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Abstract

Background: Ambystoma mexicanum, the axolotl salamander, is a classic

model organism used to study vertebrate regeneration. It is assumed that axo-

lotls regenerate most tissues, but the exploration of lung regeneration has not

been performed until now.

Results: Unlike the blastema-based response used during appendage regener-

ation, lung amputation led to organ-wide proliferation. Pneumocytes and mes-

enchymal cells responded to injury by increased proliferation throughout the

injured lung, which led to a recovery in lung mass and morphology by 56 days

post-amputation. Receptors associated with the Neuregulin signaling pathway

were upregulated at one and 3 weeks post lung amputation. We show expres-

sion of the ligand, neuregulin, in the I/X cranial nerve that innervates the lung

and cells within the lung. Supplemental administration of Neuregulin peptide

induced widespread proliferation in the lung similar to an injury response,

suggesting that neuregulin signaling may play a significant role during lung

regeneration.

Conclusion: Our study characterizes axolotl lung regeneration. We show that

the lung responds to injury by an organ-wide proliferative response of multiple

cell types, including pneumocytes, to recover lung mass.
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1 | INTRODUCTION

Injury to the human lung has few therapeutic interven-
tions. Physicians must rely on mechanical ventilation
and assistive oxygen therapy until symptoms diminish
and the patient can recover some lung function.1 While
there has been evidence of compensatory growth after
injury in murine, canine, and human lungs, restoration
of lung surface area, and tissue mass can take over a
decade in humans.2-4 Studying animals with enhanced

regenerative abilities provides the unique opportunity to
identify strategies that facilitate regeneration, with the
hope of using this information for therapies. The axolotl
salamander, Ambystoma mexicanum, and several other
urodele species have been a focus of research for centu-
ries because they exhibit enhanced regenerative abilities
of organs and body parts.5 Extensive research has been
conducted on axolotl appendage regeneration (limbs and
tails) and a few organs (eye, central nervous system,
heart, and reproductive system). Yet, there is no evidence
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as far as we know of their abilities to regenerate lung tis-
sue.6 In this study, we determine whether the axolotl
regenerates lung tissue after amputation of the distal por-
tion of one lung.

Although axolotls are paedomorphic with a
completely aquatic lifestyle, they retain functional lungs
used for oxygen exchange. Studies of a closely related
adult paedomorphic salamander species, Ambystoma
tigrinum, showed that approximately 45% of oxygen
uptake occurs through the lungs, which increases under
hypoxic conditions.7 Like all amphibians, axolotl lungs
are less complex than their mammalian counterparts,
consisting of a large lumen lined with an epithelium con-
taining a single type of pneumocyte (in contrast to AT1
and AT2 pneumocytes in mammals), goblet cells, ciliated
cells, and neuroepithelial endocrine cells.8-11 Epithelial
cells cover septa consisting of a pulmonary vein, capil-
laries, connective tissue, and smooth muscle cells that
together generate considerable surface area for oxygen
exchange. Considering axolotls also respire through their
gills, skin, and buccalpharyngeal surface, the lungs pro-
vide a useful organ to study regeneration without signifi-
cantly impacting animal health.

Regeneration in vertebrates generally occurs either
through the generation of a blastema, proliferation
throughout the organ, or a combination of the two. The
regenerating salamander limb is an example of blastema-
based regeneration, whereby a mass of lineage-restricted
proliferating cells is formed at the amputation stump and
facilitates restoration of a near-identical limb.12 A feature
of blastema-based regeneration is that the new structure
derives mainly from cells located at the amputation
stump. In contrast, mammals respond to the removal of
one lung through an organ-wide proliferative response of
the contralateral lung called compensatory
regeneration,13 which also occurs in the mammalian
liver.14 Axolotls utilize a similar organ-wide proliferative
response after injury of some internal organs, such as,
the liver15 and ovary.16 Considering the axolotl displays
examples of both epimorphic and compensatory regener-
ation, it is unclear which strategy it would use after lung
amputation.

