twenty-one days later, the pulmonary hemodynamics
including mean pulmonary arterial pressure (mPAP),
cardiac output and systemic circulation pressure were
measured using a PE-50 catheter and a thermosensitive
probe for cardiac output, connected to a PowerLab signal
acquisition system as fully reported in our previous stud-
ies [15—18].

Right ventricular hypertrophy measurements

The heart tissues were collected for trimming, the weight
of the right ventricular wall (RV) and the left ventricular
wall and septum (LV + S) were measured. Right ventricu-
lar hypertrophy was calculated as RV/(LV +S) [15-18].

Traditional lung tissue fixation-immersion fixation only

Following the pulmonary hemodynamic measurements,
the rats were transferred to the operating table, where
the chest cavity was fully exposed. An incision was made
in the left atrium using ophthalmic scissors and both the
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superior and inferior vena cava were clamped off. A 50
mL syringe with an infusion needle with a 0.6 mm diam-
eter was inserted into the right ventricular wall towards
the pulmonary artery, and saline was slowly infused until
no blood flowed out from the left atrium. The left and
right lungs were then removed, placed on filter paper to
blot away excess fluid, and subsequently immersed in 4%
paraformaldehyde for 24 h fixation before being embed-
ded in paraffin [7].

Modified lung tissue fixation-dual fixation in ventilated
and perfused lung

After completing the pulmonary hemodynamic measure-
ments, the rat was moved to the operating table and the
parameters of a ventilator (PhysioSuite, PS5677, Kent,
USA) were pre-set according to rat weight. Additionally,
a 500 mL saline solution was prepared in an infusion bot-
tle with an infusion needle with a 0.6 mm diameter. The
infusion bottle was set at the height of the liquid level in
the infusion dripper as follows: the height (H) from the
liquid level in the dripper to the rat heart (cmH,0)=1.36
x mPAP (mmHg) (Figure. S1). The vascular perfusion
pressure was thus adjusted to the level equivalent to pul-
monary artery pressure, the flow rate was adjusted to the
level equivalent to the output. The purpose of the above
adjustments was to simulate the pulmonary vascular
perfusion status in intact rats for each. The trachea was
isolated and a “V” shaped incision was made just below
the laryngeal cartilage using ophthalmic scissors, fol-
lowed by tracheal intubation and connection to the ven-
tilator. When the respiratory rate matched the frequency
of the ventilator’s waveform settings, the thoracic cavity
was exposed, and an incision was made at the left atrial
appendage. The superior and inferior vena cava were
clamped off, and an infusion needle was inserted into the
right ventricular wall and placed in the pulmonary artery,
a hemostat was then used to secure the needle in place.
The vascular perfusion was conducted using the above
settings until no blood flowed out of the left atrial inci-
sion. The infusion bottle was then replaced with another
one containing 4% paraformaldehyde, maintaining the
same height and perfusion rate for 2 min to fix the pul-
monary vessels under the same conditions individually
simulating pulmonary artery pressure and cardiac output
in intact rats for each. The tracheal tube was removed,
and 4% paraformaldehyde was slowly dropped into the
trachea until it overflowed, the trachea and both pulmo-
nary hilums were quickly ligated to prevent post-dissec-
tion airway collapse. The intact left and right lungs were
then immersed in 4% paraformaldehyde for 24 h fixation
before paraffin embedding and Hematoxylin and Eosin
staining.
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Alveolar mean linear intercept (Lm)

For each of the six animals in a group, one HE slide or
section was prepared. From each slide, four 40x magni-
fication fields (286 umx158 pm for each) without large
blood vessels and airways were chosen. Using Photoshop,
a 65 grid of horizontal test lines (d) was overlaid. The
left side served as the counting point, with the number
of points at the left end of the alveolar cavity (p) and the
number of intersections between the test lines and the
alveolar septa (I) being counted. Lm was calculated using
the formula Lm =2 x [(dxp)/I] [19-22] (Figure. S2).

Pulmonary parenchymal volume density (Vv)

For each of the six animals in a group, one HE slide
or section was selected. From each slide, four fields
(286 pmx158 pm) at 40x magnification were chosen.
Using Photoshop, a 5x8 grid of “cross” test lines was
overlaid. Counting was based on the right upper quad-
rant, where intersections with the pulmonary paren-
chyma were counted. This process determined the total
number of points falling on the pulmonary parenchyma
(Pp) and the total number of test points within the field
of view (PL). The volume density of the pulmonary
parenchyma, Vv, was then calculated using the formula
Vv=Pp/PL [19, 21, 23] (Figure. S3).

