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Edema, characterized by the accumulation of interstitial fluid, poses significant challenges in various 
pathological conditions. Lymphangiogenesis is critical in edema clearance, and delayed or inadequate 
lymphatic responses significantly hinder healing processes. However, real-time observation of dynamic 
changes in lymphangiogenesis during tissue repair in animal models has been challenging, leaving 
the mechanisms behind compensatory lymphatic activation for edema clearance largely unexplored. 
To address this gap, we subjected zebrafish larvae to osmotic stress using hypertonic (375 mOsm/L) 
and isotonic (37.5 mOsm/L) solutions to induce osmotic imbalance and subsequent edema formation. 
Intravital imaging of vascular transgenic larvae revealed significant lymphatic vessel remodeling during 
tissue edema. The observed increase in lymphatic endothelial progenitor cells, alongside the sustained 
expansion and remodeling of primary lymphatics, indicates active lymphangiogenesis during the 
recovery phase. We developed a novel method employing translating ribosome affinity purification 
to analyze the translatome of lymphatic and venous endothelial cells in vivo, which uncovered the 
upregulation of key pro-lymphangiogenic genes, particularly vegfr2 and vegfr3, during tissue recovery. 
Inhibition of compensatory lymphangiogenesis impaired edema fluid clearance and tissue recovery. 
Our findings establish a new model for in vivo live imaging of compensatory lymphangiogenesis and 
provide a novel approach in investigating lymphatic activation during edema resolution.
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Interstitial fluid plays a crucial role in supplying water and nutrients to cells and removing metabolic waste 
products that do not easily diffuse into the bloodstream1. Edema occurs when excessive interstitial fluid 
accumulates, leading to swelling and increased tissue volume2. It is often associated with conditions such as 
congestive heart failure, kidney disease, liver cirrhosis, and localized injuries3,4. The resulting fluid imbalance 
has significant clinical implications, contributing to pain, impaired mobility, reduced quality of life, and in severe 
cases life-threatening health conditions3,4.

Edema clearance is primarily mediated by the lymphatic system, which play a crucial role in fluid balance 
and immune responses5,6. Lymphatic dysfunction can severely impair tissue healing and exacerbate pathological 
conditions such as cancer metastasis, lymphedema, and organ transplant rejection, where inadequate fluid 
clearance further promotes disease progression7–10. Despite its critical role, the function of lymphangiogenesis in 
tissue repair has received less attention than angiogenesis in recent decades. Lymphatic dysfunction, particularly 
in the context of edema, can prevent fluid clearance, leading to persistent swelling, chronic edema, and eventual 
systemic failure1,11. The regrowth and expansion of lymphatic vessels, driven by signaling pathways such as Vegf, 
and subsequent fluid clearance are essential for efficient tissue recovery12–15. However, the precise mechanisms 
of compensatory lymphangiogenesis during edema resolution remain poorly understood.

The zebrafish (Danio rerio) offers powerful and genetically tractable model for studying tissue repair and 
vascular biology16,17. The optical clarity of zebrafish larvae allows for high-resolution imaging of lymphatic 
vessels, and a range of transgenic tools enable detailed visualization of lymphatic vessel dynamics18–27. Given 
the structural and functional similarities between zebrafish and mammalian lymphatic systems, findings from 
zebrafish research can provide valuable insights into lymphangiogenesis in higher vertebrates18–20,22,25–27. 
While compensatory lymphangiogenesis has been studied in mammals, much remains unknown about the 
precise mechanisms that regulate lymphatic vessel remodeling, particularly during fluid accumulation and 
edema resolution. Investigating this process in zebrafish offers a unique opportunity to explore the kinetics and 
regulatory networks involved in lymphatic expansion. Additionally, zebrafish and other freshwater teleosts have 
evolved mechanisms to regulate ion transport and maintain the hyperosmolarity of their interstitial fluid relative 
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to their external environment28. Environmental stressors, such as abrupt changes in salinity, can disrupt this 
finely regulated osmoregulation, leading to tissue damage and fluid accumulation in extracellular spaces29–31. 
These characteristics make zebrafish an ideal model for investigating the interplay between fluid homeostasis 
and lymphatics during tissue repair.

In this study, we investigate the dynamic changes in lymphangiogenesis during edemagenic and recovery 
phases of tissue recovery. Using live imaging in zebrafish, we provide an integrated view of the compensatory 
lymphatic expansion mechanism that facilitate edema fluid clearance. Our findings offer valuable insights into 
the molecular and cellular processes driving lymphatic vessel remodeling during edema resolution.

Results
Induction and imaging of osmotic stress-induced edema in zebrafish
Freshwater teleosts like zebrafish have adaptive mechanisms to regulate interstitial fluid balance in response 
to changes in water osmolarity28. Osmoregulatory dysfunction, especially under hypertonic conditions, leads 
to tissue damage and fluid accumulation in extracellular space, a hallmark of edema29–31. To investigate the 
mechanisms of edema formation and fluid clearance, we developed an optimized method for inducing edema in 
zebrafish larvae (Fig. 1A). Embryos were initially maintained in isotonic egg water until 2 days post-fertilization 
(dpf). At this stage, the embryos were dechorionated and exposed to hypertonic stress (3x Danieau buffer, 
375 mOsm/L) for 24 h. Following this, larvae were returned to isotonic egg water (0.3x Danieau buffer, 37.5 
mOsm/L), inducing rapid osmotic imbalance. Edema development was tracked using brightfield time-lapse 
imaging during the 3–4 dpf period (Supplementary Video 1).

We performed eleven independent experiments, each with 20 larvae, and achieved over a 90% success rate 
in edema induction (Fig. 1B). By 4 dpf, edema was visibly prominent, affecting the entire body compared to 
untreated controls (Fig. 1C and Supplementary Fig. 1A). Initially, the pericardial area was the first site of swelling, 
followed by the yolk and trunk regions (Fig. 1D). Quantitative analysis of anatomical areas from a lateral view 
showed a significant increase in edema, including a 3.32-fold expansion in the pericardial area (Fig. 1D), a 1.60-
fold increase in the yolk area (Fig. 1E), and a 1.13-fold increase in the trunk area (Fig. 1F). No significant change 
was observed in the head region at this time point (Fig. 1G). All measurements were normalized to fish length to 
account for potential developmental variation and size difference that may arise due to osmotic stress32. A dorsal 
view revealed pronounced swelling around the yolk, which was less evident from the lateral views (Fig. 1H).

