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Abstract

Lymphatic vessels are indispensable for tissue fluid homeostasis, transport of solutes and
dietary lipids and immune cell trafficking. In contrast to blood vessels, which are easily visible
by their erythrocyte cargo, lymphatic vessels are not readily detected in the tissue context.
Their invisibility interferes with the analysis of the three-dimensional lymph vessel structure in
large tissue volumes and hampers dynamic intravital studies on lymphatic function and
pathofunction. An approach to overcome these limitations are mouse models, which express
transgenic fluorescent proteins under the control of tissue-specific promotor elements.

We introduce here the BAC-transgenic mouse reporter strain Vegfr3-tdTomato that expresses
a membrane-tagged version of tdTomato under control of FIt4 regulatory elements. Vegfr3-
tdTomato mice inherited the reporter in a mendelian fashion and showed selective and stable
fluorescence in the lymphatic vessels of multiple organs tested, including lung, kidney, heart,
diaphragm, intestine, mesentery and dermis. In this model, tdTomato expression was sufficient
for direct visualisation of lymphatic vessels by epifluorescence microscopy. Furthermore,
lymph vessels were readily visualized using a number of microscopic modalities including
confocal laser scanning, light sheet fluorescence and two-photon microscopy. Due to the early
onset of VEGFR-3 expression in venous embryonic vessels and the short maturation time of
tdTomato, this reporter offers an interesting alternative to Prox1-promoter driven lymphatic
reporter mice for instance to study the developmental differentiation of venous to lymphatic

endothelial cells.
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Introduction

The lymphatic vessel system consists of a blind-ending network of capillaries (capLV) that take
up interstitial fluid, solutes, dietary lipids and cells, which together constitute the lymph.
Subsequently, lymph is routed via collecting lymphatic vessels (colLV) to connections with
subclavian veins where it enters the blood stream. Oak-leaf shaped lymphatic endothelial cells
(LECs), with specialized junctions that form discontinuous, “button-like” cell-cell contacts
facilitate fluid uptake into capLVs [1]. Transport of lymph within the fluid-tight colLVs is
facilitated by intraluminal valves and coordinated contraction of smooth muscle cells [1-5].
Besides its essential function for the maintenance of tissue homeostasis, the lymphatic system
is also indispensable for immune cell trafficking and dietary fat absorption, which also ensures
the uptake of fat-soluble vitamins from the intestine [4, 6]. During embryonic development the
first LECs differentiate within the cardinal and superficial veins [7, 8], while non-venous origins
of LECs have been identified to contribute to lymph vessels (LV) in multiple vascular beds [9-
11]. Development and maintenance of LVs are dependent on the key regulator VEGF-C, which
signals via its receptor VEGFR-3 [9, 12-19]. The expression of VEGFR-3 in the mouse starts
early during embryonic development in developing blood vessels but becomes largely
restricted to the lymphatic vessels after midgestation [20]. Both, homozygous loss of either
ligand or receptor result in prenatal death, deficient lymphatic sprouting and general vascular
defects [12, 21].

In recent years, many factors have been identified that contribute to and are essential for LV
development and maintenance during adulthood. Fluorescence-based visualization of
vascular networks has profoundly contributed to this advancement. So far, different transgenic
mouse lines have been described, which are suitable for fluorescent detection of LVs. Several
lines are based on the expression of fluorescent proteins, e.g. GFP [22-24], mOrange2 [25] or
tdTomato [26-28], under the control of the Prox1 promoter. Furthermore, transgenic models
using Vegfr3 transcriptional elements to express fluorescent reporters are also reported [29-
32]. However, the investigation and dynamic visualization of complex lymph vessel beds in

specific organs are still underrepresented. A reason for this is the requirement for lymphatic
3
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reporters that encode bright fluorescent proteins as well as limited availability of wholemount
immunostaining protocols with sufficient penetration depth, suited for the visualization of the
LV beds in large volumes. Furthermore, access to complex imaging and tissue clearing
techniques that preserve reporter protein fluorescence and allow for deep, three-dimensional
(3D) volume imaging are still limited to a relatively small number of laboratories.

