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Abstract

Background Bronchopulmonary dysplasia (BPD) is a chronic lung disease of preterm neonates that carries significant
long-term implications for respiratory health. Its pathogenesis is multifactorial, with oxygen toxicity and injury

from mechanical ventilation being key contributing factors. While neonatal animal models exposed to hyperoxia

are widely used to mimic human BPD, lung development is often assessed through classical histological analyses.
Although these methods remain fundamental in preclinical study, they may require multiple staining techniques and
sections to highlight key features of BPD. Here, we introduce a label-free, multi-modal imaging platform combining
two-photon excitation fluorescence (TPEF), second harmonic generation (SHG), and fluorescence lifetime imaging
microscopy (FLIM) to characterize the lung alterations induced by a 7-day hyperoxia (95% O,) exposure in preterm
rabbits.

Methods Lung sections were obtained from preterm rabbit pups delivered at 28 gestational age (GA) (term

31 GA) either exposed to normoxia (21% O,) or hyperoxia (95% O,) for seven days. Lung sections were scanned

with TPEF microscope at 780 nm and tissue intrinsic signals including autofluorescence intensity and lifetime,

as well as SHG from collagen were simultaneously collected in the 470-570 nm, 420-460 nm and 380-410 nm
ranges, respectively. BPD-relevant features were extracted from images, validated through traditional staining and
immunolabelling and analyzed using an optimized pipeline. The tool reliability was tested by correlating label-free
features with conventional Hematoxylin and eosin (H&E)-derived histomorphological parameters and lung functions
measurements.

Results This method simultaneously resolves key BPD-related features, such as tissue density (TD%), alveolar
exudates, collagen deposition, arterial medial thickness (MT%) alterations, and alveolar simplification, capturing the
differences between hyperoxia and normoxia samples without dyes or antibodies. Quantitative outputs from our
label-free pipeline strongly correlate with conventional histology and lung function measurements, thus validating its
robustness.
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Conclusion This approach holds promise as a powerful tool for preclinical research, enabling simultaneous imaging
and quantification of multiple pathological features with a single acquisition. This tool is envisioned to be integrated
with classical histology and immunolabelling for a more comprehensive and information rich assessment of tissue

alterations.

Keywords Bronchopulmonary dysplasia (BPD), Preterm rabbit, Hyperoxia, Label-free, Two-photon excitation
fluorescence (TPEF), Second harmonic generation (SHG), Fluorescence lifetime imaging microscopy (FLIM)

Background

Bronchopulmonary dysplasia (BPD) is a chronic lung dis-
ease that primarily affects preterm infants born before 28
weeks of gestation [1]. At this stage, the lungs are struc-
turally immature, lacking fully developed alveoli and a
functional surfactant system, both essential for extrauter-
ine breathing [1, 2]. Despite advances in neonatal care,
such as antenatal steroids, surfactant therapy, caffeine,
and non-invasive ventilation strategies, BPD remains
the most prevalent complication of prematurity [3] with
long-term adverse consequences [4, 5].

Animal models play a crucial role in evaluating preven-
tive and therapeutic interventions. Large animal models,
such as lambs and primates, closely mimic human BPD
due to similar intrauterine lung development and the
ability to be ventilated at birth. However, their use is lim-
ited by small litter sizes, high costs, and ethical concerns
[6]. Rodents’ models have been widely used in the con-
text of BPD [7-9], and although they circumvent many
of the limitations of large animal models, they differ from
humans in key aspects of lung development. For instance,
rodents are naturally delivered at the saccular stage of
lung development with fully functional lungs, and unlike
humans, alveolarization in rodents begins postnatally
rather than prenatally [6].

The rabbit model has emerged as a valuable alternative,
combining the practical advantages of small animal mod-
els with a lung developmental timeline that more closely
resembles that of humans [6]. Moreover, rabbits can be
extracted prematurely at the saccular phase [10], thereby
modeling prematurity, one of the primary risk factors for
BPD [9]. Indeed, the preterm rabbit model has been pre-
viously used to study hyperoxia-induced lung injury [6,
10-14]. A 7-day hyperoxia (95% O,) exposure effectively
generates histopathological features of human BPD, includ-
ing impaired alveolar and vascular development, inflamma-
tion, and extracellular matrix (ECM) remodeling [9].

The main outcomes of preclinical studies in the con-
text of BPD primarily derive from conventional analyses
on chemically stained or immunolabeled histological
lung preparations [15, 16]. For instance, alveolarization is
usually assessed by calculating the radial alveolar count
(RAC) from Hematoxylin and eosin (H&E)-stained lung
sections, while the lung vasculature and pulmonary fibro-
sis have been assessed using H&E or Miller’s elastic stain
and Picrosirius Red (PSR) staining, respectively [6, 11,

13, 17, 18]. Consequently, these approaches often require
multiple staining techniques to visualize BPD relevant
features. Moreover, immunolabeling may be particularly
challenging in rabbit and lamb models due to the limited
availability of antibodies for these species [9]. Addition-
ally, some stains and antibodies exhibit low specificity or
poor contrast, which may compromise the accuracy of
quantitative assessments.

Here we applied a multi-channel imaging approach to
unlabeled histological lung sections of preterm rabbits
exposed to either hyperoxia (95% O,) or normoxia (21%
O,) for seven days. Combining two-photon excitation flu-
orescence (TPEF), second harmonic generation (SHG),
and fluorescence lifetime imaging microscopy (FLIM),
we were able to simultaneously capture high-resolution
images of alveolar and vascular structures, along with
both qualitative and quantitative data on tissue density
(TD) and collagen deposition. Our method effectively
distinguished between normoxia and hyperoxia-exposed
lungs, revealing hallmark features of BPD, including
increased TD%, collagen accumulation, increased arterial
medial thickness (MT%), and reduced alveolar density.
Additionally, it showed a decrease in tissue autofluores-
cence intensity and increase in lifetime. This technique
offers a non-destructive, label-free integrative approach
for lung tissue analysis in the context of BPD. With fur-
ther optimization and automation, this method holds
significant potential for a broad range of applications in
the histopathological analysis of preclinical and clinical
research.

Materials and methods

Experimental pipeline

The experimental pipeline, as illustrated in Fig. 1, con-
sists of two main phases, that we named “tool develop-
ment” (Fig. 1a-d) and “tool application” (Fig. 1e-f). The
“tool development” phase involves four steps: first,
we collected lung sections from a well-established
BPD model, specifically the preterm rabbit delivered
at 28 gestational age (GA) and exposed either to 21%
O, (Normoxia) or to 95% O, (Hyperoxia) for 7 days
(Fig. 1a). Notably, this step can also be considered part
of the application phase, since a subset of both nor-
moxic and hyperoxic tissue sections was used during
the development phase, while sections from all n=6
normoxic and n=6 hyperoxic rabbits were used in
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the application phase. Second, we designed a multi-
channel acquisition system to enable simultaneous
visualization of lung parenchymal features by detect-
ing tissue autofluorescence intensity, autofluores-
cence lifetime, and SHG upon TPEF (Fig. 1b). Third,
we extracted the label-free features and qualitatively
validated them by performing standard staining or
immunolabeling on some of the normoxia and hyper-
oxia sections previously acquired label-free (Fig. 1c).
H&E-staining was used to confirm the correspondence
between autofluorescence signals and parenchymal
structure, PSR staining to verify collagen identified via
SHG, and immunolabelling with antibody against alfa
smooth muscles actin (a-SMA) for confirming muscu-
larized vascular identification. Finally, for each feature,
we optimized a protocol for analysis and quantification
(Fig. 1d). The “tool application” phase began by statis-
tically comparing the behavior of each feature between
all normoxia and hyperoxia samples to assess the tool’s
reliability in detecting hyperoxia-induced changes
(Fig. 1le). In the final step, we evaluated the robust-
ness of the tool’s analysis and outcomes by correlat-
ing the quantified label-free imaging features with the
corresponding histological parameters derived from
H&E-stained sections of the same animals. We further
correlated the severity of histological alterations for
each animal in both conditions with the corresponding
impairments in lung function.

