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Receptor-mediated endocyto-
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Abstract

The mechanism of protein reabsorption in
the kidney of lower vertebrates remains insuf-
ficiently investigated in spite of raising inter-
est to the amphibian and fish kidneys as a use-
ful model for physiological and pathophysiolog-
ical examinations. In the present study, we
examined the renal tubular uptake and the
internalization rote of lysozyme after its intra-
venous injection in the wintering frog Rana
temporaria using immunohisto- and immuno-
cytochemistry and specific markers for some
endocytic compartments. The distinct expres-
sion of megalin and cubilin in the proximal
tubule cells of lysozyme-injected frogs was
revealed whereas kidney tissue of control ani-
mals showed no positive immunoreactivity.
Lysozyme was detected in the apical endocytic
compartment of the tubular cells and colocal-
ized with clathrin 10 min after injection. After
20 min, lysozyme was located in the subapical
compartment negative to clathrin (endo-
somes), and intracellular trafficking of
lysozyme was coincided with the distribution
of megalin and cubilin. However, internalized
protein was retained in the endosomes and did
not reach lysosomes within 30 min after treat-
ment that may indicate the inhibition of intra-
cellular trafficking in hibernating frogs. For
the first time, we provided the evidence that
lysozyme is filtered through the glomeruli and
absorbed by receptor-mediated clathrin-depen-
dent endocytosis in the frog proximal tubule
cells. Thus, the protein uptake in the amphib-
ian mesonephros is mediated by megalin and
cubilin that confirms a critical role of endocyt-
ic receptors in the renal reabsorption of pro-
teins in amphibians as in mammals.

Introduction

Within the last few years, the kidney of
aquatic and terrestrial amphibians serves as a
useful experimental system for investigating
the molecular mechanisms of various physio-
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logical processes. They include the filtration-
reabsorption processes,'® different transport
systems,'* and some renal pathological alter-
ations.”” The unique anatomy of the urodelic
amphibian kidney including open nephrons
connected with peritoneal funnels (nephros-
tomes) makes it possible to investigate the
tubular uptake of protein and non-protein
nephrotoxic substances injected into the peri-
toneal cavity, without glomerular filtration.
Such investigation of the process of tubuloint-
erstitial activation and induction of interstitial
fibrosis by protein loading was performed on
the axolotl kidney.>® This takes on special sig-
nificance of amphibian kidney for studying the
renal tubular disorders similar to human kid-
ney disease induced by protein overloading
and/or endocytic receptor dysfunction.? Novel
data about the protein absorption under condi-
tions of hydration and by antidiuretic hormone
treatment in the anuran amphibian Rana tem-
poraria were obtained in our previous works.*
12 In spite of some morphological peculiarities
of the amphibian nephrons®' it was shown
the amphibian kidneys, embryonic and adult,
function by the same filtration-reabsorption
processes as mammalian kidneys.'? The use of
the frog kidney as an experimental model
requires the strong knowledge of mechanisms
involving in tubular reabsorption of various
macromolecules, but the information about
this process in non-mammals is still insuffi-
cient. The renal uptake studies in mammals
provide much evidence that the proximal
tubule cells absorb the proteins from the tubu-
lar fluid by means of receptor-mediated endo-
cytosis, and then absorbed proteins are trans-
ported into endosomes and lysosomes for the
subsequent degradation.!®!® According to the
latest conceptions, this process involves two
interacting receptors, megalin and cubilin,
which form a complex with amnionless.'™
The cubilin-amnionless complex mediated
internalization of proteins, and megalin per-
forms internalization of cubilin-protein com-
plex.1#20 Megalin and cubilin are expressed in
the apical pole of renal proximal tubule cells.
At the subcellular level they are revealed in the
early endocytic compartment (apical clathrin
coated pits, vesicles and early endosomes).
Both receptors are also detected in the apical
recycling compartment, dense apical tubules.
Expression of these receptors in the late endo-
somal compartment and lysosomes appears
more limited.!”