In response to this obvious demand, we decided to generate a novel lymphatic reporter mouse
model that suitable for multiple imaging modalities including confocal laser scanning (CLSM),
light sheet fluorescence (LSFM) and two-photon laser scanning (2P-LSM) microscopy. This
wide spectrum of microscopic modalities allows high resolution as well as dynamic or 3D
visualization of the lymphatic network in large tissue volumes. Based on its relative brightness,
excitation and emission spectra and fast maturation time, we expressed the tandem-dimer
derivate of RFP, tdTomato [33] under transcriptional control of the Vegfr3 promotor to label
LECs in mice. Here, we show efficient labelling of LVs by the Vegfr3-tdTomato transgene in
various murine tissues and demonstrate co-localization with immunostained VEGFR-3 and
various identifying lymphatic markers. This confirms LEC-specific expression and makes this
mouse line a valuable tool for LV imaging, as well as LEC FACS isolation. Moreover, the
reporter can be useful for dynamic intravital microscopy of lymphatics. Tissue clearing and co-
staining techniques in combination with LSFM allow for visualization of complex three-

dimensional structures in so far under explored tissues.
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87 Results

g8 Generation of a Vegfr3-tdTomato transgenic mouse line

89 The VEGF-C / VEGFR-3 pathway is known to exhibit strong dose dependency. We therefore
90 generated a transgenic model, in which a tdTomato-CAAX-pA cDNA was inserted into BAC
91 clone RP23-58E13 harbouring the Flt4 transgene by Red/ET recombineering. The expression
92 cassette utilized the VEGFR-3 initiating ATG located in the first exon and replaced the
93  remainder of the exon, practically putting tdTomato under the control of F/t4 promotor elements
94  (Fig 1A). Linearized BAC DNA of 214.464 kb size was used for pronuclear injection and yielded
95 74 mice, of which 14 had integrated the transgene (data not shown), as verified by genomic
96 PCR analysis (Fig 1B). To probe for tdTomato expression, the founders were mated to wildtype
97  C56BI/6 mice and we isolated and cultured endothelial cells from the dermis using anti-CD31-
98 coated magnetic beads. The resulting primary cell cultures were comprised of a mixture of
99 endothelial cells (ECs) of blood and lymphatic origin. The observed patches of tdTomato
100 expression were expected, since only LECs should express consistently high levels of the
101 VEGFR-3-driven tdTomato reporter (Fig 1C). In total we identified three individuals exhibiting
102  a particularly bright tdTomato fluorescence i.e. expression.
103  For the subsequent establishment of a reporter mouse line, stably inheriting the transgene, we
104  elected the founder displaying the highest relative brightness of tdTomato fluorescence. The
105 female founder transmitted the transgene with Mendelian distribution and in all subsequent
106  generations, Vegfr3-tdTomato mice were fertile and appeared healthy, without detectable
107  abnormalities.
108
109 Figure 1. Generation of the Vegfr3-tdTomato reporter mouse. A) Schematic representation
110  of the modified genomic region around the initiating ATG of the mouse Flt4 gene in the BAC
111  Vegfr3-tdTomato used for pronuclear injection. A cDNA expression cassette encoding the
112 fluorescent protein tdTomato C-terminally fused to a CAAX-box for membrane-anchoring

113  followed by a SV40-polyadenylation signal (pA) for positive selection was inserted into the BAC
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114 clone RP23-58E13 such that the initiating ATG of the VEGFR-3 was now usurped by
115 tdTomato. For Red/ET recombineering, 3’ and 5 Vegfr3 homology regions derived from the
116  genomic sequences preceding the initiating ATG and following Exon1 were added on both
117  ends of the targeting cassette. Primers for PCR identification of recombinant clones and
118 transgenic animals are indicated. B) Verification of the recombined BAC and successful
119  transgenesis by PCR. The heterozygously transmitted allele is indicated by +/T. C) Differential
120 interference contrast (DIC) and fluorescence images of primary dermal lymphatic endothelial
121 cells (pdLECs) from Vegfr3-tdTomato transgenic mice following magnetic bead-based
122  isolation and enrichment. Images were captured in passage 1. Magnetic beads appear a round
123 black spheres. Scale bars = 50 pym.

124

125 The tdTomato fluorescence is associated with the lymphatic vessel

126 network and co-localizes with VEGFR-3 protein expression

127  To test the expression of tdTomato in different lymphatic vessel beds, we analysed freshly
128 isolated and unfixed organs from adult transgenic mice (Fig 2 A-F, I-J) and pups at postnatal
129 day 5 (P5, Fig 2 G-H, K-T) using a fluorescence stereomicroscope and an inverted
130 fluorescence microscope. Lymph vessels were easily identifiable due to the characteristic
131  pattern of tdTomato expression in all analysed tissues including the diaphragm, lung, ear skin,
132 intestinal mucosa, mesentery, mesenteric LN and heart (Fig 2).

