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Abstract

Background The blood-brain barrier (BBB) is a semipermeable interface that prevents the non-selective trans-

port into the central nervous system. It controls the delivery of macromolecules fueling the brain metabolism

and the immunological surveillance. The BBB permeability is locally regulated depending on the physiological
requirements, maintaining the tissue homeostasis and influencing pathological conditions. Given its relevance in ver-
tebrate CNS, it is surprising that little is known about the BBB in Amphibians, some of which are capable of adult CNS
regeneration.

Results The BBB size threshold of the anuran Xenopus laevis (African clawed toad), as well as two urodele species,
Ambystoma mexicanum (axolotl) and Pleurodeles waltl (Iberian ribbed newt), was evaluated under physiological
conditions through the use of synthetic tracers. We detected important differences between the analyzed species.
Xenopus exhibited a BBB with characteristics more similar to those observed in mammals, whereas the BBB of axo-
lotl was found to be permeable to the 1 kDa tracer. The permeability of the 1 kDa tracer measured in Pleurodeles
showed values in between axolotl and Xenopus vesseks. We confirmed that these differences are species-specific
and not related to metamorphosis. In line with these results, the tight junction protein Claudin-5 was absent in
axolotl, intermediate in Pleurodeles and showed full-coverage in Xenopus vessels. Interestingly, electron microscopy
analysis and the retention pattern of the larger tracers (3 and 70 kDa) demonstrated that axolotl endothelial cells
exhibit higher rates of macropinocytosis, a non-regulated type of transcellular transport.

Conclusions Our study demonstrated that, under physiological conditions, the blood-brain barrier exhibited
species-specific variations, including permeability threshold, blood vessel coverage, and macropinocytosis rate.
Future studies are needed to test whether the higher permeability observed in salamanders could have metabolic
and immunological consequences contributing to their remarkable regenerative capacity.
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Background

The protection of the vertebrate brain from physical dis-
ruptions of external and internal barriers is a prerequi-
site for the functionality of this organ. While the skull,
several meningeal layers and the cerebrospinal fluid
form the boundary with the external environment, the
brain parenchyma is separated internally from the vas-
cular system by a tight blood—brain barrier (BBB), which
ensures a biochemically controlled homeostatic envi-
ronment [1]. The BBB forms early during development
and thereafter regulates the molecular and cellular traf-
ficking between the vascular compartment and the neu-
ral tissue [2]. The BBB is not a static barrier but rather
a highly plastic interface that is able to prevent a non-
selective molecular exchange. However, with the poten-
tial to alter the permeability depending on physiological
requirements. The regulated traffic across the BBB is
constrained by the energy consumption of the brain that
requires a constant blood supply to provide molecules
for fueling the energetic demands for neuronal function
[3, 4]. In addition, the brain is an immune-privileged
organ, where trafficking of immune cells and antibodies
is severely restricted [5]. Only blood-derived immune
cells involved in immunological surveillance are able to
cross under normal physiological conditions. However,
upon signs of damage or infection the BBB permeability
can rapidly change to allow an extravasation of periph-
eral immune cells into the brain [5]. The functionality
of the BBB relies on a complex structure established by
both cellular and extra-cellular components that tightly
control blood-brain trafficking. Dysfunction of the BBB,
such as slight changes in permeability, can have devas-
tating consequences including initiation and/or pro-
gression of neurological diseases such as epilepsy [6],
cognitive decline [7], multiple sclerosis, stroke or Alz-
heimer’s disease [8]. The composition of the BBB varies
across taxa, while most of vertebrate barriers possess
the vascular endothelium, the invertebrate ones gen-
erally involve glial cells [9]. The structure of the mam-
malian BBB is well known, with endothelial cells (ECs),
mural cells (including pericytes and vascular smooth
muscle cells) and astrocytic endfeet interacting together
to establish the so-called neurovascular unit or neuro-
vascular complex [10]. ECs constitute the inner lining
of the vascular wall and represent the first barrier for
blood-borne molecules. In contrast to ECs in the blood
vessels of the body, ECs in the brain vascular system
lack fenestrations [11] and have a restricted transcellu-
lar trafficking [12], thereby contributing to the selective
permeability of the BBB. In addition, the paracellular
diffusion is severely reduced through the presence of
tight and adherent junctions [13]. Despite the apparent
morphological homogeneity, different subpopulations of
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ECs might allow regionally different regulatory schemes
of the BBB [14]. On the side of the brain, astrocytic end-
feet cover the entire outer surface of the blood vessels,
representing the last barrier between the vasculature
and the brain parenchyma. Astrocytes are critical for
the integrity of the BBB in mammalian species [15] and
represent a major metabolic checkpoint [16].