Animal care, delivery and experimental groups

All animal experiments were approved by the local
animal ethics committee (Animal Welfare Body:
Organismo Preposto al Benessere Animale [Italy], file
number n°783/2019-PR), in accordance with European
regulations for animal care. All the animal procedures
were conducted at Chiesi Farmaceutici, an AAALAC
accredited facility.

Timed pregnant New Zealand White rabbits were
obtained from Charles River Laboratories (Domaine des
Oncins, France) and maintained at 15-21 °C, relative
humidity of 55% + 15, 12:12 h light/dark cycles, and food
and water ad libitum until the Caesarian section (C-sec-
tion). C-sections were performed at 28 GA (term at 31
GA) (saccular stage) following the protocol described
in detail elsewhere [14]. Preterm pups were randomly
assigned to two groups: normoxia (N=6), maintained
at 21% oxygen for seven days, and hyperoxia (N=6)
exposed to 95% oxygen for seven days to mimic the
BPD phenotype. Oxygen exposure was conducted using
custom-made incubators (Okolab, Italy). Pups were fed
twice daily until postnatal day (PND) 7 with the formula
described in detail elsewhere [14].
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Lung function measurements

At PND7 lung function testing was performed using the
forced oscillation technique with the flexiVent™ appara-
tus equipped with module 2 (SCIREQ, Canada), (module
2 for pups < 80gr). Preterm rabbits were initially anesthe-
tized with ketamine (35 mg/kg) and xylazine (5 mg/kg)
administered intramuscularly (i.m.). Then, a tracheos-
tomy was performed with a 14-gauge metal needle, and
pups were connected to the volume-controlled mechani-
cal ventilation of the flexiVent™ (tidal volume [V] 10
mL/kg, breath rate [BR] 120 breaths/min, positive end-
expiratory pressure [PEEP] of 3 c¢mH,0). Inspiratory
capacity (IC), lung tissue damping (tissue resistance, G),
lung tissue elastance (H), and static compliance (C) were
determined. G and H were measured using the Prime-
wave-8 forced oscillation, whereas C, was determined
using the pressure-volume curve. All measurements were
performed until three consistent measurements were
obtained, with a coefficient of determination >0.95 as the
limit to accept the measurement. The average of three
measurements was calculated and used in the analysis.

Lung section collection

At PND7 pups were euthanized by an overdose of
sodium pentothal prior to lungs harvesting. Then, the
fixation procedure was performed ex-vivo following the
protocol described elsewhere [13, 14, 19]. Briefly, the
lungs were removed en bloc, and a 14-gauge catheter was
secured inside the trachea. The lungs were fixed with
10% buffered formalin (Sigma-Aldrich, Germany) for at
least 4 h under constant pressure (25 cmH,0). After that,
the lungs were left in formalin for at least 24 h and then
dehydrated in graded alcohol solutions, xylene clarified,
and paraffin embedded. Dorsal serial Sect. 5 pum thick
were selected at the same cutting depth for each animal
using a rotary microtome.

Lung tissue histomorphometry

Lung sections collected from PND7 pups were stained
with H&E according to the manufacturer’s specifica-
tions (Histo-Line Laboratories). Histological slides
were acquired as whole slide images by digital slide
scanner (Nanozoomer S-60, Hamamatsu, Japan). The
histomorphometrical analyses were performed on
these slides, including RAC, MT%, and acute lung
injury (ALI) score. RAC was determined by drawing
a perpendicular line from the lumen of the terminal
bronchiole to the nearest connective tissue septum or
pleural margin and counting the number of saccules
or alveoli intersected along this line [20, 21]. For MT%
evaluation, 10 random peripheric muscularized ves-
sels with external diameter (ED) < 100 pum, correspond-
ing in rabbits to the pre- and intra-acinar arteries,
were selected per Sect. [13]. MT% was calculated by
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Fig. 1 Experimental pipeline. The experimental approach consists of two main phases: the development of a quantitative label-free tool (a-d) and its
application (e-f) to study hyperoxia-induced histological changes in a preterm rabbit model. (@) Lung sections were collected from rabbits delivered at 28
GA and either exposed for 7 days (7D) to normoxia (“N": 21% O,) or hyperoxia ("H": 95% O,). (b) Design of a multichannel imaging system to enable the
simultaneous visualization of BPD-relevant lung parenchymal features by detecting tissue autofluorescence intensity and lifetime, as well as SHG upon
TPEF. (c) Extraction and validation of each label-free features (“F1’,"F2" etc.) by using standard staining or immunolabelling (“Ab”). (d) Optimization of the
analysis procedure for each feature ("F1",“F2" etc.). (e) Investigation of one feature (‘F1",“F2" etc.) at a time to explore the differences between normoxia
and hyperoxia in preterm rabbits. (f) Evaluating the robustness of the tool's analysis and findings by correlating the label-free features with corresponding
measurements from H&E-stained sections, and by comparing the severity of histological changes with the severity of lung function impairments

measuring the external (ED) and internal (ID) short-
side diameters and applying the following formula
[22]:

(ED —1ID)
MI%=""Fp
This proportional parameter accounts for variations due
to vasodilation, vasoconstriction, and tissue shrinkage
[22]. The ALI score was assessed using the method pro-
posed by the American Thoracic Society [23] and follow-
ing the procedure outlined in [14]. The method is based
on five histological findings (i.e., neutrophils in the alve-
olar space, neutrophils in the interstitial space, hyaline
membranes, proteinaceous debris in the airspace, and
alveolar septal thickening).

For collagen evaluation, lung sections were stained with
PSR and imaged using either brightfield microscopy or
two-photon microscopy for fluorescence detection. PSR
fluorescence has been shown to provide a stronger, col-
lagen-specific signal compared to brightfield microscopy
and, unlike linear polarized light microscopy, is insen-
sitive to sample orientation [24, 25]. PSR-fluorescence
staining was performed following the protocol described
in detail elsewhere [25]. Briefly, slides were incubated for
1 h in a PSR staining solution containing 0.5 g of Direct
Red 80 (Cat. 2610-10-8, Sigma-Aldrich Corp., St. Louis,
MO) dissolved in 500 mL of saturated picric acid (Cat.
P6744-1GA, Sigma-Aldrich Corp., St. Louis, MO). Slides
were then washed twice with acidified water (0.5% ace-
tic acid) and sequentially dehydrated through graded
ethanol (EtOH) solutions (70%, 90%, 95%, and 100%).
Residual EtOH was removed by two washes in xylene.
Imaging was performed using a DPX mounting media
(Thermo Scientific™). Lung sections were excited with
TPEF at 1000 nm, and PSR signals were collected in the
505-680 nm range.