133  We further investigated PFA fixed, wholemount immunostained tissues by CLSM to confirm
134  co-expression of tdTomato with VEGFR-3 and the established lymphatic marker Prox1. Since
135 fixation reduces the brightness of fluorescent proteins, we used an anti-RFP staining to
136  visualize the tdTomato signal. In this analysis all tdTomato-positive LVs were also found to
137  express the VEGFR-3 protein (Fig 3 A, C, Fig 4 A-C), verifying the lymphatic identity of the
138  tdTomato-positive vessels and demonstrating faithful Flt4 promoter-driven expression of the
139  transgene. As expected, the tdTomato reporter was absent from CD31-positive, but

140 VEGFR-3-negative blood vessels (Fig 3 A, Fig 4 A-C). Taken together these data show that in
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141  the newly generated Vegfr3-tdTomato mouse Tomato expression was only detectable in LECs,
142 in which it faithfully recapitulated VEGFR-3 expression.

143

144  Figure 2. Characterization of the reporter expression in Vegfr3-tdTomato transgenic
145  mice. Tissues prepared from adult mice (A-F, I-J) and pups at postnatal day 5 (G-H, K-T) were
146  analysed for lymphatic expression of the Vegfr3-tdTomato transgene in a fluorescence stereo
147  dissection microscope (A-L) and an inverted fluorescence microscope (M-T).. Distinct
148  lymphatic networks were detected in various adult tissues including the diaphragm (A-C), lung
149 (D), ear dermis (E), intestinal mucosa (F), and heart (I-J) as well as postnatal tissues including
150 the mesentery (G-H, O-P, S-T), mesenteric lymph nodes (G, O-P), heart (K-L) and diaphragm
151  (M-N, Q-R). White asterisk denotes the position of the LN. The white and black boxed areas
152  are magnified in the indicated panels. Scale bars = 400 um (M-P) and 200 um (Q-T).

153

154  Figure 3. Co-localization of the transgene-derived Vegfr3-tdTomato signal with bona
155 fide lymphatic vessel markers in the dermis of the ear and diaphragm. A-C) Maximum
156 intensity projection (MIP) of representative confocal tile-scans from wholemount
157  immunostained ear skin (A) and diaphragm (B-C) of adult Vegfr3-tdTomato transgenic mice.
158  Stained antigens are indicated above each panel. The white boxed area in (A) is magnified in
159  (B). Scale bars = 200um (A), 100pm (A, magnification), 50um (B,C).

160

161 Figure 4. Lymph vessel-specific expression of the Vegfr3-tdTomato transgene in the
162 mesentery. A-F) Wholemount immunostained preparations of mesenteries from Vegfr3-
163 tdTomato transgenic pups at P5. Shown are MIPs of multi-tile z-stacks stained for the antigens
164  depicted in colour above each panel. Magnifications of the areas boxed in white dashed lines
165 in (A) and (D) are shown in the indicated panels (B,C and E,F). RFP staining identified
166  transgene expression in lymphatic vessels. Yellow arrow heads indicate formation of semilunar
167  valves. Scale bars = 1000 um (A, B), 200 um (B-C, E-F).

168
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169 The fluorescent reporter tdTomato is expressed in both capillary and

170 collecting lymphatic vessels of various tissues

171  Next, we wondered if in Vegfr3-tdTomato mice the fluorescent reporter was expressed in
172 capLV and colLV, which both express VEGFR-3. In contrast to VEGFR-3, the hyaluronan
173 receptor Lyve1 specifically marks the oak-leaf shaped LECs of capLVs. In the dermal LVs of
174  the ear and the LVs of the diaphragm blind-ending LYVE1-positive capLVs are particularly
175  prominent. In immunostained wholemount preparations of both tissues, we readily noted co-
176  localization of tdTomato and Lyve1 expression in capLVs during CLSM analysis (Fig 3C).
177  Postnatal mesenteric LVs are prominently comprised of colLVs, which do not express LYVE1
178  but retain VEGFR-3, PROX1 and CD31 expression. Mesenteric colLVs strongly expressed
179  tdTomato, which co-localized with the before-mentioned lymphatic markers (Fig 4). We
180 identified newly forming intraluminal valves based on high Prox1 expression in the nascent
181  semilunar leaflets (Fig 4E and F, yellow arrow heads). Collectively, these data confirm the
182  lymphatic identity of tdTomato positive vessel structures and demonstrate consistent tdTomato
183  expression in both capLVs and colLVs at different developmental stages.