The relevance of the BBB to protect and maintain the
homeostatic, nutritive and immune-privileged status of
the central nervous system (CNS) raises the question of
how vertebrates, such as amphibians, establish a func-
tional barrier in the absence of one of the main regula-
tory cell types, the astrocytes. Instead, the amphibian
brain possesses ependymoglial cells [17] a multifaceted
population capable of exerting several functions. Simi-
lar to the mammalian astrocytes, ependymoglial end-
feet have been described to contact the blood vessels
in salamanders [18, 19], but its potential role in regulat-
ing the BBB remains obscure. Surprisingly, and despite
amphibians emerging as a primary animal model for
biological research, little is known about the BBB per-
meability [9] and if they have a functional barrier com-
parable in tightness to that in mammalian species. We
hypothesized that the BBB permeability in Amphibians
might vary depending on the species, ultimately influ-
encing their regenerative potential. Here, we evaluated
the permeability of the brain vascular system in an anu-
ran species with a CNS regenerative capacity restricted
to larval stages, Xenopus laevis (African clawed toad),
as well as in two urodele species which retain CNS
regenerative abilities during adulthood, Ambystoma
mexicanum (axolotl) and Pleurodeles waltl (Iberian
ribbed newt). Since the mammalian BBB is imperme-
able for synthetic dyes with a molecular weight > 1 kDa
[20], different tracers with 1, 3 and 70 kDa were tran-
scardially injected [21] into the vascular system and the
retention of the dyes in the blood vessels or the leakage
into the brain parenchyma was assessed. We demon-
strated that under physiological conditions amphibians
displayed different permeability thresholds depending
on the species, together with differences in tight junc-
tion’s coverage. Like mammals, the Xenopus BBB is
characterized by the presence of Claudin-5 in all blood
vessels and it is impermeable to all analyzed tracers.
The brain parenchyma in Pleurodeles contains blood
vessels with and without Claudin-5 protein, show-
ing some leakiness of the smallest dye (1 kDa) into the
brain parenchyma. Axolotl showed the most perme-
able BBB, coinciding with the total lack of Claudin-5
expression in the brain. Moreover, axolotl ECs exhibit
higher rates of macropinocytosis, a non-regulated type
of transcellular transport.
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Fig. 1 Size-selective permeability analysis in the axolotl and Xenopus BBB. A-H Confocal images illustrating the Xenopus (A, C, E, G) and axolot|

(B, D, F, H) vasculature labelled with isolectin. Red dashed lines delineate the brain midline. The arrow indicates the choroid plexus. All images are
full z-projections of a confocal stack from cleared brains. Insets indicate the area of the brain. Scale bars=100 um. I Scheme of the experimental
workflow to analyze the BBB permeability. J Scatter plot depicting the Manders’ coefficients obtained after injecting the 1, 3 and 70 kDa tracers

in both axolotl and Xenopus. Data points were color-coded according to the species (blue: Xenopus; orange: axolotl). Each data point represents
one animal and the statistical analysis was based on simple linear regression (Slope: pValue =0.0878; Elevation: pValue <0.0001). Abbreviations: ba:
basilar artery; Itv: lateral telencephalic vein; moa: medial olfactory artery; pb: posterior branch of cerebral carotid; poa: preoptic artery; V: ventricle

Results

Labeling of the vascular system in the Xenopus and axolotl
brains

The brain vasculature was labelled by transcardially
injecting Isolectin GS-I1B4 from Griffonia simplicifolia,
which specifically binds to glycoconjugates in the base-
ment membrane [22]. Our method successfully labeled

amphibian vascular systems including the fine capil-
lary networks (Fig. 1A-I; Additional file 1: Fig. S1A).
A comparison with previously published vascular
anatomy of Xenopus [23] allowed us to identify several
of the main arteries and veins irrigating the Xenopus
brain (Fig. 1A, E), demonstrating the reproducibility of
our method.
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Size permeability analysis

The ability to cross the BBB is determined by physico-
chemical properties such as size, charge, polarity and
receptor/carrier recognition [24]. In this study we used
specific synthetic tracers, the permeability of which is
only determined by their molecular size. A mature and
healthy mammalian BBB is impermeable to dextrans of
1 kDa (comparable to small peptides) [15], 3 kDa (com-
parable to small proteins) and 70 kDa (comparable to
albumin, one of the biggest plasma proteins) [25]. The
permeability size threshold was assessed in both Xeno-
pus and axolotl by transcardially injecting of either 1, 3
or 70 kDa tracers in combination with isolectin (marker
for blood vessels). The co-occurrence coefficients of the
two fluorescence signals (selected tracer and isolectin)
provided evidence of the permeability of the BBB to the
analyzed tracers. A high value indicated low perme-
ability (retained in the blood vessels), while a low coef-
ficient indicated high permeability. The co-occurrence
coefficients of all the injected animals (1 kDa, 3 kDa and
70 kDa in both Xenopus and axolotl) were plotted and an
unbiased analysis was performed. Our data were color-
coded according to the tracer molecular size (Additional
file 1: Fig. S1B) or to the species (Fig. 1J). Surprisingly,
no significant differences were observed when the tracer
sizes were plotted (Additional file 1: Fig. S1B); however,
the coefficients were significantly segregated by species
(Fig. 1]). These data suggested that the analyzed amphib-
ian species have different permeability thresholds. Spe-
cifically, the lower Manders’ coefficients in the axolotl
samples indicated that some of the dyes were not local-
ized in the vasculature and might systemically cross the
BBB. To validate this hypothesis, further analysis of each
of the injected tracer was performed.

Permeability of large molecules in the Amphibian brain

Our analysis suggested that under physiological condi-
tions the axolotl BBB might be more permeable than
Xenopus. Therefore, we analyzed the permeability of the
larger tracers (3 and 70 kDa) in cleared Xenopus and
axolotl brains side by side. Both the 3 and the 70 kDa
tracers were fully retained in the Xenopus blood ves-
sels (Fig. 2A-A’, C-C”), in line with the higher Manders’