In lower vertebrates, as opposed to mam-
mals, the evidences of megalin-cubilin-depen-
dent endocytosis are not numerous. According
to the study in the Xenopus pronephric kid-
ney,"” the expression of endocytic receptors
(megalin/LRP2, cubilin, and amnionless) in
proximal tubule and the availability of protein
endocytosis were established. In our previous
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study, the involving cubilin and megalin in the
uptake and vesicular transport of yellow fluo-
rescent protein (YFP) in the proximal tubule
cells of the R. temporaria kidney was shown.!
As regards other lower vertebrates, similar
data on megalin- and cubilin-dependent endo-
cytosis were obtained only for the zebrafish
pronephros.?! The endocytic uptake and intra-
cellular accumulation in the mammalian prox-
imal tubules were first described for larger
proteins (albumin, hemoglobin, horseradish
peroxidase), but later it was shown that small
proteins such as growth hormone, lysozyme,
and insulin are absorbed by the same way.2>*
Lysozyme is known as a protein extensively fil-
tering and completely absorbing by the tubular
epithelium.?26 It allows to actively using
lysozyme as a carrier for renal-specific delivery
of various drugs in the drug-targeting tech-
nologies.?”*® In mammals, intracellular traf-
ficking of lysozyme is completely investigat-
ed, 222930 and lysozyme is regarded as a spe-
cific ligand of low density lipoprotein receptor
family members.'®'” Nevertheless there are
few studies about the direct involvement of
megalin and cubilin in the internalization of
lysozyme by the proximal tubule cells in mice
and rats.2830

Based on our previous frog studies which have
demonstrated the tubular reabsorption and
uptake pattern of model proteins, green fluores-
cent protein (GFP) and YFP!'? it was reasonable
to examine the mechanisms of endocytosis in the
frog kidney using different proteins, in particular,
lysozyme. Taking into account the detailed data
about this filterable low molecular weight protein
including the mechanisms of its tubular reab-
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sorption in mammals, the expected results could
be very informative for comparative physiological
analysis of receptor-mediated endocytosis in ver-
tebrates. It also may be useful for further employ-
ment of this system for investigation of renal
tubular disorders. The aim of the present study
was to identify the tubular uptake and internal-
ization route of lysozyme in the R. temporaria kid-
ney after its intravenous injection using immuno-
chemistry, immuno-electron and confocal
microscopy and employing specific markers for
some intracellular compartments.

Material and methods

Animals

Experiments were carried out on wintering
male frogs (R. temporaria) from November to
April. Animals (38+1 g BW, n=38) were housed
in plastic tanks with tap water at 4°C and were
kept in individual tanks for one hour at room
temperature (RT) before the experimental
procedure. The depth of water was sufficient to
ensure complete hydration of frogs. The proto-
col of all experiments was approved by the
Bioethics Committee of the Institute (Protocol
4 0f 17.01.2013).

Experimental protocol

Immobilized (double-pithed) frogs were
placed on a Petri dish containing tap water suf-
ficient to immerse the frog’s pads and ventral
pelvic skin during the experiment. Chicken
egg white lysozyme was diluted in 0.01 M phos-
phate-buffered saline (PBS) with 111 mM
NaCl, pH 7.4, osmolality 230 mOsm/kg H,0.
The lysozyme was injected into a peroneal vein
at a dose 18 1g/100 pl/30 g BW. Control ani-
mals were non-injected or injected with PBS.
At 10, 20 and 30 min after injection the kidneys
were removed, replaced into fixative solutions,
dissected and treated for further investigation.

Fixation and tissue treatment

For immunofluorescence tissue blocks were
fixed by immersion in 4% PFA/PBS solution
(230 mOsm) for 3-4 h at 4°C, rinsed with PBS
and cryoprotected in 30% sucrose/PBS over-
night. Then samples were transferred to
Tissue-Tek® OCT (Sakura, Torrance, CA, USA)
and frozen in liquid nitrogen. Cryostat sections
(5-7 ym) were cut using a Leica cryostat CM
1510 (Leica Microsystems, Wetzlar, Germany)
at -20°C, mounted onto polylysine covered
microscope slides (Menzel-Glaser, Braun-
schweig, Germany), and air-dried at RT. For
immunocytochemical studies small pieces of
the tissue were fixed in 0.5% glutaraldehyde
(Sigma-Aldrich, St. Louis, MO, USA) mixed
with 4% paraformaldehyde (Sigma-Aldrich) in
0.01 M PBS, pH 7.3 overnight at 4°C. After
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washing with PBS (2x10 min) specimens were
dehydrated in ethanol series at 4 C, infiltrated
by cold LR White resin (Agar Scientific Ltd.,
Stansted, UK) transferred into resin-filled gel-
atin capsules, and underwent polymerization
using a UV-chamber (Agar Scientific Ltd.).
Ultrathin sections (50-70 nm) were cut with
Leica Ultracut UCT (Leica Microsystems) and
placed on butvar-coated nickel grids.