To determine the time course of edema formation, larvae were exposed to hypertonic conditions for 18, 
24, or 48 h before returning to isotonic conditions. The number of edematous larvae increased with prolonged 
exposure to hypertonic stress (Supplementary Fig.  1B). A control experiment confirmed that edema was 
only induced when larvae transitioned from hypertonic to isotonic conditions (Supplementary Fig.  1C, D). 
Additionally, edema could be induced even when the hypertonic exposure was delayed by one day (hypertonic 
exposure at 3–4 dpf followed by osmotic stress at 4–5 dpf), demonstrating the flexibility of this protocol across 
different developmental stages (Supplementary Fig.  1E). These results confirm the reproducibility of edema 
induction and its effective monitoring in real-time in zebrafish larvae.

Edema resolution in zebrafish larvae
To investigate edema resolution, we tracked fluid clearance over time following edema induction. After 24 h of 
hypertonic stress and 24 h in isotonic conditions, larvae were raised in isotonic egg water until 8 dpf (Fig. 1A). 
Across eleven independent experiments (Fig. 1B), we found that about 55–70% of larvae spontaneously resolved 
their edema, while others exhibited persistent swelling (Fig. 1I). Larvae with persistent edema showed extensive 
fluid accumulation throughout the body, including the head, which was unaffected at earlier stages (Fig. 1I). 
In contrast, edema-free larvae returned to a morphology indistinguishable from untreated controls (Fig. 1I,J).

Daily measurements of edema progression in individual larvae revealed that the first 24-hour period (4–5 
dpf) of edema formation was critical for determining whether larvae would recover or remain edematous 
(Fig. 1K). These findings demonstrate the power of this model in visualizing both the formation and resolution 
of edema in zebrafish larvae.

Lymphatic vessel remodeling during edema resolution
Lymphatic vessels are crucial for fluid recovery during edema by absorbing interstitial fluid from swollen 
areas5,6. To investigate how lymphatics respond during edema progression, we examined lymphatic vasculature 
in Tg(mrc1a:egfp; kdrl:mcherry) larvae at 9 dpf. In comparison control larvae raised in osmotically balanced 
condition (Fig. 2A–C), “edema-free” recovered larvae exhibited significant lymphatic remodeling, with enhanced 
formation of thoracic duct (TD), intersegmental lymphatic vessels (ISLVs), dorsal longitudinal lymphatic 
vessels (DLLVs), and lateral lymphatics (LL) (Fig. 2D–F). Notably, the TD showed a 1.5-fold increase in size 
in the edema-free larvae compared to controls (Fig. 2C,F,G). Furthermore, there was an increased number of 
lymphatic endothelial cell (LEC) nuclei in the DLLVs (Fig. 2H). Quantitation of LEC nuclei was analyzed using 
Tg(fli1a:nEGFP; lyve1b:dsRed). Additionally, the LLs showed accelerated development, with more LL segments 
present in edema-free larvae than in controls (Fig.  2I). No significant changes were observed in the ISLVs 
(Fig. 2J).

Craniofacial lymphatics, which arise from lymphangioblasts in the common cardinal vein and primary 
head sinus at 1.5 dpf22,33, also showed enhanced development in recovered larvae at 9 dpf. The control larvae 
maintained in regular egg water displayed stereotypic facial lymphatic development (Fig. 2K–M). The edema-
free larvae exhibited extended facial lymphatics with a marked increase in craniofacial lymphatic surface area 
(Fig. 2N–P). Notably, there was a significant enlargement of the surface area of the facial lymphatics (Fig. 2Q) 
and increase in LEC numbers within the lateral facial lymphatics (LFL), medial facial lymphatics (MFL), otolithic 
lymphatic vessel (OLV), and lymphatic branchial arches (LAA) (Fig. 2R). Unusual lymphatic sprouts emerging 
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from the common cardinal vein toward the previously swollen pericardial region were observed infrequently in 
a small portion of larvae (3 of 15 edema-free larvae), although their functional role in edema recovery remains 
unclear (Fig. 2P and Supplementary Video 2). Overall, these findings indicate that edema resolution triggers a 
broad activation of the lymphangiogenic program.

Induction of lymphangiogenesis in response to edema
We next investigated how edema influences the development of lymphatic vasculature. To visualize 
lymphangiogenesis at the onset of osmotic stress-induced edema, we imaged and quantitated the highly 

Fig. 1.  Zebrafish model of edema formation. (A) Schematic showing the experimental workflow from osmotic 
stress induction to edema formation and resolution. (B) Percentage of edematous larvae in osmotically 
balanced and osmotically imbalanced conditions at 4 dpf. Individual data points represent an independent 
experiment, and 20 larvae were used for each experiment. (C) Representative brightfield images showing 
lateral views of osmotically balanced (top) and osmotically imbalanced (bottom) 4 dpf zebrafish larvae. The 
dotted outline illustrates the boundary for edema area quantification in different parts of the body. Casper 
fish were used for imaging. (D–G) Quantification of pericardial area (D), yolk area (E), trunk area (F), and 
(G) head area. (H) Representative brightfield images showing the dorsal view of osmotically balanced (left) 
and osmotically imbalanced (right) zebrafish larvae. Red arrows indicate edema in the lateral side of the yolk 
area. (I) Representative images of osmotic balance (OB), edema-free (EF), and persistent-edema (PE) larva at 
8 dpf. Casper fish were used for imaging. (J) Quantitative analysis of the pericardium and gut areas. Each dot 
represents an individual larva. (K) Line graph showing edema progression from 4–6 dpf. Each line represents 
the progressive change in the pericardial + yolk sac surface area of individual larvae over the experiment time 
course. The blue line is the larva raised in an osmotically balanced solution as a control. Scale bar = 500 μm 
(C,H,I). ns, not significant; *p < 0.05; ****p < 0.0001.
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stereotypic lymphatic vasculature in the trunk of zebrafish larvae (Fig. 3A). The parachordal lymphangioblasts 
(PLs) represent a transient population of lymphatic progenitors that localize to the horizontal myoseptum at 2–3 
dpf (Fig. 3B). These lymphangioblasts migrate dorsally and ventrally along trunk intersegmental arteries to form 
the ISLVs, TD, and DLLVs, which together establish the typical lymphatic network observed at 4–5 dpf18–20. 
In control larvae maintained in osmotic balanced condition, the lymphatic vasculature displayed the expected 
lymphatic network patterns, including ISLVs, TD, and DLLVs at 4 dpf (Fig. 3C), with a few remnants of the PLs 
still present along the horizontal myoseptum (Fig. 3D,E).