184
185  The Vegfr3-tdTomato mouse is a tool for two-photon microscopy

186  Presently, CLSM is probably the most widely used microscope modality in biomedical
187  research, due to it low penetration depth and high energy transfer into tissue it is widely used
188  for post mortem analysis of immunostained specimen. For intravital imaging or the analysis of
189 deep tissue layers, two-photon laser-scanning microscopy (2P-LSM) has become an
190 established, yet not widely used technology, which may partly be due to relatively high costs,
191 technological complexity and significantly lower optical resolution compared to CLSM.
192  Significant advantages of 2P-LSM result from the near infrared excitation light used in this
193  modality and include relatively deep tissue penetration ranging from few hundred micrometres
194  to nearly one millimetre depending on the tissue investigated and the lower phototoxicity as

195 compared to visible light [34].
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196  Therefore, we were interested to demonstrate the suitability of our Vegfr3-tdTomato reporter
197 mouse line for intravital or deep tissue imaging using 2P-LSM. As shown in Fig 5A, tdTomato
198 is optimally excited at a wavelength of 1100 nm [25, 35]. Ex vivo 2P-LSM analysis of skin from
199  Vegfr3-tdTomato foetuses (E14.5), in which the blood vessels had been contrasted with anti
200 PECAM-1 antibodies revealed the tdTomato-expressing lymphatic vessel plexus and the
201  stained blood vasculature up to a depth of 200 um (Fig 5B). Also, in adult tissues, like the
202  diaphragm visualization of tdTomato expressing LECs was readily possible. The label-free
203  second-harmonic generation signals originating from the muscle myosin of the skeletal muscle
204  provided anatomical positioning (Fig 5C). In the somewhat denser adult diaphragm, imaging
205 up to a tissue depth of around 150 um was possible. Taken together these results show the
206  applicability of our Vegfr3-tdTomato reporter mouse for deep tissue imaging using 2P-LSM.
207

208 Figure 5. 2-Photon laser scanning microscopy images of lymphatic vessels from
209 transgenic Vegfr3-tdTomato reporter mice. A) Spectral characteristics of the tdTomato
210 fluorophore [33, 35]. 1P, single photon excitation spectrum, 2P, two photon excitation
211  spectrum, em, emission spectrum. B) Expression of Vegfr3-tdTomato reporter construct in the
212 superficial lymphatic vasculature of foetal skin (E14.5) imaged by 2P-LSM. The blood
213 vasculature was contrasted with Alexa Fluor™ 647-labelled anti PECAM1 antibodies. C)
214  Confirmation of Vegfr-3 promoter driven expression of the fluorescent reporter protein
215  tdTomato in lymphatic vessels of the adult thoracic diaphragm. Due to its non-centrosymmetric
216  biomolecular organization skeletal muscle of the diaphragm generates intense second
217  harmonic generation (SHG) signals, that are visualized as green, repetitively striated signal.
218  Shown are MIPs of 200 ym (B) and 150 pym (C) z-stacks. Scale bars = 50 pym.

219

220
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221  The Vegfr3-tdTomato reporter model is also suitable for optical
222 clearing and 3-dimensional visualization of lymphatic vessel

223 networks by light-sheet fluorescence microscopy

224  Imaging of large tissue volumes (up to several cm?3) requires the use of specialized modalities
225  in particular light sheet fluorescence microscopes (LSFM) are well suited for this task. LSFM
226  requires optical clearing to reduce light scattering. Because most clearing procedures reduce
227  the brightness of reporter proteins, the remaining fluorescence is typically not bright enough
228  for imaging of large tissue volumes even cleared tissue samples. We tested Vegfr3-tdTomato
229  reporter tissues using different optical clearing protocols to probe the suitability of this strain
230 for large volume imaging. Organic solvent-based clearing protocols offer excellent tissue
231  transparency but quench protein fluorescence virtually completely [36]. Therefore, we used
232 wholemount immunostaining with an RFP antibody to counterstain all tissue specimen derived
233 from a Vegfr3-tdTomato pup at P5 that were subsequently cleared following the BABB protocol
234  (Fig 6). 3D-volume rendering of image stacks was performed using the open source
235  visualization software package Voreen [37, 38]. In the lung a highly branched lymphatic
236  network was observed lancing both lobes to the level of the terminal bronchioles (Fig 6 A-C).
237  In addition, prominent lymphatic vessels surrounded the trachea and primary bronchi (S1
238  Video). The organ volume was delineated via tissue autofluorescence in the green channel
239 (Fig 6 A-C). A kidney explant allowed visualization of the developing renal lymphatic
240 vasculature . Lymph vessels, that start to pervade the renal cortex, follow interlobar blood
241  vessels towards the renal pelvis, where they run into large hilar collecting lymph vessels
242  located adjacent the major renal arteries and veins (Fig 6 D-E, S2 Video). Finally, we visualized
243  the developing LVs in the mouse heart, which as previously described [39] are particularly in
244 the epicardium but hardly invade into the myocardium are described for larger mammals. LVs
245  form a dense network around the root of the aorta (Fig 6 F+G, S3 Video).