The mammalian lung is a complex tissue containing
over a dozen cell types, so it is unlikely that a single
endogenous stem cell population generates all cell
types.17,18 The response to partial pneumonectomy in
mice (removal of one lung) is widespread with transcrip-
tional changes and proliferation of endogenous epithelial,
connective tissue, endothelial, and blood cell types.19-23

The molecules that enhance compensatory lung regener-
ation after pneumonectomy are as numerous as the cell
types in the lung, including FGF,20 HB-EGF,24-26

VEGF,26 retinoic acid,27 SDF1,28 KGF,29 Yap,30 with

other signaling pathways involved in chemically-induced
injury models.18 Signaling through the epidermal growth
factor receptor family (ErbB) is associated with prolifera-
tion of epithelial cells in development, cancer, and after
injury.24,25,31-34 However, the level to which ErbB signal-
ing exacerbates lung injury or promotes regeneration is
still debated (35 for review). There are four known ErbB
family members, ErbB1-4, with ErbB1 referred to as
EGFR. Each ErbB receptor has distinct ligand-binding
regions and intracellular pathways that they can acti-
vate.36 Among the family members, ErbB2 does not bind
ligands, gaining specificity through its heterodimer ErbB
binding partner.37 Once activated by extracellular ligand
binding, ErbB receptors homo/heterodimerize to mediate
cell proliferation and differentiation.38

The ErbB3 ligand, Neuregulin-1 (Nrg1), has been
shown to induce proliferation in human lung epithelial
cells in vitro via activation of the JAK-STAT pathway.33,39

Alternatively, Nrg1 can also bind ErbB4 receptors to acti-
vate the Hippo-Yap pathway, which has recently been
implicated in promoting and controlling epithelial prolif-
eration in the adult rat lung.40,41 Notably, interleukin-1β
has been shown to induce shedding of Nrg1, potentially
providing a mechanism through which Nrg1 may give
rise to proliferation after injury.42

In this study, we tested whether axolotls are capable
of lung regeneration after amputation. We show that axo-
lotls have an organ-wide proliferative response, including
the contralateral lung, rather than generate a blastema
on the end of the amputated lung. Based upon our recent
observation that Nrg1 signaling through ErbB2 receptors
was important for axolotl limb regeneration43 as well as
the significance of ErbB signaling in mammalian lung
regeneration, we set out to determine if Nrg1 and ErbB
signaling are involved in axolotl lung regeneration. We
observed that ErbB receptors are upregulated after lung
amputation, Nrg1 is expressed in the lung and nerves
innervating the lung, and show that supplemental Nrg1
induces cell proliferation throughout the lung.

2 | RESULTS

2.1 | Characterization of the adult
axolotl lung

The axolotl lung is a sac-like structure with a central
lumen lined with alveolar septa, similar in structure to
other amphibians11,44 (Figure 1(A)-(C')). The amount of
connective tissue varies widely across animals, but the
underlying structure and cell composition are typical
(Figure 1(A)-(B')). Alveolar septa are covered with ciliary
cells on the region nearest the lumen (Figure 1(B')) with
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goblet cells sparsely dispersed, although these were not
stained for in this study.8-11,44 No cartilaginous nodules
are observed as in other amphibians45 (Figure 1(A)-(C'),
(D)). Histology shows connective tissue surrounding a

pulmonary vein and capillaries in each septa (Figure 1
(B')). Hybridization chain reaction mRNA FISH (HCR)
shows that alveolar septa contain smooth muscle cells
expressing myosin heavy chain 11 (Figure 1(D)).

FIGURE 1 Histology of uninjured axolotl lung. (A-B') Masson's Trichrome stained sections of uninjured lungs. Lungs in A and B are

from different animals to show variation in levels of connective tissue between lungs. (C-C') Alkaline phosphatase/Eosin stain of axolotl lung

showing staining of blood cells and pneumocytes. (D) HCR FISH of uninjured lung showing pneumocytes and smooth muscle. Scale bar in

zoomed out images A-C = 500 um. Scale bar in zoomed in images A'-C' = 50 um. sp, septa; alv, alveoli; sm, smooth muscle; ca, capillaries;

ci, ciliary cell; pv, pulmonary vein; pn, pneumocyte
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Pneumocytes line the sides and base of the alveolar septa
based upon alkaline phosphatase activity (Figure 1(C),
(C')) and expression of surfactant c (sfc; Figure 1(D)).