In edematous larvae, the typical lymphatic structures were observed, but with an additional increase in PLs, 
which were significantly expanded in edematous larvae (Fig.  3F–H). Quantitation of the PLs per 9 somites 
anterior to the urogenital pore revealed a two-fold increase in PLs in edematous larvae compared to controls 
(Fig. 3I). Importantly, the increase in PLs was not accompanied by delays in the formation of ISLVs, TD, or 
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DLLVs, suggesting that edema promotes lymphangiogenesis rather than delaying its development (Fig. 3F,J). 
The number of PLs remained unchanged in the hypertonic solution between 48 and 72 hpf, suggesting that 
hypertonic stress does not lead to an increase in PLs (Supplementary Fig. 2A, B). However, an increase in the 
number of PLs was observed as early as 80 hpf with no difference in TD formation between unchallenged 
and osmotic-challenged fish, indicating that osmotic stress-induced edema acts as a stimulus to activate 
lymphangiogenesis (Supplementary Fig. 2C, D).

To examine endothelial cell changes during edema recovery, we used the Tg(fli1a;nEGFP; lyve1b:dsRed) 
transgenic line, which labels LEC nuclei within the lymphatic vasculature (Fig. 3K–N). At 8 dpf, edema-free 
larvae exhibited a significant increase in LEC numbers in the enlarged TD compared to controls (Fig. 3K–N). 
Quantitative analysis showed a 1.5-fold increase in LEC numbers in edema-free larvae (Fig. 3O). Endothelial 
hyperplasia was also observed in the posterior cardinal vein (PCV) of edema-free larvae, suggesting that edema 
may have activated pathways in other vascular beds (Fig. 3P). We also observed significant elongation of LEC 
nuclei in edema-free larvae compared to controls (Fig. 3K–N). Interestingly, stretching of EC nuclei was observed 
only in LECs on the thoracic duct but not in the blood endothelial cells (BECs) in the adjacent PCV (Fig. 3Q). 
These findings suggest that edema activates an extensive pro-angiogenic program, including lymphangiogenesis 
and endothelial cell remodeling.

We investigated whether PLs or facial lymphatics at the pre-edema stage could serve as indicators for edema 
outcomes to predict recovery. At 3 dpf, we analyzed the number of PLs at pre-edema stage, then applied an 
osmotic challenge at 4 dpf, induced edema at 5 dpf, and assessed recovery at 7 dpf (Supplementary Fig. 3A). 
The progression of edema development and recovery was monitored in 48 individual larvae. We found no 
association between the number of PLs and edema recovery (Supplementary Fig. 3B). Similarly, an evaluation 
between the facial lymphatics at 3 dpf showed no clear link between their pre-edema state and edema outcomes 
(Supplementary Fig. 3C). Therefore, neither PLs nor facial lymphatics serve as predictors for edema recovery. 
These findings suggest that edema outcomes are not determined by pre-edema status, and that the lymphatic 
enrichment program is activated during edema development.

Endothelial translatome in edema-driven lymphangiogenesis
To explore the molecular changes underlying edema-driven lymphangiogenesis in vivo, we employed Translating 
Ribosome Affinity Purification (TRAP) to isolate ribosome-bound mRNA from endothelial cells (Fig. 4). We 
generated a novel Tg(mrc1a:egfp-2a-rpl10a3xHA) transgenic line by using the mrc1a promoter sequence to 
drive the expression of an eGFP-2 A-rpl10a-3xHA transgene cassette20. This construct consists of eGFP, which 
is coexpressed with the 60  S ribosomal protein L10a (rpl10a) via a viral 2A peptide linkage, and the rpl10a 
is tagged with three hemagglutinin (HA) epitope sequences. This allows for the simultaneous visualization of 
transgene expression and translatome collection (Supplementary Fig. 4A). The “mrc1a:RiboTag” transgenic line 
is stably expressed in lymphatics and primitive veins, similar to the previously generated Tg(mrc1a:egfp)y251 line 
(Supplementary Fig. 4B)20.

Using a Tg(mrc1a:egfp-2a-rpl10a-3xHA) transgenic line, we analyzed lymphatic and venous endothelial 
translatomes. We performed TaqMan qRT-PCR to confirm the enrichment lymphatic and primitive venous 
endothelial mRNAs. Gene expression analysis revealed significant enrichment of flt4 (also known as vegfr3) 
and lyve1b, both of which are known to be expressed in lymphatics and primitive veins at this developmental 
stage. These results indicate the efficiency of the mrc1a: RiboTag transgenic line and the TRAP protocol for 
analyzing the endothelial translatome (Supplementary Fig. 4C). The ubiquitous gene Nedd4 binding protein 
1 (n4bp1) showed no differences in expression between endothelial and non-endothelial mRNA, confirming 
the specificity of this assay for lymphatic and primitive vein endothelial cells (Supplementary Fig. 4C). Since 
mrc1a is also expressed in a subset of macrophages, we assessed whether the TRAP protocol enriched for a 
macrophage marker Mpeg1.1. Analysis of mpeg1.1 revealed no differences in expression between endothelial 
and non-endothelial RNA samples, further confirming the endothelial specificity of this TRAP assay with 
minimal influence from the macrophage population (Supplementary Fig. 4C).