246  To overcome the limitations associated with wholemount immunostaining and minimize the

247  fluorescence loss of tdTomato due to tissue clearing as much as possible, we applied the

10
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248  hydrophilic tissue clearing protocol CUBIC (Fig 7) [40]. Here fluorescence of tdTomato was
249  significantly better retained allowing the direct visualization without counterstaining of the
250 lymphatic vasculature of the right lobe of the lung and the heart. Also here tissue
251  autofluorescence in the green channel was used to delineate organ outline and volume (Fig
252 7A-B). Collectively, these results show that large volume imaging of LVs in Vegfr3-tdTomato
253  reporter mice was possible using organic solvent-based or hydrophilic tissue clearing methods.
254  However, for organic solvent-based clearing wholemount immunostaining to compensate the
255  loss of protein fluorescence was mandatory.

256

257 Figure 6. Light sheet microscopic visualization of the lymphatic vasculature in
258 transgenic Vegfr3-tdTomato reporter mice after organic solvent-based tissue clearing.
259  A-E) Volume reconstruction of lymphatic vessels in the lung (A-C) and kidney (D+E) of Vegfr3-
260 tdTomato reporter mice at P5. Immunostaining for RFP identified expression of the Vegfr3-
261 tdTomato transgene. Endogenous tissue autofluorescence (AF) allowed contrasting of the
262  overall organ volume. F+G) 3D visualization of cardiac lymphatic vessels by immunostaining
263  for RFP indicating expression of the Vegfr3-tdTomato transgene. Blood vasculature was
264  visualized by Alexa Fluor™ 647-labelled anti PECAM1 antibodies. The yellow boxed areas are
265 magnified in the indicated panels.

266

267  Figure 7. Light sheet microscopy of CUBIC-cleared tissues visualized Vegfr3-tdTomato
268 transgene expression in lymphatic vessels of the mouse lung and heart. A+B) 3D
269  visualization of tdTomato positive lymphatic vessels in the lung (A) and heart (B) of Vegfr3-
270  tdTomato reporter mice at P5. Tissue autofluorescence (AF) was used to contrast organ

271  topography.

11
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272 Discussion

273 We report the generation and characterization of a Vegfr3-tdTomato reporter mouse line for
274  imaging of the lymphatic vasculature by multiple modalities. Although not formally proven in
275  this study, the Vegfr3-tdTomato line should also be suitable for combination of microscopic
276  imaging with molecular or whole body imaging in multi-modal approaches. The tdTomato
277  reporter showed bright, homogenous and consistent red fluorescence in all LECs of LVs
278 investigated in this study and was successfully applied in a wide range of microscope
279  modalities, including fluorescence stereomicroscopy, CLSM, 2P-LSM and LSFM. Further, the
280 reporter can be exploited for the isolation of LECs from tissues and may be combined with
281  other fluorescent proteins for multi-colour analysis.

282  For generation of the transgenic line, we inserted a cDNA expression cassette encoding a
283  membrane-tagged version of tdTomato into the BAC RP23-58E13 that harbours 214kB of
284  mouse genomic sequence from chromosome 11 including the Flt4 coding and presumably
285  most regulatory sequences. The expression cassette was inserted by Red/ET recombineering
286  such that tdTomato utilizes the initiating ATG of the VEGFR-3 and the cDNA replaces the
287 remainder of Exon1. We chose tdTomato because it is among the brightest red fluorescent
288  proteins [33]. Consequently, we expected our reporter to allow deeper imaging compared to
289  other available LEC-specific reporter lines [22, 24-28, 30, 41]. Furthermore, in contrast to
290 previously published GFP-based lymphatic reporters [29, 31, 32] the red-shifted excitation and
291  emission spectrum of tdTomato should aid in avoiding abundant green tissue autofluorescence
292 (Fig 5A). In addition, combination with other especially green fluorescent reporter mouse lines
293  is possible to simultaneously visualize for example distinct vascular beds by crossbreeding
294  with lines specifically labelling blood ECs [42-44].

295  Following pronuclear microinjection, analysis of the transgenic offspring indicated that
296 tdTomato had been successfully subjected to transcriptional control of the Fl/t4 gene, hence
297  restricting the expression to LECs but not BECs after the onset of embryonic LV formation. To
298 establish the Vegfr3-tdTomato reporter mouse line, we bred the founder displaying the

299  brightest and most uniform tdTomato-fluorescence in LECs in all analysed LV beds. The
12
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300 transgene genomic integration site tends to be of minor importance in BAC transgenesis,
301 indeed locus-specific influences bear the danger to interfere with faithful control through the
302 transgene promotor, which in our Vegfr3-tdTomato line appeared however to be maintained.
303 A possible explanation for the superior expression tdTomato expression might be the
304 integration of multiple copies, very likely in the same integration site, as we did not note
305  segregation of transgenes in subsequent generations.