(See figure on next page.)
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coefficients (Fig. 2E, F). In contrast, the axolotl BBB dis-
played a patchy labelling pattern with high and low reten-
tion areas for both tracers (Fig. 2B-B’, D-D”). In the high
retention areas, isolectin-positive blood vessels were
completely filled with dyes (Fig. 2, arrows), while the low
retention areas showed little to no tracers in the vascula-
ture (Fig. 2, arrowheads). The 3 kDa dye was significantly
more permeable between axolotl and Xenopus, while the
70 kDa dye only showed a non-significant trend (Fig. 2E,
F). Despite these results suggesting changes in local per-
meability, we did not observe any tracer located inside of
the axolotl brain parenchyma (Fig. 2B-B’, D-D”). Rather,
in some instances dyes appeared to be located intracel-
lularly in the vasculature compartment. The morphology
and density of these isolectin® cells indicate that some
ECs might have uptake the larger tracers (Fig. 3 A-C”).
We therefore hypothesized that the patchy retention
pattern might be at least partially due to increased EC
endocytosis. To explore this hypothesis, we injected the
70 kDa tracer together with isolectin and after 20 min
survival, the animals were perfused in order to wash out
any traces of blood and circulating dye (Fig. 3D). The
axolotl brains were then sectioned and imaged. With this
protocol, any remaining tracer must have been taken in
by the ECs or by other resident brain cells, allowing us
to assess both endocytosis and transport to the paren-
chyma. Indeed, we observed isolectin™ ECs that incor-
porated the 70 kDa tracer intracellularly (Fig. 3E-F’),
validating the local changes in permeability shown in
the whole-mounts. However, we still did not observe any
signs of leakage or complete transport across the BBB to
the brain parenchyma (Fig. 3E). Irrespective of the type of
transcellular transport (transcytosis), the general under-
lying mechanism is rather similar. First, macromolecules
are endocytosed by vesicles that enter the EC endosomal
network. Sorting mechanisms will determine whether a
given molecule will be recycled back to the blood, trans-
port to the brain parenchyma or to lysosomes for deg-
radation [26]. Considering the transcytosis kinetics, the
20 min survival protocol might not be long enough to
detect active transport. So next, we increased the survival
time to 60 min and analyzed the co-occurrence coef-
ficients in whole-mount preparations (Additional file 1:

Fig. 2 Analysis of the 3 and 70 kDa tracer permeability in the axolotl and Xenopus BBB. A-D” Confocal micrographs of cleared whole-mount
Xenopus (A-A”", hindbrain; C-C”, midbrain) and axolotl (B-B”, hindbrain; D-D”, midbrain) CNS injected with the 3 kDa (A-B") or the 70 kDa (C-D")
tracer together with isolectin. Low retention areas (3 kDa: B-B”; 70 kDa: D-D”) were indicated with orange arrowheads and high retention areas
with orange arrows. All images are full z-projections of a confocal stack. Insets indicate the area of the brain. Scale bars=100 um. (E, F) Graphs

depicting the M

isolectin

coefficients after 3 kDa (E) and 70 kDa (F) injections in Xenopus and axolotl. Each data point represents one animal. Data are

shown as mean + SEM and statistical analysis is based on Welch's t-test (E; p-Value =0.03) and Student’s t-test (F; p-Value =0.12). Abbreviations: Ax:

axolotl; V: ventricle; Xe: Xenopus
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Fig. S2). Surprisingly, the low/high retention pattern was
still present and no obvious signs of transport or leakage
to the neural tissue were observed in the axolotl brain
(Additional file 1: Fig. S2B-B’). The longer survival pro-
tocol didn’t substantially change the retention phenotype
observed in the Xenopus brain either; however, areas with
low tracer retention started to be more evident (Addi-
tional file 1: Fig. S2C-C’). In addition, the co-occurrence
coefficients of the 70 kDa tracer remained constant irre-
spectively of the survival time or the species (Additional
file 1: Fig. S2D), suggesting that the endocytosis occurs
selectively in a subset of brain vessels. Taking together,
both axolotl and Xenopus BBBs seem to be impermeable
to larger synthetic tracers. However, our experiments
also revealed that axolotl ECs might activate selective
endocytosis events at a higher rate than Xenopus.

Electron microscopy analysis of the axolotl and Xenopus
endothelial cells

The higher rate of tracer uptake by the axolotl ECs indi-
cated not only differences in the regulation of the BBB
permeability, but might also have metabolic, immunolog-
ical and physiological consequences. To validate this find-
ing and study which type of endocytic pathway might be
specifically activated, we performed electron microscopy
analysis in both axolotl and Xenopus. The 3D reconstruc-
tion of the EC lumen surface showed major differences
between the two species. Axolotl ECs displayed a high
density of large membrane protrusions or ruffles (Fig. 3G,
H) in comparison to Xenopus (Fig. 31, J). Different types
of ruffles could be identified according to shape and size:
planar folds (lamellipodia-like), blebs (large membrane
protrusion) and cup-shaped ruftles. We also observed
a high number of vesicles in different stages of forma-
tion that varied in size from medium (~0.25 pm) to
large (~ 1.4 pm). While the larger vesicles appeared to be
formed by large membrane protrusions (Additional file 1:
Fig. S3A), some of the medium-size vesicles were formed
by membrane invaginations (Additional file 1: Fig. S3B).
In contrast to the capillary lumen (and not fully closed
engulfing structures) the observed large vesicles con-
tained flaky electron dense material from the time prior
to fixation. The Xenopus EC lumen surface exhibited a

(See figure on next page.)
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smoother appearance in comparison with the axolotl
data (Fig. 3I). The number of membrane protrusions was
extremely reduced, and instead, the Xenopus ECs formed
large vesicles (diameter ca. 1-2 pm) protruding towards
the lumen (Fig. 3J; Additional file 1: Fig. S3C). These
multichambered extracellular vesicles also contained
flaky electron dense material. Similar to axolotl, small to
medium-size (~0.1-0.25 pum) intracellular vesicles were
observed, with low density of larger vesicles (Additional
file 1: Fig. S3D).