Alveolar septal thickness (T)

For each of the six animals in each group, one HE slide
or section was selected. From each slide, four fields of
view (286 pmx158 pm) at 40x magnification were cho-
sen. Using Photoshop, five horizontal test lines were
overlaid onto the image. The thickness of the pulmonary
septa intersected by the test lines was measured, focusing
specifically on those septa where the angle of intersec-
tion with the test line was greater than 60 degrees. This
method ensures the measurement of septal thickness in
a standardized manner, avoiding bias that might arise
from measuring at shallow angles, which could artificially
inflate thickness readings [19] (Figure. S4).

Alveolar diameter (R)

For each group consisting of six animals, one HE slide or
section per animal was selected. Four fields of view from
each slide and one alveolus from each field were ran-
domly chosen for measurement of their diameters using
Image Pro Plus software. This process ensures accurate
measurement of the alveolar diameters by standardizing
the procedure across all selected alveoli, facilitating the
quantitative analysis of lung morphology.

Grouping of pulmonary vessels

For vessels with a diameter greater than 100 pm, the
following features or criteria were used in this study to
distinguish pulmonary arteries from veins: pulmonary
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arteries exhibit smaller lumens, thicker and more uni-
form wall layers, and tend to have round or oval shapes.
Conversely, pulmonary veins feature larger lumens, thin-
ner wall layers, and more irregular shapes. For vessels
with a diameter less than 100 pm, a series of features or
criteria were used in this study to distinguish pulmonary
arteries from veins as follows: (1) For vessels with a diam-
eter less than 100 um, the characteristics of parallel pul-
monary arteries and veins are similar to those of vessels
with a diameter greater than 100 um. (2) Within the same
tissue section, pulmonary arteries are stained slightly
darker than pulmonary veins. (3) Pulmonary artery
endothelial cells are denser and protrude into the lumen,
compared to pulmonary veins. (4) Pulmonary vein endo-
thelial cells are sparser and relatively flattened, bulging
into the lumen. The scarcity of endothelial cells in lym-
phatic vessels and the presence of red blood cells within
can exclude the possibility of lymphatic vessels. (5) The
external membrane of pulmonary arteries is thicker than
that of pulmonary veins and lymphatic vessels [24-27].

Intrapulmonary vascular wall thickness measurement and
endothelial cell count

For each animal, one HE slide or section was selected,
and the full image of the whole tissue was obtained by
scanning the slide using (VS120, Olympus, Japan). The
software Vista-scan was used to collect images of all ves-
sels within the lung tissue. Subsequently, measurements
of each vessel’s inner and outer diameters were taken
into Image Pro Plus software to calculate the thickness of
the vascular wall by the formula: (outer diameter - inner
diameter) x100% / outer diameter [15-18]. Endothelial
cell counting within pulmonary vessels was performed by
calculating the endothelial cell nuclei lining the lumens of
vessels with different diameters.

Cdh5 immunocytochemical staining and collapsed or
opened capillaries

For the immunofluorescence staining, 5-um-thick lung
sections were incubated overnight at 4 °C with a mix-
ture of Cdh5 antibody (1:300, Abbrab, Cat#ABF11356).
After washing with PBS, the tissues were incubated
with a fluorescent secondary antibody (1:300, Abcam,
Cat#ab150113) at room temperature for 1 h. Fluores-
cence images were then acquired using a confocal laser
microscope (Zeiss, LSM780, Oberkochen, Germany).
The number of collapsed and open capillaries within a
field (115 pmx95 pm) of total four fields for each slide
was counted [28]. The ratios of opened and collapsed
capillaries were calculated as follows: percentage of col-
lapsed capillaries = (number of collapsed capillaries /
total capillaries) x 100%, percentage of opened capillar-
ies = (number of opened capillaries / total capillaries) x
100%.
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Statistical analysis

Data was presented as Mean+SEM. Normally distrib-
uted data was analyzed by Brown-Forsythe tests followed
by ordinary One-ANOVA (equal variance test passed) or
Welch ANOVA (equal variance test failed) post-hoc mul-
tiple groups comparisons. Non-normally distributed data
was analyzed by Kruskal-Wallis tests followed by Dunn’s
multiple groups comparisons. The post hoc test of one-
way ANOVA was divided into two cases, Fisher’s LSD
test was used when the variance was equal, and Dunnett’s
T3 (n<50/group) or Games-Howell (n>50/group) was
used when the variance was not equal. GraphPad Prism
(version 9.0) was employed for statistical analysis, consid-
ering P value<0.05 as statistically significant.