Immunohistochemical analysis

Cryostat sections were pre-incubated with
PBS for 30 min and permeabilized with PBST
(0.2% Triton X-100 in 0.01M PBS) for 30 min.
After blocking with nonfat 5% dry milk in PBST
for 1 h, sections were washed in PBST for 1
min, blocked in 5% BSA in PBTS for 1 h,
washed two times in PBST for 5 min and incu-
bated with primary antibody in 1% BSA-PBST
overnight at 4°C. The following dilutions were
used for immunohistochemistry: polyclonal
rabbit anti-human megalin or cubilin diluted
1:25, rabbit anti-hen lysozyme (1:100), mono-
clonal mouse clathrin (1:50), mouse anti-rat
caveolin-1 (1:50), mouse anti-human LAMP1
(1:50). The primary antibodies were omitted
from the incubation solution as negative con-
trol. Next day sections were washed six times
in PBST for 5 min and incubated with second-
ary goat anti-rabbit IgG conjugated with Alexa
Fluor 488 (1:500) and donkey anti-mouse IgG
conjugated with Alexa Fluor 568 (1:500)
respectively in the same incubation medium
for 1 h at RT. After six washes in PBST for 5
min, sections were washed six times in PBS
for 5 min, washed once in H,0, and then cov-
ered with a glass coverslip using Fluorogel
(Electron Microscopy Science, Hatfield, PA,
USA). Samples were examined with a confocal
Leica TCS SP5 inverted microscope (Leica
Microsystems, Inc., Bannockburn, IL, USA)
equipped with an argon and helium-neon
lasers. Alexa Fluore 488 was visualized with
excitation and emission wavelengths of 488
nm and 515 nm, respectively. The correspon-
ding wavelengths for Alexa Fluor 568 were 543
nm and 605 nm. Images were obtained using a
colour digital camera Leica DFC300 FX.

Immunocytochemical analysis

Electron microscope immunocytochemistry
was performed using post-embedding
immunogold technique. Ultrathin sections
were incubated with 0.01M PBS, followed by
incubation with 0.05 M glycine, pH 7.4 for 30
min at RT. For background elimination the sec-
tions were blocked with 1% BSA-PBS for 1 h
and incubated with primary antibody diluted in
0.1% BSA-PBS overnight at 4°C in a humidified
chamber. For EM labeling the following anti-
bodies were used: polyclonal rabbit anti-
human megalin or cubilin diluted 1:10, rabbit
anti-hen lysozyme (1:60, 1:100), monoclonal
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mouse anti-clathrin (1:500). The primary anti-
bodies were omitted from the incubation solu-
tion as negative control. After overnight incu-
bation sections were rinsed six time for 10 min
with PBST (0.01M PBS with 0.1% BSA and
0.02% Tween® 20) and then incubated with
secondary antibody p-A-Gold conjugate (10-15
nm) diluted 1:50 in 0.1% BSA-PBS for labeling
of primary polyclonal antibody for 1 h at RT. For
labeling of mouse monoclonal primary anti-
body we used intermediate treatment with
bridging rabbit anti-mouse IgG diluted 1:50 for
30 min at RT followed by incubation with p-A-
Gold in the same incubation medium. After six
washes with PBST and additional two washes
with PBS sections was fixed with 1% glutaral-
gehyde, washed with distilled water and dried.
Ultrathin sections were doubly stained with
uranyl acetate and lead citrate and examined
in a Tecnai G2 Spirit transmission electron
microscope (FEI, Eindhoven, The Netherlands)
at 80 kV. Electron micrographs were obtained
by Olympus-SIS Mage View G2 CCD Camera,
images were transferred (digitally transferred)
by TEM Imaging and Analysis Software (TIA
program) and processed by using Adobe
Photoshop 8.0 (Adobe Systems, Mountain
View, CA, USA).

Antibodies and chemicals

Lysozyme from Chicken Egg White was pur-
chased from Sigma (Sigma-Aldrich), p-A-Gold
conjugate (15 nm) was purchased from EMS
(Electron Microscopy Science). The following
antibodies were used: polyclonal rabbit anti-
human megalin (H-245) and rabbit anti-
human cubilin (H-300) (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA); rab-
bit antibody to lysozyme from hen egg white
(Abcam Inc., Cambridge, MA, USA); monoclon-
al mouse antibody to clathrin LC (3F133),
mouse anti-rat antibody to caveolin-1 (7C8),
and mouse anti-human antibody to LAMP1 (E-
5) (Santa Cruz Biotechnology); goat anti-rab-
bit-Alexa 488 IgG and donkey anti-mouse-568
IgG (Invitrogen, Molecular Probes, Carlsbad,
CA, USA); bridging rabbit anti-mouse IgG
(Zymed Laboratories, Invitrogen, USA).