Immunohistochemistry

Immunohistochemistry was carried out by using a fully
automated research stainer (Leica BOND RX, Leica
Biosystems). The BOND Intense R Detection System
(DS9263) was used for the visualization of immunos-
taining. It is a peroxidase-based detection system opti-
mized to be used on the automated stainer (BOND),
and it contains peroxide block, streptavidin conjugated

to horseradish peroxidase (HRP), 3,3’-diaminobenzidine
(DAB) as chromogen and hematoxylin. Before stain-
ing, lung sections were deparaffinized through incuba-
tion with BOND Dewax Solution (AR9222) at 72 °C and
rehydrated in EtOH. Heat induced-antigen retrieval was
performed by applying citrate-based pH 6.0 buffer at
95° C for 20 min (Epitope Retrieval 1-ER 1) (AR9961).
Lung sections were incubated for 10 min with perox-
ide block (Leica Biosystems) and then 60 min with goat
serum diluted 1:10 with PBS+ Triton X-100 to block
endogenous peroxidase and secondary antibody unspe-
cific binding, respectively. Afterwards, lung sections
were incubated for 1 h with the primary antibody mouse
monoclonal to Collagen Type I Alpha 1 Chain (Collal)
(MA1-26671) at room temperature in dilution 1:500 with
goat serum. For the detection of Collal, lung slices were
incubated for 30 min with biotinylated goat anti-mouse
BP-9200-500. Then, streptavidin, a biotin binding-pro-
tein, covalently conjugated to HRP enzyme (Leica Biosys-
tems) was incubated for 30 min on each lung sample. The
reaction was visualized by using DAB as chromogen.

Tissue deparaffinization and rehydration

For label-free imaging and immunofluorescence, paraf-
fin was removed by immersing the collected 5 pm-thick
lung sections in xylene (Cat. 534056—4 L, Sigma-Aldrich)
for three washes of ten minutes each. Residual xylene
was eliminated by sequential immersion of the slides in
EtOH solutions: three washes in 100% EtOH, followed by
one wash in 95% EtOH and one wash in 70% EtOH, each
for five minutes. EtOH was then removed by multiple
washes in PBS. Lung sections were maintained in PBS
until imaging.

Immunofluorescence

An optimized procedure and acquisition setting were
developed for each antibody used. For Alfa-SMA
(Goat polyclonal alpha smooth muscle actin, Abcam,
ab21027) immunofluorescence, a buffer of 25mM
Tris(hydroxymethyl)aminomethane hydrochloride
(TRIS-HCL) pH 8,5, 1ImM Ethylenediaminetetraacetic
acid (EDTA), 0,05% Sodium dodecyl sulfate (SDS) was
chosen for antigen retrieval; Slides were immersed in
this buffer for 10 min at 95 °C, then allowed to cool at
room temperature (RT) for 30 min and washed 3 times
in distilled H,O. Samples were then permeabilized in
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0.1% TritonX-100 in PBS (PBST) for 30—45 min at RT.
After permeabilization, slides were incubated overnight
(ON) at 4 °C with a solution of 1:200 primary antibod-
ies in PBST. After 3 washes for 10 min each at 37 °C with
PBST, lung slices were incubated 1 h RT with a solution
1:1000 secondary antibodies (Alexa fluor 488 chicken
anti-goat A-21467) in PBST. Three washes were then
performed to remove unbound secondary antibody. The
immunolabelled lung sections were acquired using two-
photon microscope by exciting at 760 nm and the signals
collected in the 380-570 nm. For Cluster of differentia-
tion 31 (CD31) immunofluorescence (mouse monoclonal
CD31/PECAM-1 [H-3], sc-376764), a buffer of 0.01 M
pH 6.0 citrate was chosen for antigen retrieval. Slides
were immersed in this buffer for 5 cycles of 5 min each
in a microwave at 750 W and allowed to cool for 30 min.
Slides were washed in PBS and immersed for 1 h with a
blocking solution 3% Bovine Serum Albumin (BSA) in
PBS. After the blocking step, slides were incubated ON
at 4 °C with a solution of 1:600 primary antibodies in BSA
3%. The following day, after the PBS washing steps, lung
slices were incubated 1 h at RT with a 1:1000 solution
of the secondary antibody (Alexa fluor 555 donkey anti-
mouse A322773) in BSA 3%. After washing and 5 min
blocking in H,0, slides were incubated with the nuclear
staining 4,6-diamidino-2-phenylindole (DAPI). Another
washing step was performed before imaging. The stained
lung sections were acquired with confocal microscope
Stellaris 8 (Leica Microsystem, Germany) by exciting
DAPI at 405 nm and collecting the signal between 425
and 470 nm, and by exciting the Alexa-555 secondary
antibody linked to CD31 primary antibody at 553 nm and
collecting the signal between 560 and 700 nm.

Two-photon and fluorescence lifetime imaging microscopy
Lung sections were imaged using an Olympus FVMPE-
RS microscope equipped with a two-photon Ti: sap-
phire laser (MaiTai HP, SpectraPhysics) operating at
an 80-MHz repetition rate and a FLIMbox system (ISS,
Urbana Champaign). Intrinsic tissue fluorescence and
SHG signals from collagen were induced by excitation
at 780 nm. Emission signals were collected using a x30
PlanApo silicon immersion objective (Numerical aper-
ture=1.0) in the 470-570 nm range for autofluorescence
intensity and in the 380—-410 nm range for SHG. The lat-
ter range corresponds to half the excitation wavelength,
consistent with the theoretical SHG emission [26]. Auto-
fluorescence lifetime was measured in the 420-460 nm
range, where reduced nicotinamide adenine dinucleotide
(phosphate) [NAD(P)H] intrinsic fluorescence is pre-
dominantly expected [27, 28]. Intensity contrast images
were acquired with 2.0% laser power (2.90 W), using a
450 V detector for autofluorescence and a 720 V detec-
tor for SHG. Laser power and detector settings were
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kept constant for both hyperoxia and normoxia sam-
ples. To ensure representative sampling and minimize
scanning time, ten mosaics (2.7 mm?® each) were ran-
domly acquired from each lung section, taking approxi-
mately 1 h per section. Each mosaic comprised sixteen
1024 x 1024-pixel images (scan speed: 10 ps/pixel), which
were automatically stitched using the Olympus FV31S-
SW FLUOVIEW software. No digital zoom was applied,
and the signal-to-noise ratio was enhanced by averaging
two frames. The X, y, and z coordinates of each mosaic
were recorded to facilitate subsequent acquisition fol-
lowing staining or immunolabeling. For fluorescence
lifetime measurements, a 6x digital zoom was applied,
and a minimum of ten additional randomly distributed
512x512-pixel images (scan speed: 12 ps/pixel) were
acquired using 0.4%-0.8% laser power (2.90 W) and a
detector voltage of 850 V. FLIM data were collected until
a minimum of 10° counts per pixel were obtained within
the region of interest. Calibration of the ISS FLIMbox
system was performed using the known mono-exponen-
tial lifetime decay of fluorescein at pH 11.0 (4.0 ns upon
excitation at 780 nm, collection range: 572—642 nm). Cal-
ibration samples were prepared by diluting a 100 mmol/L
fluorescein stock solution in EtOH (1:2000) with 0.1 M
NaOH (pH 11.0) prior to each session.