Leakiness of the 1 kDa tracer in the axolotl brain

The majority of the blood-borne molecules, with the
exception of small lipophilic molecules (under 400 Da),
must cross the BBB using active transcytosis mechanisms
[24]. Cadaverine (used in this study) and other 1 kDa
tracers have been extensively used to assess BBB leakiness
in pathological conditions [15, 16], since it is one of the
smallest tracers that has been described to be retained
in the blood vessels. Pre-metamorphic Xenopus brain
showed the 1 kDa tracer colocalizing inside the isolectin*
blood vessels (Fig. 4A, B-B’, D; Additional file 1: Fig.
S4A), recapitulating the permeability threshold observed
in physiological conditions in Xenopus [27], mammals
[20] and zebrafish [28]. On the other hand, we found that
the axolotl BBB was fully permeable to the 1 kDa tracer,
labelling brain parenchyma cells (Fig. 4C-C”; Additional
file 1: Fig. S4C-D”) and exhibiting Manders’ coefficients
close to 0 (Fig. 4D; Additional file 1: Fig. S4B). In physi-
ological conditions, paracellular transport is severely
restricted and the majority of the trafficking is achieved
by active transcytosis. However, the short survival time
used in our protocol (20 min) and the almost com-
plete lack of colocalization with the utilized EC marker
(Fig. 4C-C”), supported paracellular passive transport
rather than transcytosis as the underlying mechanism. In
order to validate this hypothesis, the survival time after
the injection was further reduced to 10 min (Fig. 4E). As
predicted, we still observed leakage of the 1 kDa tracer
into the axolotl brain parenchyma, although to a smaller
extent. The fast and systemic leakage of the smallest
tracer strongly suggests that molecules up to 1 kDa might
passively cross the axolotl BBB via paracellular transport.

Fig. 3 Analysis of tracer uptake by the axolotl ECs. A Scheme of the experimental design analyzing the permeability of the larger tracers.

B-C” Images illustrating the colocalization of the 3 kDa (B-B”) and 70 kDa (C-C") tracers with isolectin® blood vessels. D Scheme representing

the experimental set-up utilized to assess the tracers EC uptake. E Confocal image of a transversal section of the axolotl hindbrain showing

the location of the 70 kDa tracer after perfusion. F, F” are magnifications of the boxed area in (E). The orthogonal projections illustrated

the localization of the 70 kDa tracers inside isolectin™ EC. All images are full z-projections of a confocal stack. G, H Internal axolotl EC surface (width
ca. 812 um, depth 16.4 um). The surrounding EM plane shows a cell nucleus (right) and numerous profiles of neurites. Type of ruffles (1: blebs; 2:
planar folds; 3: cup-shaped). Red arrows: macropinosomes. (I, J) EM reconstruction of a Xenopus EC luminal surface (width ca. 14 x 24 um, depth
16 um). Red arrowheads: extracellular vesicles. Scale bars in B, B, B", C, C; C"=20 um; E, F, F"=100 pm; G, H, J=2 um; I=5 um
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Fig. 4 Analysis of the 1 kDa tracer permeability in the Amphibian CNS. A Experimental design to analyze the BBB permeability. B-C” Micrographs
of cleared whole-mounts Xenopus (B-B") and axolotl (C-C") telencephalon showing the distribution of the injected 1 kDa tracer. The vasculature
was labeled using isolectin. D Graph indicating the Manders' coefficients in the Xenopus (blue dots) and axolotl (orange dots) BBB. Each data point
represents one animal. Data are shown as mean +SEM and statistical analysis is based on Welch's t-test (p-Value =0.003). E Micrograph of a cleared
whole-mount axolotl hindbrain injected with the 1 kDa tracer and isolectin after 10 min survival. Inset indicate the area of the brain. All images are
full z-projections of a confocal stack. Scale bars=100 um. Abbreviations: Ax: axolotl; Xe: Xenopus

Considering the observed differences in Xenopus and  establishment of the BBB [27] (Stage 49) the tracer leaked
axolotl BBB permeability, an additional permeability to the brain parenchyma (Additional file 1: Fig. S4E,
assay of the 1 kDa tracer was conducted in Xenopus at  E’), albeit to a lesser extent than the axolotl case (Addi-
different developmental stages. As expected, before the tional file 1: Fig. S4D-D”). In line with our previous data,
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post-metamorphic toads fully retained the tracer in the
vasculature (Additional file 1: Fig. S4F, F’).

Partial leakage in the pre- and post-metamorphic
salamander Pleurodeles walt!

The size permeability assay indicated that the BBB per-
meability threshold may vary depending on the Amphib-
ian species. Unlike the rest of the analyzed vertebrates,
young axolotl showed passive leakiness of the smaller
tracer (1 kDa), which is classically considered patho-
logical. However, axolotl do not spontaneously undergo
through metamorphosis, retaining larval traits during
adulthood (paedomorphosis). To test whether the leak-
age observed in axolotl was a larval/paedomorphic trait,
we injected a combination of 1 kDa and isolectin in
both pre- and post-metamorphic Pleurodeles (Fig. 5A).
Both stages showed comparable retention patterns in
the blood vessels and no significant differences were
detected (Fig. 5B-D). Strikingly, the permeability of the
1 kDa tracer measured in Pleurodeles showed values in
between the axolotl and Xenopus data. Recapitulating
the leakiness observed in axolotl, both pre- and post-
metamorphic animals displayed 1 kDa™ cells in the brain
parenchyma (Fig. 5B-C”), supporting that the differences
observed in the BBB permeability threshold is not a trait
directly related to metamorphosis. Different from axolot],
and in line with the results in Xenopus permeability, small
amounts of tracer were also retained in the vasculature.
These similarities were further validated by the Mander’s
coefficients and no significant differences were observed
between pre- and post-metamorphic Pleurodeles com-
pared to either Xenopus or axolotl (Fig. 5D). Interestingly,
the proportion of area covered by isolectin was slightly
lower in Pleurodeles than in Xenopus and axolotl (Addi-
tional file 1: Fig. S1A), indicating a lower coverage of the
brain parenchymal vascular system in this species com-
pared to the other two.