Fig. 2.  Lymphatic vessel expansion during edema recovery. (A) Confocal image of osmotically balanced 
Tg(mrc1a:egfp; kdrl:mcherry) larvae illustrating the normal vascular network at 9 dpf. (B) Lymphatic vessels 
are pseudo-colored in green from panel (A) (C) Magnified image of the thoracic duct in panel (B) (D) 
Confocal image of recovered edema-free Tg(mrc1a:egfp; kdrl:mcherry) larvae illustrating the vascular network 
following edema resolution. (E) Lymphatic vessels are pseudo-colored in green from panel D, highlighting 
the excess lateral lymphatics and dilated thoracic duct. (F) Magnified image of the thoracic duct in panel 
E. (G) Quantification of the thoracic duct surface area in controls (n = 14) and edema-resolved larvae 
(n = 19). (H) Quantification of the number of DLLV nuclei in controls (n = 7) and edema-free larvae (n = 5) 
in Tg(fli1a:nEGFP; lyve1b:dsRed) background. (I) Comparison of the number of LL segments in 9 somites 
between controls (n = 11) and edema-free larvae (n = 10). (J) Quantification of the number of intersegmental 
lymphatic vessels in controls (n = 7) and edema-free larvae (n = 5). (K) Confocal image of the facial lymphatics 
of osmotically balanced larvae at 9 dpf. (L) Lymphatic vessels are pseudo-colored in green from panel K. (M) 
Magnified image from panel L. (N) Confocal image of the facial lymphatics of recovered edema-free larvae 
at 9 dpf. (O) Lymphatic vessels are pseudo-colored in green from panel N. (P) Magnified image from panel 
O showing excessive lymphatic sprouts. (Q) Comparison of the total facial lymphatic area in controls (n = 7) 
and edema-free larvae (n = 5). (R) Number of facial LEC nuclei in controls (n = 5) and edema-free larvae 
(n = 5). Tg(fli1a:nEGFP; lyve1b:dsRed) was used for quantitation. Scale bar = 50 μm (A-L). *p < 0.05, **p < 0.01; 
****p < 0.0001.
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Control and edema-induced larvae were collected at 4 dpf, homogenized to obtain crude lysates, and the 
TRAP protocol enriched for endothelial mRNA by purifying the HA-tagged ribosomes using anti-HA antibody 
(Fig.  4A,B). The control non-endothelial RNAs were collected from the supernatant containing untagged 
ribosome-bound RNAs (Fig. 4A). Gene expression analysis showed that key endothelial markers, including flt4, 
kdrl, and lyve1b, were significantly upregulated in edematous larvae compared to controls (Fig. 4C). Although 
prox1a levels showed an upward trend, this was not statistically significant, and vegfc levels remained unchanged. 
To explore the contribution of other sources of vegf ligands, we isolated RNA from osmotic-stressed whole 
embryos and performed qPCR to assess the expression of vegf ligands relative to osmotic balance controls. 
Transcriptomic analysis of whole embryos revealed changes in vegf ligands during edema induction. Specifically, 
vegfc was upregulated, while vegfd was downregulated, suggesting a potential shift in Vegf signaling during 
edema (Supplementary Fig.  5A-C). No changes were observed in vegfaa expression levels (Supplementary 
Fig. 5A-C). These data highlight that edema acts as a potent activator of the lymphangiogenic program, driving 
gene expression changes in endothelial cells that facilitate the formation of new lymphatic vessels.

Role of Vegfr-dependent lymphangiogenesis in edema resolution
To investigate the necessity of lymphangiogenesis activation for edema recovery, we inhibited the lymphangiogenic 
program using Vegfr inhibitors. Vegfr3 signaling pathway is essential for both developmental and post-natal 
lymphangiogenesis34,35. Similar to mammals, zebrafish Vegfr3 signaling facilitates secondary sprouting from the 
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posterior cardinal vein to form lymphatic progenitors on the horizontal myoseptum, which migrates ventrally to 
establish the thoracic duct18,19. To specifically test the compensatory role of the lymphatics in edema clearance 
and disrupt lymphangiogenesis at the precise targeted time, we used Vegfr pathway inhibitors SAR13167536–41 
and SKLB100241–45. Our dose-response assay using serial dilutions of the inhibitors at 48 hpf identified 10 µM 
SAR131675 and 5 µM SKLB1002 as the lowest effective dose (Supplementary Fig.  6). Additionally, we used 
difluorobenzocurcumin (CDF)46, a potent anti-lymphangiogenic agent that has been shown to selectively inhibit 
the Vegfc-Vegfr3-ERK-signaling pathway in zebrafish. Treatment of 2.5 µM CDF significantly disrupted the 
development of trunk and facial lymphatic growth in zebrafish larvae (Supplementary Fig. 7). The inhibitors 
were treated at 48 hpf for 24 h when active lymphatic development initiates (Fig. 5A). Compared to the control 
group incubated in 0.1% DMSO, the larvae exposed to Vegfr inhibitors displayed edema fluid buildup (Fig. 5B). 
The precise timing of inhibitor treatment at 48 hpf was critical since the approach was to target the emergence 
of lymphatic progenitors and lymphangiogenesis without largely affecting angiogenesis. Treatment of 10 µM 
SAR131675 at earlier stage (e.g., 22 hpf) paused angiogenic sprouting (Supplementary Fig. 8A). All primary and 
secondary sprouting events in the trunk were ceased (Supplementary Fig. 8B-E). Similarly, not only lymphatic 