2.2 | Response to lung amputation

We amputated the distal tip of the left lung to character-
ize the injury response and determine whether regenera-
tion occurs through the generation of a blastema or
organ-wide proliferation (Figure 2(A)). All animals sur-
vived the surgery, although 20% of animals showed signs
of a pneumothorax-type response with air present in the
peritoneal cavity over the first 3 days post amputation
(dpa). By 3dpa, a clot formed and closed off the wound,
which continued to decrease in size over the first 7 dpa
(Figure 2(B)-(D')). The wound was covered with an epi-
thelial layer by 7 dpa (Figure 1(D), (D')), which coincided
with increased extracellular matrix deposition near the
wound site (Figure 1(C)-(E')). An example of likely alveo-
lar neogenesis is shown in Figure 1(E) and (E'). No
blastema-like structure was observed in the tissue, and
lungs recovered to near-normal morphology by 42 dpa
(Figure 1(F), (F')).

Gross lung morphology and size was recovered by
56 dpa (n = 8; Figure 1G). The amount of tissue that
regenerated was estimated by measuring the mass of tis-
sue removed during surgery and normalized to body
weight (0 dpa), which was used to predict the size of the
lung if no regeneration occurred. This estimate was com-
pared to actual total lung mass and the contralateral
uninjured lung mass at 56 dpa (Figure 1(H); [P = 0.02]).
No statistical difference in mass was observed between
the injured left and contralateral right lung at 56 dpa.
Together, this suggests that pulmonary tissue was able to
recover significant mass in response to amputation
through increased growth rates in the injured lung.

2.3 | Cell proliferation during lung
regeneration

To determine if regeneration is associated with cell prolif-
eration near the amputation or throughout the lung,
DNA synthesis was measured using 5-ethynyl-20-
deoxyuridine (EdU) incorporation (Figure 3(A), (B)). At
21 dpa, cell proliferation increased from baseline
throughout the lung up to at least 8 mm away from the
injury (Figure 3(B)-(C); EdU). This shows that amputa-
tion induces a widespread response throughout the organ
rather than localized to the amputation plane or a blas-
tema. HCR FISH along with EdU incorporation analysis
showed proliferating sfc+ pneumocytes in injured and

FIGURE 2 Histology of regenerating axolotl lung.

(A) Experimental diagram of surgeries. Left lung was surgically

injured while right lung was left intact. (B-F'') Masson's Trichrome

stains of the lung at 3, 5, 7, 28, and 42 dpa. (G) Representative image

of injured (top) and contralateral (bottom) lungs at 56 dpa. (H) Lung

mass after regeneration of the amputate lung (middle) relative to the

contralateral lung (right). Scale bar in zoomed out images B-

F = 500 um. Scale bar in zoomed in images B'-F' = 50 um. epi,

epithelial cell; cl, clot; ecm, extracellular matrix; n. alv, new alveoli
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contralateral lungs (n = 3; Figure 3(A)-(B')) although
both sfc− epithelial cells and mesenchymal cell types pro-
liferated during regeneration.

The average number of EdU+ cells was 5.25-fold
higher in injured lungs (10.1%; n = 3) vs lungs from
uninjured animals (1.9%; n = 3; P = 0.002) and 1.83-fold
higher compared with contralateral lungs in injured ani-
mals (5.5%; Figure 2(C); P = 0.032). At 21 dpa, 46.8% of
EdU+ cells were sfc+ expressing pneumocytes (Figure 3

(D)), while 18.0% of pneumocytes were EdU+ (Figure 3
(E)). These result show that approximately half of divid-
ing cells are the gas-exchanging pneumocytes while the
rest are either other epithelial cell types, smooth muscle,
connective tissue, or endothelial cells (For example see
Figure 3(B')). Together, this shows that regeneration is an
organ-wide response that utilizes proliferation of multiple
cell types in order to regain mass lost from amputation.
Although proliferation was observed in the uninjured
contralateral lung, it was not significantly higher than
uninjured lungs suggesting that the injured lung is grow-
ing faster than the contralateral lung.

2.4 | Nrg1/ErbB signaling during
regeneration

We reasoned that pathways involved in mammalian lung
development and repair including Nrg1/ErbB signaling
might also be utilized in axolotl lung regeneration. We
first used HCR and immunohistochemistry to localize
nrg1 mRNA and Nrg1 protein in cranial nerve IX/X gan-
glion, which innervates the lungs among other organs
(Figure 4(A) and (B)). Nrg1 mRNA and protein was also
observed in the lung septa at 21 dpa in regions enriched
with ciliated cells as well as smooth muscle cells
(Figure 4(C) and (D)). Together, these observations sug-
gest that Nrg1 ligand might be provided by both nerves
innervating the lung as well as cells within the lung.