Statistical analysis

All data are presented as means+SEM. The
average values of fluorescent vesicles (per 5
neighboring cells) in proximal tubule profiles
were calculated (3 frogs, 30 tubules for each
experiment). The number of proximal tubule pro-
files with immunolabeled lysozyme was calculat-
ed as percentages relative to the total number of
profiles (60-120 profiles for each frog) visualized
in confocal images of the dorsolateral area of kid-
ney sections. Multiple comparisons were made
using one-way ANOVA followed by a Newman-
Keuls test. The results were considered to be sta-
tistically significant at P<(0.05.
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Results

Lysozyme uptake in the frog proxi-
mal tubules

The initial immunohistochemical evalua-
tion of the lysozyme intravenous injection
revealed a distinct intracellular labeling in
proximal tubule profiles at different time
points of the experiment (Figure 1 A-C). The
distal tubules and other parts of the nephron
showed no positive immunoreactivity (Figure
1 B,C). No specific fluorescence was also
detected in kidney tissue of control animals,
non-injected or injected with PBS (Figure 1F).
There was no staining following the incuba-
tion of kidney sections without the primary
antibody (not shown). Immunofluorescent
label in the epithelial cells was mostly intracel-
lular and punctate, suggesting the localization
of lysozyme in a vesicular compartment
(Figure 1 A-E). Light fluorescence of the brush
border was also detected (Figure 1 D,E). The
intracellular distribution of lysozyme changed
with increase of the time after its introduction.
After 10 min, a linear arrangement of
lysozyme-containing vesicles was detected
close to the brush border (Figure 1 A,D). With
increasing time (20 and 30 min), vesicular
structures were located deeper in apical cyto-
plasm, the number of vesicles significantly
increased (Table 1), and fluorescence staining
was appeared more intensive (Figure 1 B,C,E).
The analysis of the lysozyme uptake pattern
showed some tubules in the dorsolateral part
of the kidney demonstrating the positive fluo-
rescence signal 10 min after injection (Figure
1A; Table 1). After 20 and 30 min, the number
of the proximal tubule profiles with internal-
ized lysozyme was increased in comparison
with 10 min (Figure 1 B,C; Table 1). It should
be noted, that immunofluorescent signal in the
early proximal tubule appeared more intensive
than in the late segments at the same time
points of the experiment (Figure 1 A,C). So,
the accumulation and distribution of labeled
lysozyme increased in a time-dependent man-
ner and reflected progressive internalization
of injected protein (Table 1).

Electron microscopy showed well-preserved
ultrastructure of the proximal tubule cells
within 30 min after introduction of lysozyme
(Figure 2A). The endocytic apparatus, includ-

DT

20 min

10 min

30 min control

10 min 20 min

10 min

20 min control

Figure 1. Immunofluorescent detection of lysozyme and endocytic receptors in the frog
proximal tubules. A-E) Time-depending localization of lysozyme in the proximal tubule
cells demonstrating vesicular accumulation of injected protein; note spreading distribu-
tion of labeled protein in the apical area of the epitheliocytes and increasing intensity of
fluorescence signal within 30 min after injection. F) Negative stained tubular epithelium
in control (PBS-injected) frogs. G-I) Time-dependent megalin expression in the proxi-
mal tubule cells from lysozyme-treated frogs; note the initial apical expression of this
receptor (G) and its following internalization (H,I). J,K) The same (as in G-I) for
cubilin; the intensity of cubilin immunofluorescence is notably reduced compared with
megalin. L) Anti-megalin antibody negative staining of the proximal tubules in control
(non-injected) animals. Figure presents merged fluorescence and bright-field micro-
graphs. BB, brush border; DT, distal tubule; EPT, early proximal tubule; LPT, late prox-
imal tubule; PT, proximal tubule. Scale bars, 25 um.

Table 1. Time-dependent uptake of lysozyme in the frog proximal tubules.