Results

Establishment of MCT-induced pulmonary hypertension
model in rats

As compared to the control, MCT treatment induced
significant increases in mPAP, PVR, and RV/(LV+5)
ratio (Fig. 1A-C), indicating successful establishment of
pulmonary hypertension in the rats. Furthermore, there
were no statistically significant differences in the above
parameters between the rats with lung tissue treated by
immersion fixation or dual fixation (Fig. 1A-C), objec-
tively enabling the subsequent comparison of the two
fixation methods.

The better alveolar expansion in lung treated by dual
fixation than immersion fixation

To reveal the impact of two fixation methods on the
degree of alveolar dilation, we measured alveolar lin-
ear intercept, alveolar diameter, alveolar parenchymal
volume density, and alveolar septal thickness. Alveolar
linear intercept and alveolar diameter are used to evalu-
ate the degree of emphysema, and as they are positively
correlated with the degree of lung or alveolar expansion
[19, 22]. The morphometric analysis showed significantly
greater lung linear intercepts and alveolar diameter in
lung treated by dual fixation than immersion fixation
(Fig. 2B and C).

The lung parenchymal volume density (Vv) is the pro-
portion of air-exchanging tissue per unit volume in the
lung, used to evaluate the degree of lung consolidation
[19, 21, 23]. The alveolar septum thickness can reflect
the gas exchange capacity. Under physiological condi-
tions, the thinner the lung diaphragm, the stronger the
gas exchange capacity [19]. Therefore, the lung paren-
chyma volume density and the alveolar septum thickness
indirectly indicate the degree of alveolar dilation [19, 21,
23]. The morphometric analysis identified significantly
less Vv and alveolar septum thickness in lung treated by
dual fixation than immersion fixation (Fig. 2D and E). As
compared to control rats without MCT treatment, MCT
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Fig. 1 The MCT-induced pulmonary hypertension and right ventricular hypertrophy in rats. The alterations of mean pulmonary artery pressure (mPAP,
A), pulmonary vascular resistance (PVR, B), and right ventricular hypertrophy (RV/(LV+5), ), * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, n=6 for

each group

treatment caused a significantly increase in alveolar sep-
tum thickness in rats with lungs treated either by dual
fixation or by immersion fixation (Fig. 2E).

The above experimental results indicated that the dual
fixation better preserves the structural integrity of the
lung tissue in more close to its status in vivo.

The better capillary patency in lung treated by dual
fixation than immersion fixation

To assess the effects of the fixation method on the
patency of alveolar capillaries in rats, the classical endo-
thelial marker, Cdh5 immunofluorescence staining was
performed. As shown in Fig. 3A, representative images
of lung sections visualized Cdh5-positive area without
or with lumen as the collapsed and opened capillaries.
Quantitative analysis revealed a significantly higher ratio
of opened alveolar capillaries and lower ratio of alveo-
lar collapsed capillaries in lung tissues treated by dual
fixation as compared to immersion fixation (Fig. 3B-C).
These results indicated that the dual fixation preserves
capillary patency better than immersion fixation.

No difference in edothelial cell quantity in intrapulmonary
vessels across varying diameters between dual fixation
and immersion fixation

To evluate the effects of the fixation method on the integ-
rity of endothelial cells in rat pulmonary vessels, we mea-
sured the endothelial cell counts in pulmonary vessels
of different diameters across each group. There was no
significant difference in the number of endothelial cells
across different vascular diameters between dual fixa-
tion and immersion fixation in control rats without MCT
treatment and in the rats with MCT treatment (Fig. 4A-
C). As compared to the control rats without MCT treat-
ment, significant reductions in endothelial cell counts
were observed in MCT-treated rats either by dual fixa-
tion or immersion fixation (Fig. 4A-C). The results indi-
cated that the fixation does not significantly impact the

evaluation of integrity of pulmonary vascular endothelial
cells in rats. However, the damage caused by MCT treat-
ment was significant regardless of the dual or immersion
fixation method used.