FLIM data analysis

Fluorescence lifetime is the time interval between photon
absorption by a fluorophore and the subsequent emis-
sion of fluorescence [29]. It is intrinsic to the molecular
structure, highly sensitive to conformational and micro-
environmental changes, and largely independent from
concentration [30], thus offering high discriminative
power between tissues. Together with the intensity mod-
ulation, changes in fluorescence lifetime can represent an
intrinsic “fingerprint” of disease [31].

FLIM data were analyzed using the phasor approach
[29, 32]. Briefly, the fluorescence lifetime decay of each
image pixel was measured and transformed via Fourier
analysis into a point with coordinates G and S in the pha-
sor plot. Each pixel in the image corresponds to a point in
the phasor plot, and conversely, each cluster in the pha-
sor plot represents a set of image pixels. Mono-exponen-
tial decays generate points along the universal semicircle,
while multi-exponential decays distribute points within
the semicircle. The position of these points reflects the
intensity-weighted average contributions from individual
mono-exponential decays.

Specifically, for each image, a cluster of points in the
phasor plot was obtained, with each point corresponding
to the lifetime of an image pixel. The centroids of these
clusters were then calculated for each image and aver-
aged to obtain a mean centroid for each sample. Only
the G coordinates of these centroids were considered, as
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the S coordinates remained largely unchanged. Phasor
centroid analysis and overall FLIM data processing were
performed using SimFCS v. 4.0 software (Laboratory for
Fluorescence Dynamics, University of California, Irvine).

SHG data analysis

SHG signals are detected exclusively within an emission
range corresponding to half the illumination wavelength.
To validate SHG specificity, lung slices were excited at
720 nm, 780 nm, and 840 nm. Emission signals were col-
lected in the 380—410 nm range to selectively isolate SHG
signals and in the 470-680 nm range to capture autofluo-
rescence signals. True SHG signals were defined as those
present in the 380—-410 nm range when excited at 780 nm
but absent when excited at 720-840 nm, ensuring the
exclusion of autofluorescence artifacts.

Label-free histomorphometry

From each label-free mosaic all lung features listed below
were extracted and manually or semi-automatically ana-
lyzed with Image J Fiji [33]. These features were then
used solely for a 2D quantitative histological evaluation.
A complete summary of all features, including acquisi-
tion methodology, image analysis procedures, associated
pathological significance, and corresponding conven-
tional parameters, is provided in Supplementary Table 1.

Tissue density (TD) (%)

Tissue area was assessed using the HUANG [34] thresh-
old-based mask applied to the autofluorescence channel
for tissue selection. Huang thresholding had previously
been applied to stained tissue for quantitative lung mor-
phology elsewhere [35]. From the total autofluorescence
area, the area of alveolar exudates (for details, see “Den-
sity of alveolar exudates” in Materials and Methods) was
excluded to focus solely on tissue segments. Tissue areas
were then normalized by the acquisition area using the
following formula:

(Autofluorescence area — area of alveolar exudates)

TD (%) = x 100

Mosaic area

Tissue autofluorescence intensity

Autofluorescence intensity was quantified in tissue seg-
ments. Tissue selection was performed using a HUANG
[34] threshold-based mask applied to the autofluores-
cence channel. The average tissue intensity was then nor-
malized to the background intensity using the following
formula:

. . i Tissue Autofluorescence intensity
Tissue auto fluorescence intensity =

Background auto fluorecence
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Density of alveolar exudates (%)
Alveolar exudates were measured using the autofluo-
rescence channel. Exudates accumulated in the alveolar
spaces were manually selected and the total area was cal-
culated. The area was then normalized to the mosaic area
using the following formula:

-~ Area alveolar exudates

Density of alveolar exudates (%) = Mosai x 100
Losaic area

Density of parenchymal collagen (%)

Fibrillar collagen was assessed using the SHG channel. To
eliminate background noise caused by the bleed-through
of autofluorescence emitted by spot-like structures and
red blood cells (RBCs), autofluorescence was subtracted.
This process ensured that only pixels with a true SHG sig-
nal were retained for collagen evaluation. Quantification
was performed by applying the “Frangi vesselness filter”
[36] version “imglib, experimental’, available on Image]
Fiji. Originally developed as a vessel enhancement filter,
the Frangi filter has also been applied to detect tube-like
structures such as collagen fibers [37]. Filter parameters
were optimized by testing multiple combinations and
comparing their detection capabilities in our images. The
chosen parameters were: ‘number of scales’ = 1, ‘mini-
mum scale’ = 0.9, ‘maximum scale’ = 5. To selectively
identify collagen in the alveolar septa and interstitial
spaces, four regions of interest (ROIs) of 0.237 mm® were
selected within each mosaic to avoid airways, and mus-
cularized vessels. The ROIs selection was exclusively per-
formed on the autofluorescence channel to minimize the
selection bias. Otsu’s threshold was then applied to the
SHG channel to select areas occupied by fibers. The col-
lagen area was subsequently normalized by the ROI area
using the following formula:

Area SHG collagen

1
ROI area x 100

Parenchymal collagen (%) =

Alveolar density

A ROI of 0.866 mm?® was selected at the same central
position of each mosaic to manually count all enclosed
surfaces, excluding airways, vessels, and alveolar sacs,
while including individual alveoli, thus providing an
approximation of the alveolar count (Supplementary
Fig. 1). The excluded structures were recognized using
their peculiar autofluorescence and SHG signal combina-
tion. The number of alveoli was then normalized by the
ROI area and a multiplicative factor of 10* was applied,
using the following formula:

Count of enclosed sur facesx
ROI area

Alveolar density = x 10*



Marazzini et al. Respiratory Research (2026) 27:153

*No airways, vessels, alveolar sacs.

Arterial medial thickness (MT) (%) and Arterial adventitia
thickness (ADVT) (%)

MT% and ADVT% were evaluated by combining the SHG
and autofluorescence channels. For MT% we adapted the
method previously described in [13]. For each animal, ten
muscularized vessels with an external short-side diam-
eter between 50 pm and 100 um, identified in the mosa-
ics and corresponding to pre-and intra-acinar arteries in
rabbits, were selected. MT% was calculated by measuring
the external short-side diameter excluding SHG signals
(ED) and the internal short-side diameter (ID), which
considered only the lumen (Supplementary Fig. 2), using
the following formula [22]:

ED—-1ID

MT (%) = =5

x 100

ADVT% was determined on the same vessels by measur-
ing the external short-side diameter including SHG sig-
nals (AED) and using the previously measured ED as the
internal diameter, which encompasses both the lumen
and internal layers (Supplementary Fig. 2), applying the
following formula:

AED — ED

ADVT (%) = = o

x 100

Principal component analysis (PCA)

PCA was performed on MATLAB, by means of the
built-in function providing the principal components,
explained variances, and scores. The results were ana-
lyzed to understand variance contributions, and scat-
terplots were generated for visualization. Confidential
ellipsoids were calculated using the eigenvalues and
eigenvectors of a covariance matrix in MATLAB. The
eigenvalues define the axes’ lengths, while the eigenvec-
tors determine their orientation in space. This repre-
sentation visualizes uncertainty in multivariate data by
scaling the ellipsoid according to the confidence level.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(GraphPad 8.0.1, San Diego, CA, USA). Normality tests
were performed with Shapiro-Wilk, variance tests with
test F and outliers’ identifications with ROUTE method
(Q=1%). Information on the statistical test used is pro-
vided in the description of each figure and it is in accor-
dance with data distribution. Correlation tests were
performed using Person or Spearman tests depending on
whether the variables were normally distributed or not.
For linear regression analysis, regression coefficients and
goodness of fit (R?) were reported in figure description.
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Levels of significance used: ns=p > 0,05, * p<0,05, **
p S 0,01’ ek p S 0’001’ ek p S 0’0001.