Number of lysozyme-containing vesicles in epithelial cells 14.2+0.3 20.5+0.3* 28.2+0.4¢
Number of proximal tubule profiles with internalized lysozyme (%) 34.6+3.6 56.0+3.3% 65.8+3.1%
Data are expressed as the mean+SEM of 3 experiments. *P<0.001 vs 10 min; *P<0.001 vs 10 and 20 min; $P<0.05 vs 10 min.
[European Journal of Histochemistry 2015; 59:2482] [page 81]



ing vesicles, vacuoles, dense apical tubules,
and endosomes appeared intact. Electron
immunocytochemistry detected the gold label
in the inter-microvillar space, in the cell cyto-
plasm underneath the brush border including
apical invaginations and endocytic vesicles 10
min after lysozyme injection (Figure 2B).
Fusion of small and large apical vesicles con-
taining gold particles was observed. The label
was distributed over the large vesicles and
their membranes (Figure 2C). Such vesicles
(diameter up to 1 um) were filled by amor-
phous material or were electron-transparent.
The staining was partly found in large apical
semi-dense vesicles, presumably correspon-
ding to late endosomes and/or lysosomes 30
min after injection (Figure 2D).

Detection of endocytic receptor
expression

Immunohistochemistry using antibody
against megalin revealed clear labeling of this
receptor in the proximal tubules of lysozyme-
treated frogs (Figure 1 G,H) whereas no
immuno-positive staining was found on kidney
sections from control animals (Figure 1L).
There was no detectable signal associated with
other segment of the nephrons. The fluores-
cent signal was localized in the apical pole of
the proximal tubule cells, and relatively little
signal was observed at the brush border.
Staining was distributed diffusely along the
base of the brush border or was punctate 10
min after lysozyme injection (Figure 1G). At 20
and 30 min after injection, the vesicular
fluorescence was predominantly found in the
subapical area of the tubule cells and expres-
sion of megalin appeared more intensive
(Figure 1 H,I). In some proximal tubules, fluo-
rescence seemed to be returned to the apical
area of cytoplasm and became again diffuse.
The similar distribution was determined for
cubilin (Figure 1 J,K), however the expression
of megalin was seemed more intense com-
pared with cubilin at all time points of the
experiment (Figure 1 G-J).

Immuno-electron microscopy with the same
antibody application revealed more detailed
localization of both receptors in apical endocyt-
ic structures of the epitheliocytes. Cubilin and
megalin gold staining was observed in apical
membrane invaginations, probably represent-
ing coated pits. These receptors were also
detected in small endocytic vesicles near the
brush border and in apical larger vesicular
structures (endosomes) (Figure 2 F,G). Rather
little labeling is found in the brush border.
Thus, the expression of cubilin and megalin
occurred in the similar sites of the frog tubule
cells, but expression of megalin was more pro-
nounced.
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Immunodetection of clathrin

In order to detect whether the internaliza-
tion of lysozyme in the frog proximal tubules
occurs via clathrin-coated vesicles, antibody
against clathrin was used. Specific fluores-
cence signal was revealed in the most proxi-
mal tubules of lysozyme-injected frogs, and the
other parts of nephron displayed no positive
staining (Figure 3 A,B). The expression of
clathrin was also found in control animals, but
it was significantly decreased compared with
lysozyme-treated  frogs  (Figure 3C).
Application of caveolin-1 antibody as a marker
of the non-clathrin pathway did not revealed
any immunoreactivity in kidney sections from

lysozyme-injected and control frogs (not
shown). Immunofluorescence showed that
staining for clathrin was diffusely distributed
below the brush border 10 min after injection
(Figure 3A). After 20 and 30 min, the distribu-
tion of clathrin was similar, but the fluores-
cence appeared more intensive (Figure 3B),
while immuno-staining in control frogs
remained former (Figure 3C). Clathrin label-
ing in the early proximal tubules was more
intensive and extended than one in the late
segments at all time points after injection.
Immuno-gold labeling revealed that clathrin
was located in intermicrovillar invagination of
the luminal membrane and apical vesicular
structures (Figure 2E). Gold particles appeared

Te b _u,.,"".'l H
Ll u.:‘_‘.‘“a_ Vi

Figure 2. Electron micrographs of the proximal tubule cells from lysozyme-injected frogs.
A) Well-preserved ultrastructure of endocytic apparatus epithelial cells after lysozyme
injection. B-G) Post-embedding immunogold labeling of ultrathin LR-White sections
from the frog kidneys. B-D) Immunogold staining of lysozyme 10 min (B, C) and 30 min
(D) after injection; label is detected over the brush border, in apical vesicles, endosomes
and vesicles with a semi-dense content (D). E) Localization of clathrin in microvilli and
apical vesicles in the tubular cells 10 min after injection. F) Immunolabeling of megalin
in the tubular cells of lysozyme-treated frogs 10 min after injection; localization of this
receptor in apical endocytic compartment is shown. G) The same for cubilin. Arrow
shows the label in apical coated pits; asterisk shows immunogold particles in vesicles. E,
endosome; M, mitochondria; MV, microvilli; V, apical vesicle. Scale bars, 1 um.