The lower wall thickness of intrapulmonary veins across
varying diameters in dual fixation than immersion fixation
To compare the effects of fixation method on the wall
thickness of intrapulmonary veins, we evaluated the wall
thickness of intrapulmonary veins across three different
diameters using both fixation methods. The intrapulmo-
nary veins wall thickness in the dual fixation was substan-
tially thinner as compared to the traditional immersion
fixation in both control rats without MCT treatment and
in the rats with MCT treatment (Fig. 5A-C). As com-
pared to the control rats without MCT treatment, no sig-
nificant alteration in intrapulmonary veins wall thickness
was observed in MCT-treated rats either by dual fixation
or immersion fixation (Fig. 5A-C).

The results suggested that the lung tissue fixation
method has obvious impacts on the measurement of
intrapulmonary vein wall thickness. The dual fixation
demonstrated a notably lower wall thickness of intrapul-
monary veins across various diameters as compared to
the immersion fixation in both control and MCT-treated
rats. Additionally, no change in intrapulmonary vein wall
thickness was noted in the MCT-treated rats using either
fixation method. Considering the overall better preser-
vation of lung tissue by dual fixation, the wall thickness
of intrapulmonary veins is over-estimated by immersion
fixation across various diameters.

The lower wall thickness of the intrapulmonary arteries
snug against trachea across varying diameters in dual
fixation than immersion fixation

To examine the effect of fixation method on the thick-
ness of intrapulmonary artery wall across different diam-
eter, we measured the wall thickness of intrapulmonary
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arteries snug against trachea. In this study, intrapulmo-
nary arteries snug against trachea were defined as those
where the vascular smooth muscle was in direct in con-
tact with the tracheal smooth muscle, the intrapulmo-
nary arteries classified histologically as bronchial arteries.

The intrapulmonary arteries snug against trachea
(bronchial arteries) in the dual fixation was obviously
thinner than immersion fixation in both control rats
without MCT treatment and the rats with MCT treat-
ment (Fig. 6A-B). As compared to the control rats
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without MCT treatment, no significant alteration in the The findings indicated that the choice of fixation
wall thickness of intrapulmonary arteries snug against method significantly influences the evaluation of wall
trachea was observed in MCT-treated rats either by thickness of intrapulmonary arteries snug against trachea
immersion fixation or dual fixation (Fig. 6A-B). (bronchial arteries) across varying diameters. Notably,
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the wall thickness in these arteries is over-estimated in
immersion fixation as compared to dual fixation.

The more severe pulmonary artery hypertrophy revealed
by dual fixation than immersion fixation

In this study, the intrapulmonary arteries away from
the trachea mean the distance between intrapulmonary
arteries and trachea was greater than 0 um. The intra-
pulmonary arteries away from trachea by dual fixation
were notably thinner than immersion fixation in both the
control rats without MCT treatment and the rats with
MCT treatment (Fig. 7A-C). As compared to the control
rats without MCT treatment, a significant increase in
the wall thickness of intrapulmonary arteries away from

trachea, the pulmonary artery hypertrophy, was observed
in MCT-treated rats either by dual fixation or immer-
sion fixation (Fig. 7A-C). More importantly, the MCT-
induced increase in the wall thickness of intrapulmonary
arteries away from trachea, particularly those with diam-
eter between 50 and -100 and >100 um, evaluated by
dual fixation was more than immersion fixation (Fig. 7D).
In other words, the dual fixation was more sensitive than
immersion fixation in the estimation of pulmonary artery
hypertrophy.

In summary, the fixation method affects the evaluation
of wall thickness of intrapulmonary arteries away from
the trachea across various diameters, with the lower wall
thickness level and more severe hypertrophy induced by
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MCT-treatment in these arteries revealed by the dual fix-
ation than immersion fixation.

Discussion

This study introduces a novel lung tissue fixation method
that significantly enhances the authenticity of pulmo-
nary vascular morphology assessments in a rat model of
PH. Our main findings indicate that this modified fixa-
tion method, combining ventilatory support and vascu-
lar perfusion, compared to the traditional immersion
method, more effectively preserves lung tissue structure
and pulmonary vascular morphology, offering a more
precise representation of in vivo conditions. Being con-
sistent with the conclusion revealed by male- and female-
combined analysis (Fig. 2), data analysis stratifying by sex
demonstrated the overall trend in better preservation of
alveolar integrity by dual fixation than immersion fixa-
tion for both male and female rats (Figure. S5).