306 In all anatomical locations analysed, tdTomato expression was restricted to the lymphatic
307 vasculature, while absent from blood vessels. A hierarchical network of LV was detectable and
308 co-localization with lymphatic-specific markers in capLVs and colLVs was retained in
309 wholemount preparations. The Vegfr3-tdTomato transgene recapitulated the endogenous
310 VEGFR-3 expression in LECs and the plasma membrane localization aided visualization of
311  tubular LV structures and distinctly delineated the shape of single LECs.

312  Since dehydration and lipid extraction during optical tissue clearing with organic solvents
313  efficiently quenches protein-based fluorescence, we used wholemount immunostaining with
314  an anti-RFP antibody to detect tdTomato expression, which allowed us to visualize deep LVs
315 in large tissue volumes [36]. While providing bright signals with a high signal to noise ratio,
316  wholemount immunostaining remains limited by potential inaccessibility of the tissue to
317  antibody staining. To overcome this obstacle, we applied the CUBIC tissue clearing protocol,
318 which is based on detergent-mediated lipid extraction in hyper-hydrated samples[40]. This
319  protocol retained the tdTomato fluorescence in transgenic tissues to a degree where again
320 three-dimensional visualization of deep LVs was possible. For the analysis of complex vascular
321  structures in large tissue volumes LSFM followed by digital image reconstruction is the most
322  suitable imaging modality, which allowed us to reconstruct the complexity of the lymphatic
323  vasculature in whole organs with a level of details that has not been shown to this extend and
324  quality earlier. Finally, tissue clearing is not possible when intravital imaging of tdTomato in
325 live animals is attempted. We demonstrated the suitability of our reporter mouse by 2P-LSM
326  on unfixed, freshly isolated samples, where the fluorescence of LV-associated tdTomato was

327  readily detectable up to a depth of 300 um at an excitation wavelength of 1100 nm.
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Conclusion

The Vegfr3-tdTomato reporter mouse strain that we have described in this study showed
reliable labelling of lymph vessels in all analysed tissues including the dermis, mesentery,
lymph nodes, intestinal mucosa, diaphragm, heart, lung and kidney.

The model is applicable to tissue clearing, the CUBIC protocol will preserve the endogenous
fluorescence of tdTomato. The line was suitable for a wide range of different imaging
techniques and it allowed us to visualize the, so far not reported, complex architecture of the
deep lymphatic plexus in various organs. Moreover, our reporter opens a number of important
applications in intravital microscopy as it is photostable and bright. It is therefore a useful and

advantageous tool for future dynamic explorations of the lymphatic vasculature.
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339 Material and Methods

340 Generation of a Vegfr3-tdTomato reporter mouse

341  We have flanked a cDNA, coding for the membrane-tagged RFP-derivate tdTomato-CAAX
342  followed by an ampicillin-resistance cassette for positive selection with homology regions of
343  the murine Flt4 gene. Targeting vectors were sequenced to verify correct insertion of the DNA
344  fragments. We used Red/ET recombineering in E. coli DH10B to generate a modified bacterial
345  artificial chromosome (the BAC clone RP23-58E13, harbouring the Flt4 gene within 214kB of
346 genomic sequence of mouse chromosome 11). The construct was designed such that the
347 VEGFR-3 start codon became the tdTomato stat codon. Linearized DNA was used for
348 pronuclear injection into fertilized zygotes, which were implanted into pseudo-pregnant
349  C57BI/6 females. Transgenic founders were identified by genomic PCR analysis (PCR1: fwd
350 5-GACAACAACATGGCCGTCA-3, rev 5-CTTGTACAGCTCGTCCATGC-3’ and PCR2: fwd
351 5- GCTCTCACTCCCAGCCTAG-3’, rev 5-ACTCTTTGATGACGGCCATGTT-3’) and were
352  subsequently screened for Vegfr3 promotor-driven tdTomato expression by stereomicroscopy
353  of the dermal lymphatic vascular plexus in ear skin biopsies. One of three founders was
354  selected for line establishment, based on the brightness of tdTomato fluorescence.