[European Journal of Histochemistry 2015; 59:2482]
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to be distributed randomly over the surface of
apical vesicles. The clear gradient of labeled
clathrin distribution was observed from brush
border towards the deeper areas of cytoplasm
(Figure 2E).

Double labeling with antibodies against
lysozyme and clathrin revealed that injected
protein was colocalized with clathrin in the
apical endocytic compartment of the tubular
cells 10 min after injection (Figure 3 D-F). At
the same time, the divergence of labels for
clathrin and lysozyme were observed in some
proximal tubules (Figure 3G) indicating that
lysozyme starts to leave the early endocytic
compartment. After 20 and 30 min, no overlap-
ping of labeled lysozyme and clathrin was
observed (Figure 3H) that may reflect com-
plete localization of injected protein in the
endosomal compartment of the cells.

Lysozyme accumulation

To determine the accumulation of lysozyme
in the late endocytic compartment we used
antibody against defined lysosomal marker
LAMP1. Immunofluorescent microscopy
revealed LAMP1-positive vesicular structures
in central and basal area of the epithelial cells.
Double labeling using lysozyme antibody did
not reveal the overlap of injected protein with
LAMP1 at all time points of the experiment
(Figure 3 1,J). Labeling of lysozyme remained
still apical even 30 min after protein injection.
These results indicate that lysozyme did not
moved into late endosomes and/or lysosomes
within 30 min after treatment. Electron
microscopy observation showed large semi-
dense vesicles which was distinct from the
early endocytic structures in the proximal
tubule cells (Figure 2D). Some of these vesi-
cles displayed sparse labeling of lysozyme
(Figure 2D), that might be probably a non-spe-
cific reaction and the results of more sensitive
immunofluorescent method were considered
as more convincing (Figure 3 1.J).

Discussion

The present study showed that intravenous
injection of lysozyme resulted in the intracellu-
lar accumulation of protein in the frog proxi-
mal tubules (Figure 1 A-C). Immunofluo-
rescent microscopy analysis revealed that
labeled lysozyme was mainly located in apical
vesicles within 10 min after introduction with
following movement to the subapical area of
the cells. The number of vesicles (Table 1) and
intensity of fluorescent label was increased
within 30 min of the experiment. Thus, the
lysozyme internalization was time-dependent
as well described in mammals.?2?*%2° In rat
experiments, tubular absorption of injected

[European Journal of Histochemistry 2015; 59:2482]

lysozyme was rapid for first 10 min,®% and
then protein was absorbed gradually?” and the
maximum protein accumulation (under 80% of
injected protein amount) was appeared within
30 min.?% In our previous studies, the similar
time-course of GFP and YFP accumulation in
frog proximal tubule cells was occurred.%!12
Immunoelectron microscopy revealed that
injected lysozyme was located in the brush bor-
der area and early endocytis compartment, and
mainly distributed in larger apical vesicles
(Figure 2 B,C). These results are corroborated
with previously demonstrated intracellular
localization of injected lysozyme in apical vac-
uoles of the rat proximal tubule cells using
electron microscope autoradiography.?2? So,
the initial stage of lysozyme internalization in
the kidney of R. temporaria appears similar to

10 min

10 min

10 min
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this process in mammals.

Although the intracellular pathway of
lysozyme is well studied in rats and
mice,?223.25293032 the direct involvement of
endocytic receptors in lysozyme internaliza-
tion is insufficiently investigated. A great
number of in vitro and in vivo studies in mam-
mals including megalin and cubilin deficient
mice'®3*¥ and dogs with functional cubilin
deficiency'é** have provided strong evidence
that cubilin and megalin are the key receptors
for endocytosis of various macromolecules.!”13
These multiligand receptors are responsible
for the endocytic uptake of a large number of
different proteins and peptides, including
lipoproteins, hormones, nutrients, and
enzymes.'6! In the present work, immunohis-
to- and immunocytochemical examination