We next determined if members of the Nrg1/ErbB sig-
naling pathway were upregulated during regeneration.
We examined nrg and erbb1/2/3/4 mRNA expression at
7 (n = 3) and 21 (n = 4) dpa and found that erbb1 and
erbb4 expression were increased at all time points, while
the ErbB ligand, nrg1, was upregulated at 7 dpa (Figure 4
(E), (E')). In mammals, ErbB2/ErbB4/Nrg signaling is
implicated in activation of proliferative genes, and can
serve multiple roles in lung tissue,46 while ErbB1 activa-
tion is implicated in promoting differentiation and
enhancing pneumocyte maturation.47 This observation
suggests that signaling through ErbB receptors might be
involved in the proliferative response associated with
lung regeneration.

2.5 | Supplemental administration
of Nrg1

Considering Nrg1's ability to activate ErbB2, ErbB3, and
ErbB4, we set out to determine if systemic administration
of Nrg1 peptide could induce cell cycle re-entry in
uninured lungs. Uninjured animals were injected intra-
peritoneally with recombinant Nrg1 peptide (n = 7;

FIGURE 3 Cell proliferataion during regeneration. (A) EdU

staining of a contralateral, right lung 21 dpa of the left lung.

(B) HCR FISH for sfc and EdU staining of an injured left lung

21 dpa. (B') Close-up image of a region in B. (C-E) Graphs showing

cell counts in injured vs uninjured lungs. Scale bar in zoomed out

images A-B = 500 um. Scale bar in zoomed in images B0 = 25 um
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100 ng/g body weight) (Figure 5(A)). Nrg1 administration
caused a 3.9-fold increase in total EdU+ cells compared
to sham-injected controls (P = 0.003; Figure 5(B)-(C)).
The epithelial layer (Figure 5(D)) had a 4.18-fold increase
(P = 0.006), while the mesenchyme showed a 3.74-fold
increase, but was not to statistically significant levels
(P = 0.056). Transcript levels for erbb4, erbb3, and erbb1
were significantly increased after Nrg1 administration
similar to those observed in amputated lungs suggesting
that a similar regenerative response may be occurring
(Figure 5(E)). These observations suggest that Nrg1

ligand induces a proliferative response in the uninjured
axolotl lung and activates Nrg1/ErbB signaling genes in a
similar manner to lung amputation.

3 | DISCUSSION

This study provides evidence that the axolotl salamander
is capable of significant lung regeneration after amputa-
tion. Rapid wound closure occurred after amputation,
which led to induction of DNA synthesis and recovery
from injury by 56 days post amputation. During salaman-
der limb regeneration, proliferation occurs within the
proximity of the injury site and contributes to the forma-
tion of a blastema. It appears that lung regeneration is
mechanistically distinct from the regenerative response
that occurs in the limb by inducing growth throughout
the injured organ. We also found that proliferation was
higher in the injured lung compared with uninjured con-
tralateral lungs suggesting that growth of the injured
lung is higher than the uninjured lung to compensate for
the missing tissue.

Cell proliferation was observed in a number of cell
types including cells resembling pneumocytes, ciliated
cells, smooth muscle cells, and connective tissue/fibro-
blast cells. Our current understanding of the mammalian
lung is that lungs contain a number of facultative progen-
itor cells that are quiescent, which become proliferative
after injury.17 Our study shows a similar response in axo-
lotls suggesting that regeneration after injury occurs by
proliferation of multiple cell types to coordinate a regen-
eration response, similar to what occurs in damaged
mammalian lungs.

FIGURE 4 Expression of genes associated with Nrg1/ErbB

signaling. (A) HCR FISH for nrg1 in the IX/X cranial nerve and in

the spinal cord. Scale bar = 500 um. Inset = 100 um.

(B) Immunohistochemistry of Nrg1 and acetylated beta-Tubulin

staining cell bodies and axons of peripheral nerves. Scale bar = 100

um. (C-C') Immunohistochemistry of Nrg1 in the injured lung

21 dpa. Notice expression in ciliated cells and smooth muscle cells.