355
356 Animal experiments

357  Mice were kept under conventional conditions in IVC-cages and ventilated racks at 22 °C and
358 55 % humidity with a light-dark cycle of 14:10 h. Transgenic Vegfr3-tdTomato mice were
359 analysed at the age of postnatal day 5 (P5) to 21 weeks. Foetuses were analysed at
360 developmental stage of E14.5. Embryonic staging was determined by the day of the vaginal
361 plug (E 0.5). Wildtype littermate mice served as controls. All animal procedures were
362  performed according to relevant laws and institutional guidelines, were approved by the state
363  animal ethics committee and were conducted with permission (84-02.04.2016.A218) granted
364 by the Landesamt fur Natur, Umwelt und Verbraucherschutz (LANUV) of North Rhine-

365 Westphalia.
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366 Antibodies

367 The following antibodies were used: rabbit polyclonal anti-human Prox1 (ReliaTech, 102-
368  PA30), goat polyclonal anti-human Prox1 (R&D Systems, AF2727), rat monoclonal anti-mouse
369 PECAM-1 (clone 5D2.6 and clone 1G5.1 [45]), goat polyclonal anti-mouse Lyve1 (R&D
370  Systems, AF2125), rat monoclonal anti-mouse Lyve1 (clone 223322, R&D Systems), goat
371  polyclonal anti-mouse VEGFR-3 (R&D Systems, AF743) and rabbit polyclonal anti-RFP
372  (Rockland, 600-401-379). Secondary Alexa-dye labelled antibodies were obtained from Life
373  Technologies.

374

375 Isolation and culture of dermal endothelial cells

376  Primary dermal endothelial cells (ECs) were isolated from the tail skin of transgenic mice as
377  described previously [46]. In brief, tail skin fragments were digested with 5% dispase/PBS to
378  remove the epidermis from the dermis. Dermal fragments were then transferred into 1 mg/mL
379  Collagenase A solution to maintain a single cell suspension. Single cells were incubated with
380 magnetic dynabeads (coated with sheep anti-rat IgG) coupled to anti-CD31 antibody (clone
381 mec13-3). CD31-positive ECs of both lymph- and blood vessel origin were enriched by
382  magnetic separation. For cultivation of lymphatic endothelial cells (LECs) preselected batches
383 of ECGS (BT-203, Alfa Aesar) that favour the expansion and maintenance of lymphatic
384  endothelium were used. LECs were maintained in Dulbecco’s Modified Eagle’s Medium
385 (DMEM) supplemented with 20 % FCS, 2 mM L-glutamine, 100 pg/mL penicillin/streptomycin,
386 1 % sodium pyruvate, 0,1 mM non-essential amino acids, 20 uyg/mL ECGS, 50 ug/mL Heparin,
387 50 uM B-mercaptoethanol and cultured on 0.4 % gelatine coated petri dishes or multi-well
388 platesat 37 °C, 10 % CO, and 95 — 100 % humidity. Enriched LEC cultures in passage 1 were
389  used for fluorescence imaging.

390

391

392
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393  Wholemount staining of embryonic and adult tissues

394  Tissues were fixed in 4 % PFA for 2 h and washed with PBS. Subsequently, samples were
395 permeabilized in 0.5 % Triton X-100 in PBS, blocked in PermBlock solution (3 % BSA, 0.1 %
396 Tween-20 in PBS) and stained with the listed primary antibodies at 4°C. Following three
397  washing steps with PBS-T (0.1 % Tween-20), tissues were incubated in secondary antibodies
398 labelled with Alexa-dyes and mounted with Mowiol.

399
400 Optical tissue clearing

401  Optical clearing was described previously [40]. Briefly, prior fluorescence light sheet imaging,
402  postnatal wholemount stainings were embedded in 2 % low-melting point agarose. For organic
403  solvent-based clearing the samples were dehydrated in increasing concentrations of methanol
404 (50 %, 70 %, 99.5 %, 99.5 % methanol (v/v), each step at least 1 hour) and then optically
405 cleared in a benzyl alcohol:benzyl benzoate solution (BABB; ratio 1:2) for 4h.

406  For CUBIC-based tissue clearing samples were incubated in reagent-1A up to 4 days. while
407 reagent-1A was replaced every 24 hours. Afterwards samples were washed several times in
408 PBS and were then incubated reagent-2 until final transparency. Before Imaging the samples

409  were immersed in silicon oil (Sigma, 175633) for at least 1 hour.

410

411 Microscopy

412 Widefield fluorescence microscopy

413  Imaging of murine tissue samples and LEC cultures was conducted on a Nikon Eclipse Ti2
414  inverted fluorescence microscope (Nikon, Japan) using a 10X Plan Fluor (NA 0.3, WD 15.20
415 mm) objective and appropriate emission filter sets for Cy3 (577/25 nm). The system is
416  equipped with a SPECTRA X light engine® (Lumencor, USA) for excitation.

417

418
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419 Stereomicroscopy

420 Unfixed and unstained Vegfr3-tdTomato mice were analysed with a Leica Stereomicroscope
421  MZ16F coupled to a digital camera (Hamamatsu C4742-95). Volocity software (Perkin Elmer)
422  was used for image acquisition and processing.