Fig. 3.  Lymphatic endothelial cell proliferation and elongation during edema recovery. (A) Schematic 
illustrating the imaging area of trunk lymphatics. (B) Diagram of developmental steps of lymphatic progenitors 
that give rise to lymphatic vessels at 3–4 dpf. (C) Confocal image of osmotically balanced Tg(mrc1a:egfp; 
kdrl:mcherry) larvae showing normal vascular network at 4 dpf. (D) Pseudo-colored confocal micrograph 
of untreated transgenic larvae indicating the parachordal lymphangioblasts (PLs) in green and other vessels 
in grayscale. (E) Magnified image of the PLs in panel D. (F) Confocal image of osmotically imbalanced 
Tg(mrc1a:egfp; kdrl:mcherry) larvae showing the vascular phenotype in edema state. (G) Pseudo-colored 
confocal micrograph of osmotically imbalanced larvae highlighting the excess PLs during edema. (H) 
Magnified image of PL in panel F. (I) Quantification of the somites containing PLs. 9 somites per larvae were 
counted (n = 13 embryos each). (J) Comparison of the number of somites with TD fragments during edema 
formation at 4 dpf (n = 9 embryos each). (K) Confocal image of trunk vessels of an osmotically balanced 
Tg(fli1:nEGFP; lyve1b:dsRed) double transgenic larva. (L) Magnified image of the thoracic duct illustrating 
the oval-shaped LEC nuclei in panel K. The dotted lines indicate the boundary of the thoracic duct, and the 
arrows indicate LECs on the thoracic duct. (M) Confocal image of trunk vessels of a recovered edema-free 
Tg(fli1:nEGFP; lyve1b:dsRed) larva. (N) Magnified image of the thoracic duct highlighting the elongated LEC 
nuclei (arrow) in panel M. (O) Quantification of LECs in the thoracic duct of 9 somites between osmotic 
balanced (n = 10) and edema-free larvae (n = 13). (P) Quantification of BECs in the PCV across 9 somites 
between osmotic balanced (n = 11) and edema-free larvae (n = 13) (Q) Quantification of lymphatic or blood 
endothelial nuclei length in osmotically balanced or edema-resolved larvae. A total of 30 nuclei were counted 
from each group. Scale bar = 50 μm (A-H and J-M). ns, not significant; ***p < 0.001, ****p < 0.0001.

◂

Fig. 4.  Endothelial translatome analysis reveals upregulation of lymphangiogenic factors in edematous 
vessels. (A) Schematic of the experimental flow of translating ribosome affinity purification (TRAP) protocol 
to isolate endothelial and non-endothelial translatome. (B) The experimental design to analyze endothelial 
translatome from osmotically balanced and imbalanced edematous Ribotag transgenic fish using TRAP assay. 
(C) Comparison of the translatome analysis of key lymphatic genes in osmotically balanced and imbalanced 
edematous larvae. Each RNA sample was obtained from a pool of at least 350 embryos. ns, not significant; 
**p < 0.01; ****p < 0.0001.
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vessels but also blood vessels in the craniofacial area paused sprouting immediately after SAR131675 inhibitor 
treatment (Supplementary Fig. 8F-I). Delayed treatment of Vegfr inhibitor at 78 hpf caused cease the following 
lymphangiogenesis in the trunk and craniofacial area (Supplementary Fig. 9A). The larvae exposed to inhibitor 
treatments at 78 hpf, unlike the ones exposed at 48 hpf, did not form edema without exposure to osmotic stress 
(Supplementary Fig.  9B). Compared to the DMSO-treated larvae (Supplementary Fig.  9C-F), SAR131675-
treated larvae showed defects in trunk lymphatics as they failed to form TD or DDLV (Supplementary Fig. 9G, 
H). Their craniofacial lymphatics were partially affected with stunted MFL and OLV, some changes in the LAAs, 
and unchanged LFL (Supplementary Fig.  9I, J). Combined SAR131675 and SKLB1002 treatment showed a 
stronger effect on preventing craniofacial lymphatics as MFL, OVL, and LAA were defective, but LFL remained 
largely unaffected (Supplementary Fig. 9K-N). At 78 hpf, the larvae already formed a large portion of LFL due 
to its developmental timing prior to the inhibitor treatments (Supplementary Fig. 10)22,33. Intriguingly, despite 
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inhibition of the Vegf pathway starting at 78 hpf and continuing until 9 dpf (Supplementary Fig. 11A), edema 
did not form without osmotic challenge (Supplementary Fig.  11B). Although delayed inhibitor treatments 
significantly reduced lymphatic vessel growth of both trunk and facial lymphatics, remanent lymphatics that 
formed prior to inhibitor treatment was sufficient to maintain steady state (Supplementary Fig. 11C-S). This data 
reconfirms how using Vegfr inhibitors can precisely inhibit lymphatic vessel growth in a highly time-sensitive 
manner.

Disruption of lymphangiogenesis impairs edema clearance
While Vegfr3 is a key player in lymphangiogenesis, some lymphatic vessel beds also demand Vegfr2, particularly 
in the zebrafish craniofacial lymphatics47. Vegfr2 is required for proper craniofacial lymphatic development and 
has been shown to compensate for vegfr3 haplo-insufficiency in lymphangiogenesis47. Thus, in addition to Vegfr3 
inhibition, we used 5 µM of SKLB1002 to inhibit Vegfr2, preventing possible compensation for incomplete Vegfr3 
inhibition. The control group (DMSO) displayed normal craniofacial and trunk lymphatic vessel phenotypes at 
5 dpf as expected (Fig.  5C–F). However, larvae treated with SAR131675 failed to form the craniofacial and 
trunk lymphatics (Fig. 5G–J). The facial lymphatics lacked all major lymphatic structures, including LFL, MFL, 
OLV, and LAA (Fig. 5G,H) as well as the trunk lymphatics such as TD, ISLV, and DLLV (Fig. 5I,J). Similarly, 
a combination of SAR131675 and SKLB1002 disrupted the craniofacial and trunk lymphatics (Fig.  5K–N). 
Following CDF treatment, we observed significant loss of trunk and facial lymphatic structures. The CDF-
treated larvae revealed complete loss of MFL and LAA and stunting of the LFL and OLV (Fig. 5O,P) together 
with massive depletion of the TD and DLLV in the trunk (Fig. 5Q,R). Inhibition of lymphangiogenesis resulted 
in edema in osmotically balanced environment and the severity elevated in osmotic imbalanced environment at 
6 dpf (Fig. 5S). Two days later, at 8 dpf, in an osmotically balanced environment, 67% (SAR131675 alone), 40% 
(SAR131675 and SKLB1002) and 81% (CDF) of larvae restored fluid balance and became edema-free (Fig. 5T). 
Note that although 24 h of Vegfr inhibitor treatments (48 to 72 hpf) effectively inhibited lymphangiogenesis 
(Fig. 5), lymphangiogenesis is rescued in the later stages in the edema-free larvae (Supplementary Fig. 12), and 
inherently enhanced by the edema-induced compensatory lymphangiogenesis (Figs. 2 and 3). In contrast, in 
an osmotically imbalanced condition, where the experimental setting at 70% of DMSO-treated larvae became 
edema-free, the inhibitor-treated groups displayed a significant decrease of the edema recovery rate (Fig. 5T). The 
recovery rate significantly dropped to 28%, 38%, and 29% in the groups treated with SAR131675, combination 
of SAR131675 and SKLB1002, and CDF, respectively (Fig. 5T). Similarly, when lymphatic growth was partially 
inhibited by delayed treatment starting from 78 hpf, all larvae were unable to recover from induced edema 
without the rescue of lymphatic vessels (Supplementary Fig. 11O, P).