Results

Designing a multi-channel acquisition system for label-free
simultaneous visualization of lung parenchymal structures
As detailed in materials and methods, lung sections
were collected from rabbits delivered prematurely at
28 GA and exposed to hyperoxia (95% O,, n=6) for
7 days to mimic severe BPD (Fig. 2a). Animals cared
under normoxia (21% O,, n=6) were used as controls
(Fig. 2a). In the proposed approach for image acquisi-
tion, we employed a TPEF microscope. The laser was set
to 780 nm, and a multi-channel detection system was
designed to simultaneously capture tissue autofluores-
cence intensity, lifetime and SHG signals from collagen in
the 470-570 nm, 420-460 nm and 380-410 nm ranges,
respectively (Fig. 2b). To acquire tissue autofluorescence
intensity and SHG signals, we used an optimized protocol
involving random acquisition of 10 mosaics (each cover-
ing 2.71 mm?), with 16 frames per mosaic for each sec-
tion (Fig. 2c). As illustrated in Fig. 2d, the integration of
autofluorescence intensity and SHG signals enabled the
simultaneous label-free detection of lung parenchymal
parameters relevant to BPD, including TD, autofluores-
cence intensity, alveolar exudates, fibrillar collagen depo-
sition, arterial layers and alveolar density. Beyond these,
autofluorescence lifetime provides an additional source
of image contrast (for details and definition, see Materials
and Methods). Lifetime measurements were performed
on ten randomly selected regions at higher magnification
and summarized using a phasor centroid (Fig. 2e), pro-
viding a distinctive signature that can help discriminate
between normoxic and hyperoxic conditions.

Autofluorescence-based features: hyperoxia exposure
induces increased tissue density, inflammation and
reduced autofluorescence intensity

Lung parenchymal development and inflammation are
traditionally assessed using H&E-stained Sects. [6, 11,
13], which effectively highlight tissue morphology and
cellular components. Autofluorescence imaging in the
470-570 nm range revealed lung morphology compa-
rable to that observed in H&E-stained sections (Fig. 3a).
Additionally, autofluorescence effectively visualized cells
of the airways epithelium, blood vessels, and alveolar
exudates (Supplementary Fig. 3). Compared to normoxic
controls, hyperoxia-exposed lungs displayed septal thick-
ening and elevated alveolar exudates (Fig. 3b). To confirm
these observations, we developed an autofluorescence-
based method for quantifying TD and alveolar exudates.
Among the tested thresholding approach (e.g., Otsu [38],
Percentile), the Huang method [34] provided the most
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(See figure on previous page.)

Fig. 2 Multichannel imaging system enabling simultaneous visualization of lung parenchymal features in preterm rabbit tissue sections. (a) Lung Sect.
(5 pum) were obtained from preterm rabbits extracted at 28 GA randomly assigned to normoxia (21% O,, n=6) or hyperoxia (95% O,, n=6) for seven days.
Paraffin was removed from lung sections before label-free imaging. (b) TPEF of lung sections at 780 nm and simultaneous acquisition of autofluores-
cence intensity in the 470-570 nm range, SHG of collagen in the 380-410 nm range, and autofluorescence lifetime in the 420-460 nm range through
an optimized multichannel acquisition system. (c) The optimized acquisition protocol for autofluorescence intensity and SHG which involved random
acquisition of 10 mosaics (each 2.71 mm?) per lung slice, with 16 frames per mosaic. (d) Representative image of all features that can be simultaneously
analyzed in each mosaic using autofluorescence (red signal) and SHG imaging (green signal). These features include tissue density and intensity of its
autofluorescence (yellow boxes), alveolar exudates (light blue box and indicated by arrowhead), fibrillar collagen (green box and indicated by arrowhead),
arteries (orange box), and alveolar density (pink box). (e) Ten additional randomly distributed regions within the same lung sections were selected for
autofluorescence lifetime measurement. Representative FLIM images of the ten regions depicted the distribution of fluorescence intensity (left) with each
pixel having a corresponding point in their phasor plot (right). The resulting cluster centroid represented the sample’s lifetime signature. Images of SHG

signal were presented after autofluorescence subtraction

accurate tissue segmentation and was therefore used for
TD analysis (Supplementary Fig. 4).

During inflammation, alveolar spaces become filled
with immune-cell infiltrates, primarily neutrophils with
fewer macrophages, as well as proteinaceous debris,
including fibrin strands and hyaline membranes [23].
Alveolar exudates emit autofluorescence (Supplementary
Fig. 5) and were more prominent in the lung sections of
rabbit pups exposed to hyperoxia (Fig. 3b), as corrobo-
rated by H&E-stained slices (Supplementary Fig. 6). Since
thresholding methods indiscriminately select all auto-
fluorescent elements, alveolar exudates were initially
included in TD calculations (Supplementary Fig. 7). To
address this, we quantified the exudates separately as an
indicator of inflammation and subtracted their area from
the total tissue measurement (for details, see Materi-
als and Methods). Hyperoxia exposure resulted in a sig-
nificant increase in TD% (Fig. 3c), attributed to septal
thickening, as corroborated by H&E staining on the same
tissue sections (Supplementary Fig. 6). Additionally, a
clear trend toward increased alveolar exudates % was
observed in hyperoxic samples (Fig. 3d).

Notably, alveolar exudates showed a patchy distribu-
tion across lung sections and exhibited substantial vari-
ability in overall quantity within the hyperoxia group
(Supplementary Fig. 8).

In addition, we measured autofluorescence intensity
using the Huang thresholding approach [34]. Autofluo-
rescence signal intensity depends on the composition
and intrinsic fluorescence properties of endogenous mol-
ecules that are excited and emit within the spectral range
considered. Therefore, variations in autofluorescence
intensity may serve as intrinsic indicators of composi-
tional changes characteristic of disease states [31], which
in this case is related to oxygen injuries. Under identical
acquisition settings, hyperoxic lung tissue exhibited ~2
units lower autofluorescence intensity compared to nor-
moxic tissue (Supplementary Fig. 9). While the biologi-
cal basis of this difference was not explored in detail, we
identified highly autofluorescent, spot-like structures in
both normoxic and hyperoxic lungs that may have influ-
enced overall signal intensity. These structures exhibited

spectral and lifetime characteristics consistent with RBCs
(Supplementary Figs. 10), suggesting that they may repre-
sent RBCs trapped within capillaries.