Claudin-5 expression pattern in the Amphibian blood-
brain barrier

Previous studies have demonstrated that the disrup-
tion of the tight junction protein Claudin-5 is suffi-
cient to increase paracellular leakage of molecules in a

(See figure on next page.)
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size-selective manner [29-31]. To test whether the leak-
age of the 1 kDa tracer observed in axolotl and Pleu-
rodeles was based on differences in the tight junction
configuration, we analyzed the expression pattern of
Claudin-5 in all three amphibian species. Xenopus paren-
chymal blood vessels exhibited high levels of Claudin-5
expression covering all the blood vessels in the paren-
chyma (Fig. 6A, A’). The Pleurodeles brain displayed a
diverse profile in the parenchymal vasculature, including
vessels which were positive, weak and negative for Clau-
din-5 (Fig. 6B, B’). In contrast, the axolotl brain did not
express any Claudin-5 in the parenchyma (Fig. 6C, C’).
As a positive control for the Claudin-5 antibody we used
axolotl testis (Fig. 6D, D’). Taken together, the Claudin-5
expression levels correlated with our permeability analy-
sis. Decrease or lack of the tight junction protein Clau-
din-5 might facilitate the leakage of the 1 kDa tracer.

Discussion
CNS immune and metabolic privilege is a highly con-
served feature during evolution. The brain is isolated
from the periphery by different barriers that maintain the
physiological homeostasis and ensure neuronal function.
While both the BBB and the cerebrospinal fluid-brain
barrier have been involved in immune surveillance, the
metabolic supply is mainly provided through the BBB [1].
The tightness of the mammalian BBB has been classically
assessed by the extravasation of exogenous tracers, since
they have no biological relevance and should not be able
to cross the barrier under physiological conditions [20].
The usage of tracers with known molecular size and the
combination with different survival time points allowed
us not only to assess the size permeability thresholds, but
also to analyze which type of transport might be involved.
Our data revealed that the Xenopus BBB was imperme-
able to all the analyzed tracers (1, 3 and 70 kDa), reca-
pitulating the BBB threshold previously described in
mammals [20] and zebrafish [28]. On the contrary, axo-
lotl exhibited a fast and systemic leakage of the 1 kDa
tracer with no signs of EC transcellular uptake, sup-
porting paracellular transport as the underlying mecha-
nism. Passive leakage was also observed in pre- and
post-metamorphic Pleurodeles, validating the size limit

Fig. 5 Analysis of the permeability threshold in pre- and post-metamorphic Pleurodeles. A Scheme of the experimental workflow. B-C” Confocal
images of cleared whole-mount telencephala in pre- (B-B”) and post-metamorphic (C—C") Pleurodeles after co-injecting the 1 kDa tracer

with isolectin. All images are full z-projections of a confocal stack. Insets indicate the area of the brain. Scale bars=50 um. D Dot-plot indicating

the Manders’ coefficient for the 1 kDa tracer in Xenopus (blue dots), Pleurodeles pre-metamorphic (light green dots), Pleurodeles post-metamorphic
(dark green dots) and axolotl (orange dots). Each data point represents one animal. Data are shown as mean + SEM and statistical analysis is based
on One-way ANOVA (pValue=0.004) and Sidak's multiple comparisons test (Xe vs. Pleurodeles Pre: pValue =0.357; Xe vs. Pleurodeles Post:
pValue=0.555; Xe vs. Ax: pValue =0.003; Pleurodeles Pre vs. Pleurodeles Post: pValue >0.9999; Pleurodeles Pre vs. Ax: pValue=0.102; Pleurodeles Post
vs. Ax: pValue=0.055). Abbreviations: Ax: axolotl; n.s: not significant; Pre: pre-metamorphic; Post: Post-metamorphic; Xe: Xenopus
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DAPI Cldn5 Isolectin

Cldn5

\ Axolotl

Cldn5

DAPI Cldn5 Isolectin
b M
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Fig. 6 Claudin-5 expression pattern in Xenopus, Pleurodeles and axolotl. A-C” Confocal images of a transversal section of the Xenopus telencephalon
(A, A), Pleurodeles midbrain (B, B’) and axolotl telencephalon (C, C’) stained with DAPI, isolectin and Claudin-5. The orange arrowheads marked
isolectin.” immune cells and orange arrows shown Claudin-5 negative blood vessels. D, D’ Micrographs illustrating the axolotl testis labeled

with DAPI, isolectin and Claudin-5. All images are full z-projections of a confocal stack. Scale bars=50 um. Abbreviations: Cldn5: Claudin-5

as a physiological trait not related to metamorphosis or
exclusive the paedomorphic axolotl. Interestingly, and
unlike axolotl, Pleurodeles also displayed partial retention
of the 1 kDa tracer in the vasculature. This phenotype
was half-way between the systemic leakiness observed
in axolotl and the mammalian-like permeability found
in Xenopus. Under physiological conditions, paracellular
transport is severely restricted by tight junction protein
complexes that seal the paracellular space between neigh-
boring endothelial cells. Claudin-5 is the most enriched
tight junction protein in the BBB, and it is essential to
maintain the pore size selectivity [29-31]. Interestingly,
the leakage of the 1 kDa tracer observed in axolotl cor-
related with the absence in the expression of Claudin-5.
The partial leakage observed in Pleurodeles correlated
with an incomplete coverage of Claudin 5 in the blood
vessels, while Claudin 5 was found in all Xenopus vessels.
Further validation of this hypothesis would require gain-
and loss-of-function experiments.

Leakiness of the mammalian BBB has been related to
systemic inflammation [32], metabolic dysfunction [33]
and progression of neurodegenerative diseases [6—8].
Importantly, single cell analyses [34, 35], and behavioral
[36] and regenerative [37] studies in salamanders showed
no signs of systemic inflammation or neuronal dysfunc-
tion. These studies raise the question whether the passive
leakage observed in salamanders might represent a met-
abolic and/or immunological advantage. Whether the

permeability of BBB is related to the urodele CNS regen-
erative abilities is also an open question.