(C'') No primary control immunohistochemical stain. Scale bar in

C = 250 um. Scale bar in C' = 50 um. Scale bar in C'' = 100

um. (D) HCR FISH of nrg1 and EdU staining in the injured lung

21 dpa. Notice proliferation in both epithelial and mesenchymal

cell types. (E) Heat map of qPCR fold increases at both 7 dpa

(n = 3) and 21 dpa (n = 4) for the left (injured) and right

(contralateral) lungs. Red asterisks denote significant upregulation

of mRNA products (P < 0.05), while orange asterisks denote

trending toward significance (P < 0.10). (E') Table of significant

fold changes (P < 0.05) for the qPCR results with fold changes

indicated. IX/X, IX/X cranial nerve ganglion; o, optic cup; sc,

spinal cord
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We observed upregulation of receptors erbb1 and
erbb4 at both 1 week and 3 weeks after distal amputation
in the lung, as well as an upregulation of the signaling
ligand nrg1 at 7 dpa. ErbB1 has been implicated in pro-
moting lung cell maturation and differentiation,47 and a
ligand of ErbB4, Nrg1, has been shown to play an impor-
tant role in lung development.48,49 When used to activate
ErbB4, Nrg1 can control both lung epithelial cell prolifer-
ation and surfactant synthesis in vitro in mammalian

pulmonary cells.46 ErbB2 plays an important role in Nrg1
signaling, and its loss halts proliferation and regeneration
in many tissue types.50-52 It is also known that once
ErbB4 is activated, it can undergo proteolytic cleavage
and release its intracellular domain to regulate cell sig-
naling.53 This would indicate that Nrg1 signaling to
ErbB4/ErbB2 heterodimers could be controlling pulmo-
nary cell proliferation during regeneration, although we
did not rule out that Nrg1 could signal through ErbB3/
ErbB2 heterodimers. We also did not rule out that Nrg1/
ErbB signaling is downstream of other signaling path-
ways that are inducers of lung regeneration. In human
patients after acute lung injury, physicians have noted
elevated Nrg1 levels in bronchoalveolar lavage.42 This
would lead to the conclusion that this pathway is present
in human lung tissue and warrants further study.

We have demonstrated that IP injection of exogenous
Nrg1 peptide is sufficient to induce a proliferative
response, partially mimicking the response seen after
injury. We show that at least two possible sources for
Nrg1 exist including the IX/X cranial nerve that inner-
vates the lung and cells within the lung including ciliated
cells and smooth muscle. Further study is required to
show that nerve-derived Nrg1 ligand is required for lung
regeneration. It is also unclear whether Nrg1 signaling is
directly acting on all proliferating cells in the lung. It is
highly likely that Nrg1 is activating a subset of cells that
then undergo paracrine signaling with surrounding cells
to promote cell proliferation. It is also likely that these
secondary signaling events utilize other signaling path-
ways. Furthers studies are needed to understand the
dynamics of cell-cell communication during the lung
regeneration response.

In conclusion, we have provided the first glimpse at
how this model organism regenerates its lung tissue and
provide a basis for further research into the molecular
mechanisms driving lung regeneration.

4 | EXPERIMENTAL PROCEDURES

4.1 | Model and subject details

Axolotl procedures were approved by the Northeastern
University IACUC. All experimental procedures and ani-
mal care were conducted in accordance to vertebrate care
guidelines. Animals were on average 13 cm in total
length and 7 cm in snout to vent length, 6 months old,
and were raised in Northeastern University lab facilities
according to.54 Animals were kept in individual tanks
with regular water changes and fed soft salmon pellets
3 times a week. Sample size was selected after seeing a
large effect size in preliminary data. No exclusion criteria

FIGURE 5 Cell proliferation in the lung after Nrg1

administration. (A) Representative experimental outline. Lungs

were left intact and Nrg1 peptide was injected I.P. into animals

(n = 7). (B) Representative images of sham (PBS-injected) and Nrg1

injected animals (middle) used for cell segmentation (right) and cell

counts in (C) and (D). (E) Heat map of qPCR fold increases after

injection of NRG (n = 4) as compared with control (n = 4). Red

asterisks denote significant upregulation of mRNA

products (P < 0.05)
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were determined; all animals were included. Animals
were non-randomly assigned to groups to ensure all ani-
mals were at the same stage of development.