In the previous experiments on lung tissue fixation, the
main focus was on a certain degree of protection for the
airways and alveoli [5, 12], but timely fixation of intrapul-
monary vessels and preservation of pulmonary vascular
morphology were not addressed. These traditional tissue
fixation methods, especially immersion fixation applied
in rat models, may affect the apparent pulmonary vascu-
lar morphology in ex vivo lungs due to three main fac-
tors: the interruption of pulmonary circulation leading
to decreased intravascular pressure and partial collapse

of the pulmonary vessels [29], the loss of negative pres-
sure in the thoracic cavity following thoracotomy, affect-
ing the retractile force on the pulmonary vessels [11, 29],
and hypoxic pulmonary vasoconstriction (HPV) due to
the cessation of blood supply [30]. During the traditional
lung tissue fixation process, the collapse of lung tissue
and acute pulmonary hypoxia following thoracotomy
led to strong vasoconstriction of pulmonary vessels and
a decrease in their diameter. Smooth muscle cells transi-
tioned from a circumferential flattened shape to an ellip-
tical or columnar orientation perpendicular to the vessel
wall, while elastic fibers underwent significant fluctua-
tions [29-32]. This indicates that the traditional lung
tissue fixation process results in an apparent thickening
of the measured intrapulmonary vessel wall thickness
compared to the actual pre-mortem thickness, and also
causes previously open capillaries to collapse.

This study utilized a modified lung tissue fixation
method. Initially, rats were maintained on a ventilator to
sustain respiratory movements of the lung, thereby mit-
igating the effects of retractile forces on the lung tissue
and vessels post-thoracotomy. Subsequently, perfusion
pressure generated by the height of the liquid column
was used to individually mimic the average pulmonary
artery pressure and right heart output in vivo, fixing the
pulmonary vessels to eliminate the impact of decreased
vascular pressure and partial vessel collapse. Finally, tra-
cheal ligation fixation was performed before lung tissue
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dissection to prevent airway collapse after removal. Due
to the use of an individualized method that simulates
rat in vivo pulmonary arterial pressure and right ven-
tricular output for intrapulmonary vascular perfusion
fixation, we compared the effects of the modified fixa-
tion method with the traditional method on rat intrapul-
monary vascular morphology. We assessed the ratio of
opened/collapsed capillaries and the media thickness of
intrapulmonary arteries and veins of varying diameters.
Other studies have shown that gradually increasing pul-
monary artery pressure for lung vascular perfusion fixa-
tion can cause discontinuities or breaks in the endothelial
cell basement membrane in pulmonary capillaries under
electron microscopy, though no significant changes were
observed in endothelial cell junctions [33-35]. There-
fore, we conducted an endothelial cell count analysis on
non-capillary intrapulmonary vessels of various diam-
eters to observe whether the modified fixation method,
which simulates in vivo pulmonary artery pressure and
right ventricular output for perfusion fixation, affects the
integrity of endothelial cells in these vessels.

In our study, the modified method’s superiority in pre-
serving the integrity of lung tissue structure and capil-
lary openness, providing a more accurate representation
of in vivo conditions (Figs. 2 and 3), the wall thickness
of intrapulmonary vessels fixed by the modified method
was lower than that fixed by the traditional method
across different vessels sizes and locations (Figs. 5, 6 and
7). Additionally, the modified method did not cause sig-
nificant endothelial cell detachment (Fig. 4). Therefore,
this novel lung tissue fixation method can more validly
preserves the changes and complex spatial relationships
within the pulmonary vasculature under in vivo condi-
tions in rats.

A limitation of this study is that the modified fixation
method does not eliminate the impact of HPV caused by
interrupted blood supply. Given that HPV can be trig-
gered within 5 to 10 s after hypoxia [30], acute hypoxia
due to interrupted blood supply during sampling and
fixation processes can lead to HPV. In conclusion, our
study demonstrates that the modified lung tissue fixation
method represents a methodological advancement in the
morphological assessment of PH models, enabling more
accurate and reliable histopathological evaluations in
mechanistic and translational study of PH.
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