Particularly surprising was the increase in the rate of
endocytic events in the axolotl vasculature in comparison
to Xenopus. It is important to mention, that in none of
our experimental paradigms the active transport or leak-
age of the larger tracers (3 and 70 kDa) were observed,
indicating that the axolotl EC sorting mechanisms suc-
cessfully blocked the transport of molecules without bio-
logical relevance for the brain. Therefore, and despite the
leakiness observed for small molecules, the axolotl BBB
displayed a selective and efficient barrier for larger mol-
ecules. The EM analysis revealed the ultrastructure of the
axolotl EC luminal surface, showing high density of long
membrane ruffles, that in turn generated large intracel-
lular vesicles. Considering the ultrastructure [38] and the
uptake of non-selective large cargo, we found that the
axolotl ECs exhibited higher rates of (macro)pinocytosis.
This endocytic pathway is nonspecific and nonsaturable,
since it does not rely on any receptor or carrier, explain-
ing how a synthetic molecule can cross the first barrier of
the BBB. Macropinocytosis has been generally associated
to nutrient sensing, antigen presentation and recycling
of plasma proteins among other functions [38]. How-
ever, it is normally downregulated during development
[39] and remains unknown how much of the metabolic
supply relays on this type of transport. Despite being
less efficient than the receptor-mediated transcytosis,
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it has been proposed that macropinocytosis might act
as a non-canonical nutrient supply pathway, promoting
metabolic flexibility and cellular resilience [40]. Zhulyn
and collaborators have recently demonstrated that upon
limb amputation, translation from pre-existing RNAs is
rapidly activated via mTOR signaling pathway, promoting
scarless regeneration in axolotl [41]. The presence of a
dormant transcriptome supports the notion of a “ready-
to-go” regenerative program that ensures a rapid and suc-
cessful healing. However, protein synthesis comes at a
high metabolic cost and amino acid transport at the time
of injury is essential for wound closure [41]. Macropino-
cytosis is known not only to supply nutrients and amino
acids via lysosomal degradation to support metabolism
and macromolecular synthesis, but also to stimulate
mTORCI1 activity [42]. Our working hypothesis is that
the increased macropinocytosis rate observed in axo-
lotl ECs might provide a metabolic advantage during the
regenerative process, rapidly increasing the energy sup-
ply, which potentially promotes cell survival and contrib-
utes to the scarless wound closure. On the other hand,
the impermeable mammalian-type of BBB described in
many vertebrates [32, 37], including Xenopus, might rep-
resent an obstacle for the scarless regenerative process
[43, 44].

Conclusions

Overall, our work highlights important structural and
functional differences in the BBB in two groups of
amphibians: salamanders and frogs. Considerations to
the higher permeability observed in axolotl and Pleurode-
les might be beneficial for targeted therapeutics, develop-
ing new drug delivery systems and for unravelling new
mechanisms ameliorating the effects of BBB disruptions.
In addition, understanding how salamanders regulate the
BBB permeability in physiological and injury conditions
might shed some light on the mechanisms underlying
their extraordinary regenerative capacity.

Methods

Animals and experimental preparation

Pre-metamorphic larval Xenopus laevis (stage 49, stage
59-61 and stage 66; Nieuwkoop et al., 1994 [45]) and
5—7 cm (juvenile) Ambystoma mexicanum of either sex
were obtained from the in-house animal breeding facil-
ity at the Biocenter-Martinsried of the Ludwig-Maximil-
ians-University Munich. Both species were maintained
in separate tanks with non-chlorinated water (17-19 °C)
at a 12/12 light/dark cycle. The density of animals main-
tained in the study was 1.6 axolotl and 1.8 Xenopus per
square meter. Xenopus were fed daily with spirulina algae
and axolotl with daphnia and artemia.
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At the desired developmental stage, animals were
used for the studies in accordance with the “Principles
of animal care” publication No. 86-23, revised 1985, of
the National Institutes of Health and were carried out
in accordance with the ARRIVE guidelines and regula-
tions. Permission for the experiments was granted by the
legally responsible governmental body of Upper Bavaria
(Regierung von Oberbayern) under the license code
ROB-55.2.2532.Vet_03-19-63. In addition, all experi-
ments were performed in accordance with the relevant
guidelines and regulations of the Ludwig-Maximilians-
University Munich.

Pleurodeles waltl were bred and maintained in the
aquatic facility in the Karolinska Institute. All of the pro-
cedures in this study related to animal handling, care
and treatment were performed according to the guide-
lines approved by the Jordbruksverket/Sweden under the
ethical permit numbers 18190-18 and 5723-2019. Late
active larvae (Stage 53- 54) and post-metamorphic newts
(Stage 56,2) were used for this study, stages according to
Gallien and Durocher [46]. Pleurodeles were kept at a
density of 0.5 animals per square meter and fed with arte-
mia and grindal worms [47].