SHG-based feature: hyperoxia exposure induces increased
fibrillar collagen deposition

To assess collagen fiber deposition following hyperoxia
exposure, we incorporated a dedicated channel for
acquiring SHG signals. SHG is widely used for collagen
quantification due to its non-centrosymmetric struc-
ture [39]. This phenomenon occurs when two incident
waves interact with a non-centrosymmetric material,
generating an output wave with half the wavelength
of the incident waves [26]. In our study, lung sections
were excited at 780 nm, and a 380—-410 nm bandpass
filter was applied to isolate SHG signals while mini-
mizing background autofluorescence. To confirm the
specificity of SHG for collagen, a subset of the same
tissue sections was stained with PSR, a widely used
histological/fluorescent marker for fibrillar collagen
[6, 24, 25, 40]. We noted a consistent qualitative asso-
ciation between the SHG signal and PSR fluorescence
(Fig. 4a). Prior to collagen analysis, image processing
was performed to remove background noise. Specifi-
cally, autofluorescence was subtracted to eliminate
interference from highly autofluorescent structures
such as RBCs and other spot-like features (Supplemen-
tary Fig. 11). These structures were verified not to emit
true SHG signals, as their emissions remained present
in the 380-410 nm range when excited at 720 nm and
840 nm (Supplementary Fig. 12), confirming that they
were not fibrillar collagen components.

SHG-based comparisons revealed an increase in
collagen deposition in hyperoxia-exposed lung paren-
chyma, suggesting mild fibrosis (Fig. 4b). In normoxia
conditions, collagen appeared to be primarily localized
at secondary septal tips (yellow arrowheads in Fig. 4b),
consistent with areas of active alveolarization (Supple-
mentary Fig. 13). The higher collagen deposition in
hyperoxia-exposed animals was further qualitatively
verified by immunohistochemistry with a Collal anti-
body, which specifically detects collagen I, and by PSR
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Fig. 3 Autofluorescence-based features: TD and alveolar exudates. (a) Autofluorescence imaging reveals lung morphology comparable to that observed
in the corresponding H&E-stained section. Representative comparison between (left) tissue autofluorescence and (right) the H&E staining of the same
histological section. (b) Representative images of tissue autofluorescence signal from Normoxia (left) and Hyperoxia (right) preterm rabbits showing
hyperoxia-induced septal thickening and increased alveolar exudates. Yellow arrowheads indicate the magnified regions. (c) Scatter plot of the percent-
age of tissue density calculated from tissue autofluorescence signal using a Huang-based thresholding mask, and by subtracting the area of alveolar
exudates from the tissue area, in lung sections from n=6 normoxia and n=6 hyperoxia preterm rabbits. Statistical difference was assessed using unpaired
t test and Mean + SEM were presented for both conditions. (d) Scatter plot of the percentage of alveolar exudates measured on tissue autofluorescence
in lung sections from n=6 normoxia and n=6 hyperoxia preterm rabbits. The statistical difference was assessed using Welch t test (populations had dif-
ferent variances) and Mean + SEM were represented for both conditions
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Fig. 4 SHG-based features: Fibrillar collagen content. (a) Representative images comparing the SHG signal (top) and PSR fluorescence (bottom) on the
same lung section. Whenever an SHG signal was detected, a corresponding PSR signal was also observed (yellow boxes). (b) Representative images of
the combination of SHG (green) and autofluorescence (red) in lung sections from normoxia (top) and hyperoxia (bottom), showing increased collagen
content in hyperoxia. In normoxia, collagen was primarily localized at the tips (yellow arrowheads), while in hyperoxia, abundant collagen deposition
was observed in the alveolar septa and interstitial space (yellow arrowheads). (c) Scatter plot of the percentage of area occupied by parenchymal col-
lagen fiber normalized by the area of acquisition, measured on lung sections from n=6 Normoxia and n=6 Hyperoxia preterm rabbits. To specifically
measure parenchymal collagen, regions without muscularized vessels and airways were selected from the autofluorescence channel. Mann-Whitney test;
Median +interquartile range (IQR) are presented for both conditions. Notably, images and analysis of SHG signal were presented after autofluorescence

subtraction as detailed in materials and methods

staining on normoxia and hyperoxia consecutive tissue
sections (Supplementary Fig. 14).

To quantitatively assess parenchymal collagen depo-
sition, we applied the Frangi Vesselness filter [36],
which, in combination with Otsu thresholding, pro-
vided the most reliable detection of collagen fiber
among the tested filters (e.g., CLAHE [41], Median Fil-
ter [42] (Supplementary Fig. 15) (for details, see Mate-
rials and Methods). Quantitative analysis confirmed
the qualitative findings, revealing a significant 2.6-fold

increase in parenchymal collagen deposition in hyper-
oxia-exposed tissues (Fig. 4c).

Autofluorescence and SHG-based features: hyperoxia
exposure induces increased MT%, and reduced alveolar
density

By combining autofluorescence and SHG acquisitions,
we assessed two additional features: arterial wall thick-
ness and alveolar density. Arteries were readily iden-
tifiable in label-free images (Fig. 5a). The outer layer
exhibited strong SHG signals, which may correspond to
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Fig. 5 Autofluorescence and SHG-based features: MT% and alveolar density. (a) Representative image of the label-free appearance of arteries by com-
bining autofluorescence (in red) and SHG (in green). Each line corresponds to a different component listed in the figure. (b) Smooth muscle layer of
tunica media was identified label-free (left) and smooth muscle cell confirmed by using anti- a-SMA antibody on the same lung slice (right). The yellow
arrowheads indicate magnified regions. (c) Representative comparison between normoxia (top) and hyperoxia (bottom) showing arterial wall thicken-
ing in hyperoxia. AF in red, and SHG, in green. Asterisks indicate arteries with ED between 50 and 100 pum. Yellow boxes indicate magnified regions. (d)
The scatter plot shows the MT% measured on lung sections from n=6 Normoxia and n=6 Hyperoxia preterm rabbits. Mann-Whitney test; Median +1QR
are presented. (e) Scatter plot of alveolar density measured on lung sections from n=6 normoxia and n=6 hyperoxia preterm rabbits (Unpaired t-test;
mean = SEM are presented). The count of airspaces was normalized to the ROl area and scaled by a constant factor of 10*. Notably, images of SHG signal
were presented after autofluorescence subtraction as detailed in materials and methods

the collagen-rich tunica adventitia, while the inner lay-
ers showed autofluorescence from cells and elastin, char-
acteristic of the tunica media and intima (Fig. 5a). RBCs
were sometimes present within the lumen (Fig. 5a). In
the tunica media, layers of spindle cell characterized by

autofluorescent cytoplasm and dark, elongated nuclei
were distinguishable (Fig. 5a). Smooth muscle cells were
identified by immunostaining with an anti- «-SMA
antibody (Fig. 5b). Endothelial cells were occasionally
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identifiable within the tunica intima (Fig. 5a), as con-
firmed by anti- CD31/PECAM-1 staining (Supplemen-
tary Fig. 16).

As a surrogate of arterial remodeling, we measured the
MT%, a well-established indicator of vascular impair-
ment in BPD [11, 13, 17], together with ADVT% (for
details, see Materials and Methods). Hyperoxia-exposed
tissues showed arterial wall thickening (Fig. 5c) with
a significant 2.4-fold increase of MT% (Fig. 5d), while
ADVT% remained unchanged (Supplementary Fig. 17).