423
424 Confocal laser scanning microscopy and image processing

425  Confocal images were captured using an LSM 880 confocal microscope (Carl Zeiss; 10x,
426 NA=0.45; 20x, NA=0.8; 40x water, NA=1.2; 63x oil, NA=1.4). Microscopy data were recorded
427  and processed with ZEN Pro software (Carl Zeiss). All confocal images represent maximum
428 intensity projections of z-stacks of either single tile or multiple tile scan images. Mosaic tile-
429  scans with 10 % overlap between neighbouring z-stacks were stitched in ZEN software.
430 Confocal single and multi-tile-scans were processed in Fiji [47]. If necessary, adjustments to
431  brightness, contrast and intensity were equally accomplished for individual channels and
432 compared data sets.

433
434 Light sheet fluorescence microscopy and 3D-image processing

435  Optically cleared samples were imaged on a LaVision BioTec Ultramicroscope Il (LaVision
436  BioTec, Bielefeld, Germany) equipped with an Olympus MVX10 Zoom Microscope Body
437  (Olympus, Tokyo, Japan) allowing an optical magnification range from 1.26x to 12.6x and an
438 NA of 0.5. An NKT SuperK (Power SK PP485) supercontinuum white light laser served as
439  excitation light source. For excitation and emission detection of specific fluophores custom
440  band-pass filters (excitation 470/40, 577/25 or 640/30 nm; emission 525/50, 632/60 or 690/50
441  nm) in combination with an Andor Neo sCMOS Camera. For image acquisition, Z-steps 3 um
442  were chosen. 3D reconstruction and analysis of ultramicroscopy stacks were performed by
443  using the volume rendering software Voreen [37, 48].

444

445
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Two-photon laser scanning microscopy

For ex vivo imaging of embryonic dermal lymphatic vessels and adult diaphragm tissue a
LaVision TriM Scope Il microscope (LaVision BioTec, Bielefeld, Germany) was used with a
water dipping objective (CFI-Apo LWD 25XW, NA= 1.1, WD= 2.0 mm, Nikon). This system is
equipped with a Chameleon Discovery ultrafast tuneable, which is used to pump an optical
parametric oscillator (OPO that generates wavelengths greater than 1000 nm and a
Chameleon XR Femtosecond Ti:Sapphire laser (Coherent, Santa Clara, USA) to generate
wavelengths up to 850 nm. Either second harmonic generation signal (SHG) or Alexa Fluor™

647 were simultaneously excited at 1100 nm with tdTomato.
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633 Supporting Information

634 81 Video. Volume imaging and 3D reconstruction of the lymphatic vessel system in the
635 lung of a 5 day old mouse pup. The explanted organ was fixed and wholemount
636 immunostained with anti RFP antibodies. For tissue clearing the sample was dehydrated and
637 delipidated by stepwise incubation in increasing concentrations of methanol followed by
638  refractory index matching in BABB. Image stacks acquired by LSFM were digitally rendered
639  using the open source visualization software package Voreen.

640  Shown is a consecutive slice view throughout the sample, followed by volume reconstruction
641  of the vessel bed, a 360 degree turn and a zoom in to reveal details of the LVs (red). The organ
642  volume is outline by tissue autofluorescence (green).

643

644  S2 Video. Volume imaging and 3D reconstruction of the lymphatic vessel system in the
645 kidney of a 5 day old mouse pup. The explanted organ was fixed and wholemount
646 immunostained with anti RFP antibodies. For tissue clearing the sample was dehydrated and
647  delipidated by stepwise incubation in increasing concentrations of methanol followed by
648  refractory index matching in BABB. Image stacks acquired by LSFM were digitally rendered
649  using the open source visualization software package Voreen.

650  Shown is a consecutive slice view throughout the sample, followed by volume reconstruction
651  of the vessel bed, a 360 degree turn and a zoom in to reveal details of the LVs (red). The organ
652  volume is outline by tissue autofluorescence (green).

653

654  S3 Video. Volume imaging and 3D reconstruction of the lymphatic vessel system in the
655 heart of a 5 day old mouse pup. The explanted organ was fixed and wholemount
656 immunostained with anti RFP antibodies. For tissue clearing the sample was dehydrated and
657 delipidated by stepwise incubation in increasing concentrations of methanol followed by
658  refractory index matching in BABB. Image stacks acquired by LSFM were digitally rendered

659  using the open source visualization software package Voreen.
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660  Shown is a consecutive slice view throughout the sample, followed by volume reconstruction
661  of the vessel bed, a 360 degree turn and a zoom in to reveal details of the LVs (red). The organ

662  volume is outline by tissue autofluorescence (green).
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