control

10 min

30 min

Figure 3. Inmunofluorescent detection of lysozyme internalization rote in the frog prox-
imal tubule cells using antibodies against lysozyme, clathrin and lysosomal marker,
LAMP1. A,B) Localization of clathrin in the apical pole of the epithelium 10 and 30 min
after lysozyme injection, respectively. C) Noticeable decreased fluorescence of labeled
clathrin in non-injected frogs. D-H) Double-labeling of lysozyme (green) and clathrin
(red) demonstrating their colocalization (yellow) 10 min after lysozyme treatment (D-F)
and following divergence of both fluorescence signals within 30 min (G, H, arrows). L, J)
Double-labeling of Iysozyme (green) and LAMP1 (red) 10 and 30 min after protein injec-
tion; note the absence of lysozyme and LAMP1 colocalization within 30 min of the exper-

iment. Scale bars, 25 um.
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revealed that megalin and cubilin were clearly
expressed in the kidney of lysozyme-injected
frogs in contrast with immuno-negative con-
trol animals. Labeling for both receptors was
found in the apical area of the proximal tubule
cells (Figure 1 G-K). The internalization of
some macromolecules in the Xenopus
pronephros® and larval zebrafish?' involving
both megalin and cubilin has been shown. In
our recent work, the expression of endocytic
receptors associated with the tubular absorp-
tion of YFP was demonstrated in the
mesonephros of R. temporaria.’? According to
the present results, the expression of megalin
was more intensive than one of cubilin that
corresponds with the similar data about the
general lower level of cubilin expression in
zebrafish pronephric kidney.?!
Immunohistochemistry demonstrated time-
dependent internalization of endocytic recep-
tors similar to initial lysozyme internalization.
Anti-lysozyme staining closely coincided with
the sites of megalin and cubilin localization
revealed in the tubular cells (Figure 1), sug-
gesting that the uptake of lysozyme was
accompanied by the expression of endocytic
receptors. These results are in good agree-
ment with our previous data, which has been
demonstrated that 15 and 30 min after intro-
duction YFP was colocalized with megalin and
cubilin in vesicular structures in frog tubular
epithelium.? However, the identity of the
intracellular vesicular compartments contain-
ing YFP and endocytic receptors has been
remained unclear. Immuno-electron micro-
scopy confirmed the primary localization of
both receptors in apical endocytic structures of
the epitheliocytes including intermicrovillar
pits, apical vesicles and dense apical tubules
(Figure 2 FG). This corresponds to the data
about intracellular distribution of endocytic
receptors in the mammalian metanephros and
in the Xenopus pronephros.>!® In the proximal
tubules, megalin and cubilin can be localized
to the brush border, coated pits, endocytic vesi-
cles, dense apical tubules and in small and
large endosomes.!6%5% Based on our results,
the expression of endocytic receptors in the
proximal tubules of R. temporaria was
appeared to be induced by the entering of fil-
tered lysozyme into the tubular lumen. The
undetectable expression of megalin and
cubilin in the control animals (PBS-injected or
non-injected) may be explained by the low
metabolic activity in wintering frogs. The
series of investigations in amphibians - Hyla
arborea,’™ R. pipiens® and R. esculenta" -
directed at the study of the mechanisms of bio-
chemical and morphological adaptation to sea-
sonal and environmental variations revealed
the noticeable decrease of endocytic activity in
the renal proximal tubules. The ultrastructural
changes of the proximal tubule cells were con-
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nected with reduction of the number of apical
vesicles and dense tubules, as well as mito-
chondria and endoplasmic reticulum. The
decline of the activity of some enzymes, linked
to membrane transport and energetic metabo-
lism also demonstrated a sign of decreased
endocytosis during hibernation.™

To identify the early step of lysozyme inter-
nalization in the frog tubule cells we used dual
labeling employing markers of clathrin-depen-
dent and caveolin-dependent endocytosis. The
increased expression of clathrin in the proxi-
mal tubules after lysozyme injection was
detected (Figure 3 A-C). Immunocytochemical
analysis confirmed the typical intracellular dis-
tribution of clathrin in the epithelial cells
(Figure 2E) reflecting the formation of coated
pits and vesicles.?** The availability of clathrin
in the tubular cells in control frogs (without
lysozyme injection) confirms the data about
constitutive expression of clathrin and its
involving in the continuous uptake of essential
nutrients in mammalian cells.”! It is also
established that clathrin coats can sponta-
neously assemble at the apical membrane.*
On the contrary, the negative staining with
caveolin antibodies demonstrates the absence
of alternative pathway of lysozyme endocytosis
in the frog tubular cells described in some cell
types of mammals.”® The initial lysozyme and
clathrin colocalization in the same apical cell
structures (10 min after injection) indicates
that lysozyme was internalized via clathrin-
coated vesicles. The further disappearance of
lysozyme and clathrin overlapping (20 and 30
min after injection) may be a result of the
removal of protein to the endosomal compart-
ment, possibly early endosomes. Megalin and
cubilin are known to be internalized by
clathrin-coated invaginations on the plasma
membrane that eventually detached to form
clathrin-coated vesicles, then delivered to
endosomes and recycled to the apical mem-
brane.!®® In consideration of these data and
our results about clathrin and lysozyme colo-
calization and megalin and cubilin expression
we conclude that lysozyme is absorbed by
receptor-mediated clathrin-depending pathway
in the frog proximal tubule cells.