We analyzed the lymphatics of edema-free larvae from two groups raised under osmotically balanced or 
imbalanced conditions (Supplementary Fig.  12A). Both groups were treated with Vegfr inhibitors at 48 hpf 
for 24 h (Fig. 5A), and larvae that had recovered from edema by 8 dpf were analyzed (Fig. 5T, Supplementary 
Fig. 12A). Notably, larvae that developed edema at 5–6 dpf due to loss of lymphatics largely re-established their 
lymphatic structures by 8 dpf and regained the ability to clear excess fluid (Supplementary Fig. 12). All edema-

Fig. 5.  Vegfr-dependent lymphangiogenic program is required for edema fluid clearance. (A) Schematic 
diagram illustrating the experimental design for Vegfr inhibition during the osmotic challenge and edema 
progression. (B) Representative brightfield images showing edema formation in 5 dpf larvae treated with 
DMSO, 10 µM SAR131675, SAR131675 and 5µM SKLB1002 combined, 2.5 µM CDF in osmotically balanced 
conditions. (C) Confocal image of craniofacial vessels of a DMSO-treated Tg(lyve1b:dsRed) larva raised in an 
osmotically balanced condition. (D) Grayscale confocal micrograph of a DMSO-treated larva highlighting 
the facial lymphatics. (E) Confocal image of trunk vessels of a DMSO-treated Tg(lyve1b:dsRed) larva raised in 
an osmotically balanced condition. (F) Grayscale confocal micrograph of a DMSO-treated larva highlighting 
the thoracic duct. (G) Confocal image of craniofacial vessels of a SAR131675-treated Tg(lyve1b:dsRed) larva 
showing absence of facial lymphatics. (H) Grayscale confocal micrograph of a SAR131675-treated larva 
highlighting the complete loss of facial lymphatics (I) Confocal image of trunk vessels of a SAR131675-treated 
Tg(lyve1b:dsRed) larva showing complete absence of thoracic duct. (J) Grayscale confocal micrograph of a 
SAR131675-treated larva highlighting the loss of thoracic duct. (K) Confocal image of craniofacial vessels 
of a SAR131675 and SKLB1002 -treated Tg(lyve1b:dsRed) larva showing absence of facial lymphatics. (L) 
Grayscale confocal micrograph of a SAR131675 and SKLB1002-treated larva highlighting the loss of facial 
lymphatics (M) Confocal image of trunk vessels of a SAR131675 and SKLB1002 -treated Tg(lyve1b:dsRed) 
larva showing complete absence of thoracic duct. (N) Grayscale confocal micrograph of a SAR131675 and 
SKLB1002 -treated larva highlighting the loss of thoracic duct. (O) Confocal image of craniofacial vessels of 
a CDF-treated Tg(lyve1b:dsRed) larva showing partial absence of facial lymphatics. (P) Grayscale confocal 
micrograph of CDF-treated larva highlighting the partial loss of facial lymphatics (Q) Confocal image of trunk 
vessels of CDF-treated Tg(lyve1b:dsRed) larva showing significant disruption of thoracic duct development. (R) 
Grayscale confocal micrograph of CDF-treated larva highlighting the loss of thoracic duct. (S) Representative 
brightfield images showing edema outcomes in 6 dpf larvae treated with DMSO, SAR131675, SAR131675 and 
SKLB1002 combined, or CDF in osmotically balanced or imbalanced conditions. (T) The percentage of edema 
recovery demonstrated by the ratio of larvae recovered from edema or developed persistent edema at 8 dpf 
under DMSO and inhibitor treatments in osmotic balance and osmotic imbalance conditions. LFL, Lateral 
facial lymphatics; MFL, Medial facial lymphatics; LAA, Lymphatic brachial arches; OLV, Otholitic lymphatic 
vessels. Yellow asterisks indicate missing lymphatic structures in panels F-M. Scale bars = 500 μm (B), 50 μm 
(C-R).
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free larvae exhibited robust recovery of craniofacial lymphatics in both groups, regardless of osmotic or inhibitor 
conditions (Supplementary Fig. 12B, D,F, H,J, L,N, P), while trunk lymphatics showed partial and somewhat 
variable recovery (Supplementary Fig. 12C, E,G, I,K, M,O, Q). In contrast, larvae unable to reconstruct their 
lymphatic structures failed to recover, continued to develop severe edema, and eventually died. These findings 
suggest that craniofacial lymphatics play a critical role in fluid regulation at this developmental stage, and that 
edema promotes the expansion of the lymphatic network, further supporting the role of edema in enhancing 
lymphangiogenesis in zebrafish. Together, these results underscore the essential role of lymphatics in fluid 
clearance and edema reduction in zebrafish larvae.

Discussion
In this study, we investigated the mechanisms underlying the resolution of edema in zebrafish larvae, with a 
particularly focus on the role of the lymphatic system in fluid clearance. Our findings highlight that lymphatic 
vessel remodeling, particularly in the craniofacial and trunk regions, plays a key role in edema fluid clearance. 
This process is driven by Vegfr-dependent lymphangiogenesis, suggesting that the formation of new lymphatic 
vessels in response to fluid accumulation is essential for edema resolution.

Our results support the critical role of compensatory lymphangiogenesis in resolving edema. The rapid 
expansion of lymphatic vessels observed in our experiments is consistent with previous studies demonstrating the 
central role of the lymphatic system in maintaining fluid homeostasis during interstitial fluid accumulation12–15. 
Lymphatic vessel expansion facilitates fluid drainage, helping restore normal fluid balance and reduce swelling1,48. 
The importance of lymphangiogenesis in edema resolution is further emphasized by our observation of increased 
VEGFR signaling following osmotic stress. This finding aligns with studies showing that VEGFR-3 signaling is 
crucial for lymphatic endothelial cell proliferation and vessel sprouting, processes necessary for the development 
of new lymphatic vessels35,49.