Assessment of tracer retention in brain blood vessels

To assess the BBB permeability, 1 kDa Alexa Fluor
555 Cadaverine (Thermofisher; Germany), 3 kDa or
70 kDa dextran coupled to Tetramethylrhodamine
(Thermofisher; Germany) were transcardially injected
together with Isolectin GS-IB4 conjugated with Alexa
647 (Thermofisher; Germany). The animals were ran-
domly allocated into the different experimental groups.
As described previously [21], animals were anesthetized
in 0.05% 3-aminobenzoic acid ethyl ester methanesul-
fonate at room temperature (MS-222; Pharmaq Ltd.
UK) for 5—7 min. Thereafter, anesthetized animals were
transferred to a Petri dish (@ 5 cm) filled with ice cold
Ringer solution (75 mM NaCl, 25 mM NaHCO;, 2 mM
CaCl,, 2 mM KCI, 0.1 mM MgCl,, and 11 mM glucose,
pH 7.4) containing 0.05% MS-222 and were mechanically
secured onto a Sylgard-lined floor with the ventral side
up. For Pleurodeles, injections were conducted by plac-
ing the deeply anesthetized animals on top of a Tricaine-
soaked tissue. The skin and pericardial membrane were
carefully excised to expose the beating heart (see [21]).
Glass capillaries (outer diameter @ 1 mm) were pulled
on a P-87 Brown/Flaming electrode puller from borosili-
cate glass (Science Products; Germany). Capillaries were
backfilled with different combinations of the dyes (10 ul
volume), inserted into a micro-pipette holder, attached to
a 3-axes, manually driven micro-manipulator (Bachhofer,
Reutlingen, Germany) and connected to a pressure injec-
tor (FemtoJet, Eppendorf, Germany). The tip of the glass
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capillary was broken to “30 pm and the pressure was set
such that each pulse corresponded to an injected vol-
ume of "0.1—0.2 pl. A 1:1 mix of 1.25 pg/ul Isolectin with
1 pg/ul Cadaverine (1kD) or 5 pg/ul 3 kDa dextran or
2.5 pg/pl 70 kDa dextran were injected. Pulses were trig-
gered manually according to the heart beat rhythm until
a volume of 5—8 pl was injected for both axolotl and
pre-metamorphic Xenopus. After post-injection survival
times (the period of time from the dye injection to the
excision of the heart) in deep anesthesia for 20 or 60 min,
animals were decapitated and the skull was dorsally and
ventrally opened by removing the skin and the cartilage
to completely expose the brain for proper fixation of the
tissue with 4% paraformaldehyde (PFA) for 24 h at 4 °C.
For the experiments in Pleurodeles, a 1:1 mix of 1 pg/ul
Cadaverine (1kD) and 1-2.5 ug/pl Isolectin was injected
through the base of the aorta in deeply anesthetized ani-
mals. A volume of 1.5, 2.75 or 7.5 pl was injected in ani-
mals of stage 53, 54 and 56 respectively. After injection,
animals were placed back in anesthesia for 20 min fol-
lowed by decapitation and fixation in 4% PFA.

Tissue clearance

Following fixation, whole mount preparations consist-
ing of brain and spinal cord kept in place inside the
open skulls, were washed in PBS (3 X for 20 min) prior
to the tissue clearing process with the uDisco protocol
[48]. Whole mount preparations were step-wise dehy-
drated for 4 h in increasing concentrations of butanol
(30, 50, 70, 80, 90, 96, 100%). While the axolotl and
Pleurodeles tissue was incubated in dichloromethane for
40—60 min prior to the clearing process, Xenopus tis-
sue did not require this additional pretreatment. While
red and far-red fluorochromes were not affected by our
uDisco protocol; green fluorophores were non-discern-
ible from green autofluorescence of fixed tissue espe-
cially after dichloromethane treatment. The tissue was
then incubated in a 1:2 solution of benzylbenzoate and
benzylalcohol, mixed 15:1 with diphenylether for 48 h.
The cleared brains along with the spinal cords were
subsequently extracted from the skull and mounted in
the clearing solution using custom-built metal spacers.
Whole mounts of the CNS tissue were imaged using
a Leica SP5-2 confocal microscope. Between 50-100
optical sections of 2 um thickness per brain area were
obtained (for methodological adaptations of the proto-
col for Xenopus see also [49]).

Evaluation of dye uptake into endothelial cells

Juvenile axolotls were transcardially injected (70 kDa
dye together with isolectin) according to the previously
described protocol. After a post-injection survival time
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of 20 min, animals were perfused with Ringer solution
(specified above) over a period of 5 min. The brain and
spinal cord were extracted immediately afterwards and
the complete removal of blood and dye by the perfu-
sion was validated under a fluorescence stereo-micro-
scope (SZX16, Olympus, Japan). Thereafter, the tissue
was fixed with 4% PFA for 24 h at 4 °C. After washing
with PBS (3 X for 20 min), brains were embedded in 3%
agarose dissolved in PBS. Tissue blocks were cryopro-
tected for at least 3 days in a 30% sucrose solution at
4 °C. 30 pm thick coronal sections were cut on a cry-
ostat (Leica, Germany) and mounted on gelatin-coated
slides (VWR, Belgium) with Aquamont (Aqua-Poly/
Mount, Polysciences, Warrington, PA).

Quantification and data analysis

Optical sections, obtained from cleared whole mount
preparations were automatically analyzed and quan-
tified using the Fiji plug-in JACOP [50]. A pixel-wise
co-occurrence of fluorescence signals of the selected
tracer and the blood vessel marker isolectin was meas-
ured using Manders’ coefficients. This procedure
yielded two coefficients: M jecin (CO-0Occurrence of
isolectin with a particular dye) and Mg, (co-occur-
rence of the selected dye with isolectin). All areas of
the CNS (telencephalon, midbrain, hindbrain and
spinal cord) were used for the quantitative analyses.
A total of 2 images obtained from two different CNS
areas were used to obtain the Manders’ coefficients per
animal. The percentage of isolectin-covered area was
calculated for each animal using two confocal images
obtained from cleared brains. Single-channel immuno-
fluorescent images were converted to black and white,
then every image in the Z-stack was thresholded and
the extent of the stained area was measured using NIH
Image] software.

Statistical analysis and plotting were performed in
Prism 9 (GraphPad Software Inc.) and the data were
tested for normality by the Shapiro—Wilk normality test.
If both normality and equal group variances assump-
tion were met Student’s t-test for single comparisons
and One-way ANOVA for multiple group design were
used. Welch's t-test was selected when the groups had
unequal variances. For non-parametric tests simple
linear regression or Kruskal-Wallis test for multiple
group design were used. Population data is reported
as mean + standard error of the mean (SEM). Statisti-
cal tests and respective details can also be found in the
relevant figure legends and/or corresponding result sec-
tions. N-values used in statistical tests represent num-
ber of animals and a minimum of three independent
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experiments were performed. Figures were assembled
using Affinity Designer 1.10.5.1342 (Serif, UK).