The increased number of lysozyme-absorb-
ing tubules on kidney sections as the number
and size of lysozyme-containing vesicles in the
tubule cells 30 min after injection reflect the
pronounced accumulation of protein (Figure 1
A-C). However, the localization of these vesi-
cles remained mainly apical without extending
to the more basal area of the cytoplasm.
Double immunocytochemical labeling with
anti-lysozyme and LAMP1 antibodies did not
reveal the overlap within 30 min of experi-
ment. It indicates that lysozyme is retained
within endosomal compartment during this
time. This result is not conformed to the data
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about lysosomal accumulation and time-
depending degradation of lysozyme and other
protein in the mammalian kidney. It was
shown that lysozyme reached lysosomes with-
in 10-15 min after injection,”* and maximum
accumulation of radioactively labeled lysozyme
in the lysosomal fraction was observed after 30
min.?> The most results in mammals demon-
strate that intracellular trafficking of various
proteins from endocytic vesicles to lysosomes
is rapid process and varies among some min-
utes.?2244 Similar retention of lysozyme in the
endosomal compartment was occurred under
specific experimental conditions or by the
some kidney disorders.??® So, in maleate-
treated rats, the decreased rate of fusion of
numerous lysozyme-containing vacuoles with
lysosomes and the essential reduce of lysoso-
mal digestion of lysozyme were noted.?
Lysozyme accumulation in the endosomal
compartment of the frog tubule cells may be
connected with lower metabolic rate and fol-
lowing inhibition of the protein intracellular
traffic in hibernating frogs that confirms well
known energy dependence of the endocytic
system. Our light and electron microscopy
observations confirm the proximal tubule sub-
division (early and late segments) in R. tempo-
raria previously described in some amphib-
ians.131415574546 These segments can be easily
identified on the basis of morphological fea-
tures including height and shape of the epithe-
lial cells, length and density of microvilli, and
nucleus location. The fluorescence pattern of
lysozyme in the early proximal tubule was
more intensive and pronounced than in the
late segment (Figure 1 B,C). Similar results
were also obtained for the distribution of
clathrin and expression of megalin and
cubilin. These findings are in a good agree-
ment with data about the gradient of macro-
molecule uptake along the proximal tubules in
the kidney of lower vertebrates.'*” Thus, we
investigated the tubular absorption of
lysozyme in the frog kidney after its intra-
venous injection using immunocytochemistry
and immunohistochemistry with specific
markers of endocytic pathways and some
intracellular ~ compartments.  Confocal
microscopy demonstrated time-dependent
uptake of lysozyme accompanied by the
expression of endocytic receptors, megalin and
cubilin, and by the formation of clathrin vesi-
cles. Following internalization via clathrin-
coated vesicles, lysozyme is transferred to
endosomes but did not reach lysosomes within
30 min after injection. This retaining of
absorbed protein in the endosomal compart-
ment may be connected with lower standard
metabolic rate in hibernating frogs and
respective reduction of the intracellular traffic
of absorbates. To clarify this peculiarity of
lysozyme accumulation, the time-course of
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such experiment should be extended and com-
parative examination of protein uptake in the
frog kidney in different physiological states
should be carried out.

In the present work, we provided the evi-
dence that lysozyme is filtered through the
glomeruli and absorbed by receptor-mediated
clathrin-dependent endocytosis in the proxi-
mal tubule cells of wintering frog R. tempo-
raria. We conclude that in frog mesonephros
the process of protein reabsorption is mediat-
ed by megalin and cubilin that confirms the
critical role of endocytic receptors in the renal
protein uptake in amphibians as in mammals.
The data obtained allow using the mesone-
phros of anuran amphibians as a convenient
and perspective model for further in vivo
investigation of the mechanisms of endocyto-
sis and its regulation under different physio-
logical and environmental conditions.
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