Our edema-induction model provides a reproducible and quantifiable system for studying edema formation. 
Given that a single pair of zebrafish breeders can produce 200–300 eggs, this approach offers a statistically robust 
experimental framework50. Our model demonstrates a robust and reproducible edema formation, with distinct 
swelling patterns in body parts. The use of brightfield time-lapse imaging provided high-resolution visualization 
of edema progression, revealing that edema formation was both time-dependent and tissue-specific, with the 
pericardial cavity swelling first, followed by the yolk, and eventually the whole body when fluid clearance fails. 
This aligns with findings in other species, where the pericardial region is often on of the first sites to exhibit fluid 
accumulation due to its proximity to the heart, a key organ in maintaining osmotic balance51–53.

This model also aligns with the timeline of natural lymphatic development, as lymphatic progenitors emerge 
around 2 dpf and subsequently proliferate and migrate to their designated locations18–20. Complete edema 
recovery is observed within 48 h post-osmotic stress exposure, coinciding with the expansion of the lymphatic 
network. However, precisely distinguishing normal development processes from additional lymphatic expansion 
during this period is challenging due to overlapping biological pathways. Both developmental and regenerative 
vascular processes involve the activation of lymphangiogenic programs and growth factors like Vegf and their 
receptors54. In zebrafish, the rapid expansion of lymphatic vessels in response to edema closely resembles 
developmental processes, complicating the efforts to separate the two. More refined models or markers are 
needed to distinguish these stages and enable precise temporal and spatial dissection of these processes in vivo.

While studies in rodents have shown that long-term high-salt diets (~ 2 weeks) promote lymphangiogenesis 
through macrophage-secreted Vegfc and Vegfr3 signaling55–57, neither short-term (24 h) nor extended (48 h) 
hypertonic stress exposure in our study altered lymphangiogenesis (Supplementary Fig. 2). This suggests that it 
is the fluid accumulation, rather than the salt treatment itself, that triggered the lymphangiogenic response. Our 
findings are consistent with those from ex vivo mouse embryos, where forced fluid injection activates lymphatic 
endothelial cells (LEC) and promotes lymphatic vessel expansion48, underscoring an evolutionarily conserved 
mechanism for lymphatic activation and fluid drainage. While lymphatic expansion has been linked to the 
expression of Vegfc and matrix metalloproteinases58, the precise causal relationship between these signals and 
the generation of de novo LECs and functional lymphatic vessels capable of clearing edema remains to be fully 
elucidated.

Further insights into the dynamic process of lymphangiogenesis were provided by high-resolution intravital 
live imaging in zebrafish. This model enabled detailed analysis lymphatic progenitor cell generation and extensive 
remodeling of lymphatic vessels during edema recovery. While various animal models have been developed to 
study the role of lymphatic vessels in fluid drainage and edema clearance59,60, traditional models often lack 
the spatial and temporal resolution needed to capture lymphatic changes comprehensively60–62. Live imaging 
in zebrafish allows real-time observation of the dynamic processes involved in lymphangiogenesis, providing 
valuable insights into their regulatory mechanisms throughout edema progression.

Restoration of craniofacial and trunk lymphatics is essential for edema clearance. When larvae failed to 
restore lymphatic structures, fluid drainage was impaired, and edema progression continued. Our data also 
highlight that although lymphatic remodeling occurs spontaneously throughout the body in response to edema, 
craniofacial lymphatics play a critical role in fluid clearance during these developmental stages63. While the 
specific stimulus that activates the lymphangiogenic program during edema progression remains unidentified, 
pathways involved in inflammation may have contributed to lymphangiogenesis64, as there is marked increase of 
neutrophils and macrophages in edematous larvae (Supplementary Fig. 13). Increased interstitial pressure from 
fluid accumulation suggests that pressure-sensitive sensors, such as Piezo1/2 or members of the Trpc family, and 
mechanotransduction signaling may be involved.

A unique aspect of our study was the use of Translating Ribosome Affinity Purification (TRAP) to capture 
endothelial-specific gene expression during edema resolution. This technique isolates ribosome-bound mRNAs 
undergoing active translation from specific cell types or tissues in vivo, thereby circumventing the cell dissociation 
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steps that could disrupt cell identity and alter gene expression65,66. As a result, TRAP provides an accurate ‘in 
vivo snapshot’ of molecular changes in specific cell populations67–69. Our TRAP approach provided valuable 
insights into the transcriptional landscape of endothelial cells during edema resolution and will be useful for 
future studies exploring the genetic regulation of lymphangiogenesis. The mrc1a promotor used in this study 
drives expression in lymphatics, primitive veins, and a subset of macrophages20. As a result, identifying the pure 
lymphatic translatome remains a limitation, as this promoter does not exclusively label lymphatic endothelial 
cells. The combined use of the mrc1a: RiboTag transgenic line with recently developed enhancer lines could 
potentially enhance the molecular resolution of the lymphatic translatome70,71.

In conclusion, this study underscores the importance of compensatory lymphangiogenesis in the resolution 
of edema and the restoration of fluid homeostasis. The rapid expansion of lymphatic vessels, driven by Vegfr3 
signaling plays a critical role in alleviating edema and restoring normal fluid balance in tissues. These findings 
enhance our understanding of the molecular mechanisms regulating lymphatic function in the context of 
edema and highlight lymphangiogenesis as a potential therapeutic target for conditions characterized by fluid 
retention. Future research should aim to further elucidate the molecular mechanisms underlying compensatory 
lymphangiogenesis, particularly how different signaling pathways coordinate lymphatic vessel response and 
fluid clearance. By advancing our understanding of these processes, we may be able to develop more effective 
therapies for diseases associated with fluid retention and impaired lymphatic function.