Furthermore, using an alveolar density metric derived
from autofluorescence and SHG signals as a surrogate of
alveolarization (for details, see Materials and Methods),
we found an approximate 22% reduction in alveolar den-
sity in hyperoxia-exposed lungs, indicative of alveolar
simplification. (Fig. 5e).

Autofluorescence lifetime-based feature: hyperoxia
exposure induces shift toward longer tissue
autofluorescence lifetime

A further analysis was conducted using FLIM to iden-
tify tissue autofluorescence lifetime of lung sections
under normoxia and hyperoxia conditions. Fluorescence
lifetime, like intensity signal, is a property of fluores-
cence that depends on the composition of endogenous
fluorophores within the tissue. Unlike intensity, auto-
fluorescence lifetime is more sensitive to tissue molecu-
lar composition, as it is independent of fluorophore
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concentration and reflects the local microenvironment
[43]. Consequently, tissue autofluorescence lifetime
provides an additional layer of contrast to distinguish
between hyperoxic and normoxic tissues. The measured
lifetimes, upon phasor transformation (for details, see
Materials and Methods), showed an elongated distribu-
tion within the universal semi-circle in both conditions
with phasor centroids shifted toward longer lifetime in
hyperoxia (Fig. 6a). This observation was confirmed by
measuring the G coordinate of centroids in both condi-
tions (Fig. 6b). This shift reflects intrinsic molecular dif-
ferences which could be leveraged for automated tissue
recognition without prior knowledge and warrants fur-
ther investigation into its underlying causes.

Label-free histomorphology correlates with H&E findings
and lung function

To further validate our findings, we performed correla-
tion analyses between label-free parameters for alveolar
and vascular assessments, specifically alveolar density,
alveolar exudates, and MT%, and conventional measure-
ments obtained from H&E-stained sections of the same
animals, including RAC, ALI score, and MT%, respec-
tively. Notably, all three label-free parameters showed
strong correlations with the conventional BPD-related
histomorphometric measurements (Fig. 7a—c). Spe-
cifically, alveolar density correlated with RAC (r=0.85)
(Fig. 7a); alveolar exudates correlated with the ALI score

Centroids analysis
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Fig. 6 Hyperoxia-induces a shift toward longer tissue autofluorescence lifetime. (a) Phasor plots describing the autofluorescence lifetime of normoxia
(top) or hyperoxia (bottom) lung sections. Shifting of autofluorescence lifetime can be modeled using phasor centroids (dark dot normoxia “N"and red
dot hyperoxia "H") and its movement between the two conditions. (b) Quantitative measurements of centroids shift along G axis. Scatter plot of the G
coordinates of the centroids measured for each cluster of points in the phasor plot for each of the n=5 normoxia rabbits and n=5 hyperoxia rabbits. Sta-
tistical difference was assessed using the Mann-Whitney test, with the median+IQR presented for both conditions (A median=0.031). The S coordinate

was not considered because it did not differ significantly
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Fig. 7 Label-free histomorphological features correlate with H&E-based findings and lung function metrics. Black dots were normoxia rabbits (n=6),
while red dots were hyperoxia rabbits (n=6). (a) Pearson correlation test between alveolar density measured from label-free signals and RAC calculated
in H&E-stained lung sections from the same rabbits. (b) Spearman correlation test between the percentage of alveolar exudates measured on the au-
tofluorescence signal, and the ALl score measured in H&E-stained lung sections from the same rabbits. (c) Spearman correlation test between the MT%
measured on label-free signals and those calculated in H&E-stained lung sections from the same rabbits. (d) Correlation between the overall histological
and functional profiles of preterm rabbits. The “label-free Histological Score (PC1)" (X-axis) and “Lung Functional Score (PC1)"(Y-axis) were derived from the
first principal component (with sign-inverted) of the respective PCAs. PC1 was selected because it accounts for most of the data variability in the analyses.
Pearson’s r=0.85, p=0.0004. Linear regression: Y =0.7245X — 7.735¢ ™% R* = 0.72

[23] (r=0.82) (Fig. 7b); and MT% values derived from
label-free imaging correlated with those obtained from
H&E-stained sections (r=0.87) (Fig. 7c). These results
further demonstrate the robustness of the method and
the reliability of our analysis in detecting hyperoxia-
induced alterations.

Before collecting lung sections, functional parameters
(IC/bw, G, H, Cst/bw) were measured in live animals
using the FlexiVent device (Supplementary Fig. 18). The
goal was to test whether the severity of histological alter-
ations detected by the label-free approach reflected the
degree of lung function impairment in the same animals,
thus further supporting the reliability of the method. Two
PCAs were performed, one for label-free histology and
one for lung function, using the measured parameters

(Supplementary Fig. 19a-b). The first principal compo-
nent (PC1) from each, accounting for most data variance
and to which all features from the respective analyses
contributed, with TD% and AF lifetime showing the larg-
est contribution in histological PC1 and Cst/bw and IC/
bw in the functional PC1 (Supplementary Fig. 19a-b),
was used as an overall Histological and Functional Score
(higher PC1 = greater severity). The two scores showed a
strong positive correlation (r=0.85, p =0.0004), with nor-
moxia and hyperoxia groups clearly separated at opposite
ends of a shared linear trend (R* = 0.72) (Fig. 7d). This
result confirmed that functional impairments were con-
sistently associated with histological alterations detected
by the label-free method. Pairwise correlations between
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individual parameters are shown in Supplementary
Fig. 20.

Discussion

In this study, we present a label-free, multi-channel imag-
ing approach that enables qualitative and quantitative
assessment of lung parenchymal alterations in a pre-
term rabbit model of BPD. By integrating TPEF, SHG,
and FLIM, we successfully visualized key pathological
hallmarks of hyperoxia-induced lung injury, including
increased TD, alveolar exudates, collagen deposition,
vascular alterations, and alveolar simplification. The pre-
sented method provides a reliable approach that supports
conventional histology and immunolabeling for lung tis-
sue characterization in preclinical BPD research.

The preterm rabbit exposed to hyperoxia has recently
been proposed for pharmacological studies on BPD
[9]. The preterm rabbit combines the easy handling
and large litter size of small animals with the ability to
mimic prematurity [10] and human-like lung develop-
ment [6]. Furthermore, exposing preterm rabbit (28GA)
to 95% oxygen for seven days has been shown to effec-
tively reproduce histopathological features of human
BPD, including impaired alveolar and vascular develop-
ment, inflammation, and ECM remodeling [9]. However,
working with rabbits also presents certain limitations,
such as the limited availability of validated antibodies
[9], which restricts the analyses primarily to functional
and histological outcomes. Histological assessment may
require multiple staining to study key relevant BPD fea-
tures. Here we present a non-destructive, label-free
method for in-depth analysis of pulmonary architecture
in lung slices from premature rabbits. By exploiting tis-
sue intrinsic autofluorescence, our approach effectively
identified increased TD, associated with septal thick-
ening, as well as increased alveolar exudates in hyper-
oxia-exposed lungs. These findings are consistent with
observations from serial sections stained with H&E, as
well as with previous reports of hyperoxic lung injury
in preterm rabbit models [6, 11, 17]. The correlation
between autofluorescence-based quantification of alveo-
lar exudates and the ALI score from histological assess-
ments of H&E-stained sections from the same animal
further highlights the potential of this method, even
if the evaluation of alveolar exudates is only one of the
five parameters included in the ALI score. Inflamma-
tory exudates exhibited distinct label-free signatures that
could eventually be used to identify their composition.
Given that “alveolar and interstitial edema” and “neutro-
phil infiltration into the alveolar space” are key compo-
nents of the ALI score, we hypothesize that the exudates
observed predominately in the hyperoxic lungs may con-
sist of a mixture of neutrophils and cell debris. Neverthe-
less, since we did not confirm the presence of neutrophils
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with immunostaining, we focused only on the total area
to assess the magnitude of alveolar exudates as surrogate
of the inflammatory response. Further investigations are
required to explore the composition of the exudates in
more detail.