4.2 | Surgical procedures

Axolotls were sedated by immersion in 0.01% benzocaine
solution. An incision was made above the spleen on the
left flank. Forceps were then inserted into the abdominal
cavity through the small hole, passing beneath dorsal
muscles running parallel to the spine. The distal lung tip
was pulled through the incision, and approximately the
distal third of the lung was amputated using dissecting
scissors. Forceps were then used to push the remaining
lung tissue away from the incision to prevent tissue adhe-
sion at the wound site. The wound was then closed with
3 M Vet Bond tissue adhesive. The axolotl was placed
back into animal housing with daily observation to check
recovery progress.

4.3 | Tissue processing and histology

The flank of euthanized animals was opened using dis-
secting scissors and right and left lungs removed. An
insulin syringe was used to inflate lungs with 10% neutral
buffered formalin while forceps were used to seal the
bronchial openings. Lungs were then submerged in 10%
neutral buffered formalin and fixed overnight at 4�C.
After fixative treatment, lungs were washed in phosphate
buffered saline (PBS) 3 times and immersed in 70% etha-
nol. Tissues were processed for paraffin embedding and
sectioned at 8 um. Slides were heated at 55�C for 1 hour
to adhere wax sections to the slides prior to
deparaffinization and staining. Tissues underwent either
Masson's Trichrome Straining (Thermo Scientific
Chromaview) or incubated in BM Purple (Roche) over-
night at 4�C followed by eosin stain to detect alkaline
phosphatase activity. Imaging was performed on a Zeiss
Axiozoom V16.

4.4 | Hybridization chain reaction in situ
hybridization

Probes were designed using Oligominer55 and filtered to
ensure specificity to the target gene using Bowtie 256

against axolotl genome57,58 (https://github.com/
davidfstein/probegenerator). Split initiator sequences
were appended to the probes according to version
3 HCR.59 Probes were designed for sfc (25 probe pairs),
myh11 (36 probe pairs), and nrg1 (31 probe pairs), and

ordered as 50 pmol/oligo pools (Table 1; oPools; Inte-
grated DNA Technologies). Probes were resuspended at
1 uM concentration in 1× TE solution (IDTE; Integrated
DNA Technologies).

Extracted lungs were inflated with a 1:1 mixture of
optimal cutting temperature medium and PBS, immedi-
ately snap frozen, and stored at −80�C. Tissues were
cryosectioned at 10 um, immediately frozen at −20�C for
30 minutes in the cryostat and then fixed in 4% parafor-
maldehyde at room temperature for 10 minutes. Sections
were washed 3 times for 5 minutes each in 2x saline-
sodium citrate buffer (SSC) followed by 2, 5 minute incu-
bations in 4% SDS, 200 mM boric acid, pH 8.5. Sections
were then washed 3 times in 2xSSC for 5 minutes each
followed by 10 minutes in 100% ethanol. Sections were
washed 2 times for 5 minutes each in 2xSSC and
prehybridized with hybridization buffer (Molecular
Instruments) for 15 minutes at 37�C. Probe pools at 5 nM
final concentration in hybridization solution were added
to each slide and hybridized overnight at 37�C. Three
probe washes were performed in Molecular Instruments
probe wash at 37�C for 15 minutes each, followed by
5xSSC with 0.1%Tween-20 (5xSSCT) for 15 minutes at
37�C, and finally 5 minutes in 5xSSCT at room
temperature.

Probe detection was performed by incubation in
molecular Instruments amplification buffer for
10 minutes. Fluorescently-labeled hairpins (Molecular
Instruments) were prepared by heating to 95�C for
90 seconds and left to cool to room temperature for
30 minutes in the dark. Hairpins were diluted 1:50 in
amplification buffer, added to sections, and incubated
overnight at room temperature in the dark. Sections were
then washed twice for 30 minutes each in 5xSSCT. Sec-
tions were either immediately stained with DAPI and
mounted in Slowfade TM Gold (Thermo Fisher) for imag-
ing or processed for EdU click chemistry. Confocal
images were taken using a Zeiss LSM800 laser scanning
microscope. Figures 3(A), (B), (C) were taken using a
Zeiss Axiozoom V16 microscope.