Electron microscopy and 3D reconstruction

A juvenile axolotl and a pre-metamorphic Xenopus
were anaesthetized as previously described and per-
fused with Ringer’s solution, followed by 2.5% glutaral-
dehyde with 2% PFA in cacodylate buffer. Subsequently,
the hindbrains were isolated, cut in ca. 1 mm pieces
and postfixed in the same fixative by immersion over-
night at 4 °C, followed by a high-contrast staining for
block-face EM (protocol modified from Hua et al. [51]).
In brief, the tissue blocks were immersed in buffered
2% OsO,, 1.5% ferrocyanide, saturated thiocarbohy-
drazide, unbuffered 2% OsO,, 1% uranyl acetate, and
lead aspartate with intermittent washing steps. There-
after, the brain tissue was dehydrated in a graded etha-
nol series, transferred to dried acetone and embedded
in hard-plus resin 812 (EM sciences). One surface of
a resin block was trimmed to remove empty resin and
mounted upside down on an aluminum stub with con-
ductive glue. The remaining block was trimmed into
the shape of a cube (300 um edges) with no empty resin
on all sides and coated with gold in a sputter coater.
The samples were sectioned and imaged with an Apreo
VS block-face scanning electron microscope (Thermo
Fisher) at 2 kV in high vacuum mode, pixel dwell time
3 ps. Axolotl: 1400 planes, slice spacing 40 nm, scan-
ning area 102X102 pm @ 10 nm/px. For 3D recon-
struction, a subvolume of 1800Xx5900x411 px was
selected, containing a short section of a capillary pair.
Xenopus: 1300 planes, slice spacing 35 nm, scanning
area 30x30 pm @ 5 nm/px. For 3D reconstruction, a
subvolume of 5300x5800x458 px was selected. In
every species the inner surface of the endothelial cells
of one capillary was segmented and surface rendered
using Amira 5.6 software.

Abbreviations

Axo Axolotl

Ba Basilar artery

BBB Blood-brain barrier

CNS Central nervous system
Cldn5  Claudin-5

ECs Endothelial cells

[tv Lateral telencephalic vein
Moa Medial olfactory artery

ns Not significant

PFA Paraformaldehyde

Pb Posterior branch of cerebral carotid
Poa Preoptic artery

Post Post-metamorphic

Pre Pre-metamorphic

SEM Standard error of the mean
\Y Ventricle

Xe Xenopus
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Additional file 1: Figure S1 Quantifications of the isolectin™ staining

and the tracer retention in the Amphibian CNS.Dot-plot illustrating the
proportion of isolectin covered area in the Xenopus, axolotland pre-and
post-metamorphic Pleurodeles brain. Data are shown as mean +SEM and
statistical analysis is based on Kruskall-Wallis testand Dunn’s multiple com-
parisons test.Dot-plot depicting the Manders' coefficients of all the ana-
lyzed tracers in Xenopus and axolotl. The data were color-coded according
to the tracers. Each data point represents one animal. Data are shown as
mean + SEM and statistical analysis is based on simple linear regression.
Abbreviations: n.s: not significant; Pre: pre-metamorphic; Post: post-
metamorphic. Figure S2 Permeability analysis of the 70 kDa tracer using a
long survival protocol.Scheme of the experimental design of the 60 min
survival protocol.lmages depicting the retention pattern of the 70 kDa
tracer in the axolotl and the Xenopus hindbrain. Low retention areas are
indicated with orange arrowheads. Insets indicate the area of the brain. All
images are full z-projections of a confocal stack. Scale bars=100 pm.Dot-
plot analyzing the M., in COefficients of the 70 kDa tracer in the axolotl
and Xenopus CNS after 20and 60mins survival. Each data point represents
one animal. Data are shown as mean +SEM. Abbreviations: Ax: axolotl; Xe:
Xenopus. Figure S3 Details of the EM images from the axolotl and Xenopus
brain.Macropinocytosis, plane spacing 80 nm; red asterisk: structure
engulfing some EC lumen; white asterisk: macropinosome with flaky
material.Micropinocytosis, plane spacing 40 nm; arrow: micropinocytosis
in statu nascendi; white arrowhead: small vesicles.Extracellular vesicles
containing flaky electron dense material in the Xenopus luminal space.
Micropinosomes in Xenopus ECs. Plane spacing in C and D 35 nm. Scale
barsin A,B=500 nm;in C, D=1 pm. Figure S4 Comparative analysis of the
permeability threshold in the Xenopus and axolotl BBB.Dot-plots showing
the Miggjeciin coefficients of all injected tracers following the 20 min survival
protocol in Xenopusand axolotl. The data were color-coded according to
the molecular size. Each data point represents one animal. Data are shown
as mean +SEM and statistical analysis is based on One-way ANOVA Experi-
mental workflow to analyze the 1 kDa leakage observed in the axolotl
CNS.Confocal image of a transversal section of the axolotl telencephalon
injected with 1 kDa tracer and labeled with DAPLImages depicting the
retention pattern of the 1 kDa tracer in Xenopus at stage 49and stage 66.
Inset indicate the area of the brain. The images are full z-projections of a
confocal stack. Scale bars in D, D; D"=50 um; in E, E, F, F"= 100 pum. Figure
S5 Comparative analysis of the permeability threshold of the injected trac-
ers in all analyzed species.Dot-plots depicting the Manders’ coefficients of
the Xenopus, Axolotl and Pleurodeles BBB. In A, data was colored-coded
by tracer, 1 kDa. The yellow area was further analyzed in BThe Manders’
coefficients of the 1 kDa injected Xenopus, axolotl, pre-and post-metamor-
phicPleurodeles were plotted. Each data point represents one animal.
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