The tissue autofluorescence intensity was also modu-
lated, decreasing in tissues exposed to high oxygen levels.
This change represents an intrinsic difference reflecting
a structural or molecular adaptation to oxygen exposure.
The underlying cause of this alteration requires further
investigation.

Fibrillar collagens, especially types I and III, are key
components of the lung interstitial matrix, ensuring
structural integrity and regulating tissue stiffness [44].
Dysregulated collagen deposition is a hallmark of both
clinical and experimental BPD [45]. Although less promi-
nent in the “new” BPD, variable alveolar fibrosis persists
in infant biopsies and autopsies [46, 47], and increased
collagen has been confirmed in BPD animal models [6,
10, 48-50]. SHG-based analysis revealed enhanced fibril-
lar collagen deposition in the parenchyma of hyperoxic
lungs, indicative of ECM remodeling and fibrosis, con-
sistent with previous finding in preterm rabbit exposed
to hyperoxia [6, 10, 17]. These findings were qualitatively
corroborated by PSR staining and immunolabeling for
Collal, underscoring the robustness of our approach.

During lung development, pulmonary vascular and
alveolar growth are tightly coordinated [51, 52]. In BPD,
this coordination is disrupted, resulting in alveolar sim-
plification and marked vascular and microvascular
impairment that compromise gas exchange [47, 53, 54].
Additionally, impaired angiogenesis and aberrant vas-
cular remodeling, primarily characterized by increased
arterial muscularization and tone [55], elevate the risk
of pulmonary arterial hypertension (PH), a major con-
tributor to morbidity and mortality in infants with BPD
[3]. Combining autofluorescence and SHG signals, our
tool revealed a significant increase in MT% in hyperoxia-
exposed lungs, closely matching values obtained from
histological sections and consistent with previous stud-
ies [11, 12, 17]. Furthermore, alveolar density was sig-
nificantly reduced in hyperoxia-exposed lungs, consistent
with impaired alveolarization previously highlighted [11,
12]. Although RAC and alveolar density were based on
different parenchymal features, both are related to the
degree of alveolarization. The strong correlation between
the label-free alveolar density metric and the RAC from
H&E-stained sections further supports the validity of this
technique for assessing lung developmental alterations.

FLIM provided an additional contrast layers, revealing
a shift toward longer autofluorescence lifetimes in hyper-
oxic lungs. This change represents a sensitive and intrin-
sic signature of hyperoxia’s effects, which could be used
to distinguish between hyperoxic and normoxic lungs,
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especially in case of automated analysis, and warranting
further investigation about its biological meaning.

By using all the optimized label-free features, the tool
successfully discriminated between normoxic and hyper-
oxic preterm rabbits, highlighting the varying histological
severity in hyperoxic rabbits. Furthermore, a strong cor-
relation between the histological severity and the degree
of lung function impairment assessed through Flexivent
measurements was found.

The key rationale for employing this approach lies in
its multiplexing capability and high information content.
In contrast to conventional assessments, which often
require multiple staining protocols on serial sections to
characterize distinct pathological features, our platform
enables the simultaneous visualization of alveolar, vascu-
lar, and ECM components from a single unstained slide,
while remaining compatible with subsequent immunoflu-
orescence or other staining procedures. Taken together,
the approach allows integration and co-registration of
multiple structural features, facilitating automated and
quantitative analysis.

Eventually, these advantages can be implemented for
drug screening, live tissue imaging and 3D applications.
While the current study focuses on rabbit lung, the plat-
form is broadly applicable to other tissues (e.g., rodent or
human-derived samples), as it exploits intrinsic signals
from conserved molecules (e.g., NAD(P)H, FAD, colla-
gen, and elastin) [31].

Regarding practical considerations, the platform relies
on standardized commercial multiphoton systems and
open-source analytical tools, making the method imple-
mentable and replicable. Although it currently requires
costly instrumentation and trained personnel, this aspect
should be considered in light of its high-throughput
screening potential which stems from both the multi-
modal acquisition system and the quantitative approach.
The latter was designed to extract multiple parameters by
leveraging primarily intrinsic signal contrasts, rather than
direct, pathologist-based recognition, while still ensur-
ing validation against expert pathological assessments.
Therefore, its design is inherently suited for automation,
and with improvements in acquisition through an auto-
focus system and workflow integration, this approach can
evolve into a powerful, high-throughput imaging tool for
routine preclinical research.

Nevertheless, this approach has certain limitations.
While it provides valuable quantitative and high- reso-
lution information on tissue structure, it does not offer
molecular specificity attainable through immunolabel-
ing. However, it can serve as an integrative platform that
co-registers multiple features, creating an “optical finger-
print” to guide targeted molecular analyses. Combined
with subsequent immunofluorescence, this co-registra-
tion can also generate annotated datasets suitable for
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training Al algorithms for label-free cell-type recognition
[56].

Furthermore, the sampling strategy has limitations, as
it does not cover the entire section and does not imple-
ment a fully unbiased stereological design, preventing
the use of our approach for accurate volumetric esti-
mation. However, our method follows well-established
histological protocols and incorporates multiple mea-
sures, including standardized sample collection, random
mosaic selection, and blind analysis, to ensure reproduc-
ibility and minimize bias, allowing robust 2D quantitative
comparisons between groups.

Additionally, autofluorescence-based assessments may
be influenced by the presence of highly fluorescent cel-
lular components, such as RBCs, which require careful
signal processing to exclude potential artifacts. Future
studies should explore the integration of hyperspectral
imaging, or complementary molecular probes to enhance
specificity. A more extensive use of lifetime measure-
ments could also aid in this direction, as its application
has been reported for collagen type identification [57],
oxidative stress imaging [58] and inflammation composi-
tion [59].

Conclusion

This study introduces a novel imaging platform for both
qualitative and quantitative assessment of hyperoxia-
induced lung alterations in a preterm rabbit model of
BPD. Our findings suggest that this label-free, non-
destructive screening method can effectively capture
key pathophysiological changes associated with hyper-
oxic exposure. With automated analysis, the approach
holds promise as a powerful tool for preclinical research,
enabling simultaneous evaluation of multiple patho-
logical features in a single acquisition. Being compatible
with standard histology and immunolabelling, this tool
is envisioned to be integrated into preclinical workflows
to complement and guide subsequent molecular analy-
sis, thus providing a more comprehensive and efficient
assessment of lung parenchyma alterations.
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