4.5 | Cell proliferation analysis and
Immunohistochemistry

Cell proliferation analysis was performed by intraperito-
neally injecting EdU (100 ng/g of animal weight, Click
Chemistry Tools) 3 hours prior to tissue collection. After
HCR, sections were incubated for 30 minutes at room
temperature in Click-chemistry mix consisting of final
concentrations of 1x TRIS buffered saline, 4 mM CuSO4,
2uM AFDye 594 Azide (Click Chemistry Tools), and
100 mM Sodium Ascorbate. Slides were then washed in
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1xPBS, 3 times for 5 minutes each. Nuclei were stained
with DAPI (Invitrogen) before mounting and imaging.

For immunohistochemistry, cryosections were
processed the same as when performing HCR. After fix-
ation, sections were washed in 1xPBS and then serum
blocked in 1.5% goat serum for 30 minutes at room tem-
perature. Anti-Nrg1 primary antibodies (ThermoFisher,
PA5-13204; 1:1000) were diluted in 1.5% goat serum in
1xPBS and placed on sections overnight at 4�C. Second-
ary antibodies were diluted in PBS and incubated on
sections for 30 minutes (1:500 Life Technologies). Sec-
tions were stained with DAPI before imaging.

4.6 | Image quantification

Images were all obtained as single optical slices from
confocal imaging and stitched using the Zen Blue 2.6
software. Cell segmentation was performed by
extracting the DAPI channel in the FIJI Imaging Pack-
age60,61 and cell segmentation performed using the deep
learning-based Cellpose package.62 Masks were impo-
rted back into Fiji as regions of interest and manually
counted using the cell counter plugin. For presentation
purposes, greyscale images were processed by adjusting
for brightness and contrast and a Gaussian blur per-
formed with a radius of 2.0.

4.7 | Nrg1 injection

Animals were anesthetized in 0.01% benzocaine and
100 ng of recombinant human Nrg1β-1 peptide per
gram of animal weight per day was injected I.P. for
3 days (Peprotech, 100-03). At 3 days post-treatment
animals were injected I.P. with EdU, euthanized 3 hours
later, and lungs collected for sectioning and mounting.

4.8 | qPCR analysis

Lungs were collected from animals at one and three
wpa, and lungs were flash frozen using liquid nitrogen
and stored at −80�C. Total RNA was extracted using
TRIzol Reagent (Life Technologies) followed by Qiagen
RNeasy kits according to manufacturer's protocol. Sam-
ples were transcribed to cDNA using a Verso cDNA Syn-
thesis Kit (Thermo Scientific). qPCR was performed
using SYBR Green Supermix (Applied Biosystems) with
cDNA generated from 25 ng total RNA and 0.5 μM of
each primer. qPCR was performed with paired technical
replicates and with biological replicates of three or four
as listed. Expression levels for genes were normalizedT
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using β-actin as a control gene. Primers were made using
the Primer 3 software. qPCR was performed in a Step
One qPCR system (Thermo-Fisher). Relative mRNA
expression levels were calculated using the 2 − ΔΔCT
method. The following primers were used for amplifica-
tion in 50 to 30 direction: F_Erbb4: CGCAGGCCAG
TCTATGTAAT; R_Erbb4: TTAGTGGCTGAGAGGTTG
GT; F_Erbb2: GGAACTTCTCCCCAGTATCC; R_Erbb2:
CATGGAGGGTCTTTGATACC; F_Erbb1: GCCAAGTGA
AACCAAAGTCC; R_Erbb1: CTTGGCGTGTTCTGGTAT
TC; F_Erbb3: GCTACTGAACTCGGTGAGTG; R_Erbb3:
GTCGGATCAGAGCTGTACCT; F_Nrg1: CGAGTGCTTT
GTCCTCAAG; R_Nrg1: CAGCGATCACCAGTAAACTC;
F_B Actin: AGAGGGGCTACAGCTTCACA; R_B Actin:
GGAACCTCTCGTTGCCAATA.

4.9 | Statistics and software

JMP12 (SAS Institute Inc.) was used for data analysis. Data
analysis were performed by calculating two tailed unequal
variance student's (heteroscedastic) t test to test for signifi-
cance; P ≤ 0.05 was considered significant and P ≤ 0.01
was considered highly significant. All error bars represent
SE of the mean and center lines represent mean values.
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