Methods
Zebrafish maintenance and fish strains
Zebrafish husbandry and research protocols were approved by the University of Illinois Animal Care and 
Institutional Biosafety Committee (Animal Care and Use Protocol 23–112). All procedures adhered to relevant 
guidelines and regulations, conforming to the ARRIVE guidelines72. Zebrafish embryos were obtained through 
natural spawning and raised in blue egg water (60 ug/ml of Instant Ocean and 0.0001% methylene blue) at 28.5 °C 
under standard conditions. For imaging vascular morphology, we used the Tg(mrc1a:egfp; kdrl:mCherry) double 
transgenic line20. Tg(fli1:nEGFP; Tg(lyve1b:dsRed) and Tg(mrc1a:nls-egfp; Tg(lyve1b:dsRed) double transgenic 
line was used for the quantification of endothelial cell (LEC) numbers18,22. Tg(mrc1a:egfp-2A-rpl10a-3xHA) was 
generated in this study and employed for isolating the endothelial translatome for quantitative PCR analysis. 
Tg(lyz:dsRed)73 and Tg(mpeg1:mCherry)74 were used for neutrophil and macrophage measurement, respectively. 
Ekkwill strain were used for the study.

Induction of edema with osmotic stress
Embryos were dechorionated at 48 hpf either manually or using a 1 mg/mL pronase (Sigma-Aldrich) in blue 
water for 2–5 min, followed by gentle pipetting. After dechorionation, embryos were washed three times in fresh 
blue water to remove any residual pronase. Dechorionated embryos were incubated in a hypertonic salt solution 
(3x Danieau buffer: 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 10 mM HEPES) with an 
osmolarity of 375 mOsm/L for 24 h. They were then returned to a isotonic solution (0.3x Danieau buffer, 37.5 
mOsm/L). This osmotic stress protocol consistently induced reproducible edema, which was quantified using the 
freehand selection tool in ImageJ to trace the body region boundaries in lateral view at designated developmental 
stages. The edema surface area was measured in pixels. Confocal image analyses were performed across nine 
somitic segments rostral to the urogenital pore, counting the number of somites containing lymphatics.

Lymphangiogenesis inhibitors
To assess the effect of Vegfr inhibitors on blood and lymphatic vessel formation during edema, larvae were 
treated with the SAR13167536 (Selleck Chemicals), SKLB100242 (Selleck Chemicals), 4-(3,4-Diflurobenzo)
curcumin (Cayman Chemicals), or 0.1% DMSO (as control) at indicated time points. After the treatments, the 
larvae washed out and subjected to osmotic stress starting at 3 dpf. In an alternate treatment strategy, larvae were 
first exposed to osmotic stress from 3 dpf, followed by Vegfr inhibitor treatment at designated time points and 
incubation up to 5 dpf. The inhibitors were washed out at 5 dpf, and vascular changes during edema progression 
and resolution were quantified. For prolonged treatment, the drug was refreshed daily, and vascular changes 
were assessed at 9 dpf.

Generation of ribotag construct and Transgenic lines
The RiboTag construct was generated using Tol2kit components in combination with Gateway Technology75. To 
create the mrc1a:eGFP-2A-rpl10a-3xHA DNA construct, we recombined p5E-mrc1a promoter20, pME-eGFP-
2A-rp110a-3xHA66, and p3E-polyA75 into pDestTol2pA275 using LR clonase II (Thermo Fisher Scientific). The 
resulting DNA construct was co-injected with Tol2 transposase RNA into one-cell stage zebrafish embryos. A 
stable Tg(mrc1a:egfp-2a-rpl10a-3xHA) transgenic line was established after screening over multiple generations. 
This transgenic line effectively isolates the active lymphatic and venous endothelial translatome at desired 
developmental stages.

Translating ribosome affinity purification (TRAP)
TRAP was performed using a modified protocol66. For each untreated or edematous sample, 500 larvae were 
deyolked and homogenized in homogenization buffer composed of 1 mM Tris pH 7.4, 100 mM KCl, 12 mM 
MgCl2, 1% NP-40, 1 mM DTT, 1x Protease inhibitors (Sigma), 200 units/mL RNAsin (Promega), 100ug/mL 
cycloheximide (Sigma) and 1  mg/mL heparin (Sigma). Lysates were incubated on ice for cell lysis and then 
cleared by centrifugation 10,000 x g for 10 min at 4 °C. Anti-HA antibody (2 µl, Abcam ab9110 Rabbit polyclonal) 
was added to 500 larvae equivalents in 800 µl lysate, followed by incubation on an orbital rotator at 4 °C for 
4 h. Dynabeads® Protein G slurry (Novex/Life Technologies) was pre-washed with homogenization buffer and 
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incubated for 30 min to equilibrate the beads. After removal of the homogenization buffer, the lysate-antibody 
mixture was added to the beads and incubated overnight at 4 °C on an orbital rotator. Beads were collected using 
a magnetic stand and washed three times in high-salt homogenization buffer (50 mM Tris pH 7.4, 300 mM KCl, 
12 mM MgCl2, 1% NP-40, 1mM DTT, 1x Protease inhibitors, 200 units/mL RNAsin, 100ug/mL cyclohexamide, 
1 mg/mL heparin) for 5 min per wash. Ribosome-bound RNA was retrieved from the beads and DNase-treated 
using the Direct-zol™ RNA MicroPrep kit (Zymo Research).

Image acquisition and processing
Embryos were anesthetized in 1x tricaine (MS-222) and subsequently mounted laterally or dorsally in 1% low-
melting point agarose gel, on a 35 mm dish with a No. 1.5 coverslip and 14 mm glass diameter. Stereoscope 
images were captured using a Zeiss Stemi 305 microscope equipped with Axiocam Erc 5s camera (Zeiss) and an 
EVOS M5000 (ThermoFisher). Time-lapse videos of edema formation were recorded at a frame rate of 5 frames 
per second (fps) in MP4 format using the EVOS M5000. Confocal imaging was performed on a Zeiss LSM 880 
confocal microscope, capturing high-resolution z-stack images with 10x or 20x objective lenses at a frame size 
of 1024 × 1024 pixels. The bi-directional image scanning speed was set to 7. Image analysis was performed using 
ImageJ (version: 2.3.0/1.53q) and Adobe Photoshop (Adobe).

Statistical analysis
All analyses were conducted using GraphPad Prism Software, version 9.2.0. The normality of all numerical 
datasets was tested with a Shapiro-Wilk test. An unpaired two-tailed Student’s t-test was used for normally 
distributed data, and Mann-Whitney test was used if normality was not confirmed. Data are presented as 
mean ± standard deviation. Significance was defined as a p-value of less than 0.05.

Data availability
No datasets were generated or analysed during the current study.
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