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Glassfrogs conceal blood in their liver to maintain

transparency

Carlos Taboada?*, Jesse Delia>***+, Maomao Chen?t, Chenshuo Ma?, Xiaorui Peng?, Xiaoyi Zhu?,
Laiming Jiang®, Tri Vu?, Qifa Zhou®®”7, Junjie Yao?*, Lauren O’Connell3, Sonke Johnsen!

Transparency in animals is a complex form of camouflage involving mechanisms that reduce light
scattering and absorption throughout the organism. In vertebrates, attaining transparency is difficult
because their circulatory system is full of red blood cells (RBCs) that strongly attenuate light.

Here, we document how glassfrogs overcome this challenge by concealing these cells from view. Using
photoacoustic imaging to track RBCs in vivo, we show that resting glassfrogs increase transparency
two- to threefold by removing ~89% of their RBCs from circulation and packing them within their liver.
Vertebrate transparency thus requires both see-through tissues and active mechanisms that “clear”
respiratory pigments from these tissues. Furthermore, glassfrogs’ ability to regulate the location, density,
and packing of RBCs without clotting offers insight in metabolic, hemodynamic, and blood-clot research.

ransparency is a form of whole-body cam-

ouflage that is common in aquatic eco-

systems but rare on land (7). In contrast

to other forms of camouflage, transpar-

ency requires complex specializations
that minimize light scattering and absorp-
tion throughout the entire animal (2-4). These
include a range of cell- and tissue-specific mech-
anisms, from those that facilitate light trans-
mission through functional tissues, to active
processes that conceal or minimize intrinsi-
cally pigmented tissues (7). Such mechanisms
are poorly understood despite decades of bio-
medical interest in developing transparent
model organisms (5-7).

In vertebrates, achieving transparency is
challenging because their circulatory system
is full of hemoglobin-containing red blood
cells (RBCs) that strongly absorb blue and
green light (8-10). Thus, even if tissues them-
selves are highly transparent, their metabolic
requirements render them opaque through the
hemoglobin oxygen-transport system. Trans-
parent ice fish and larval eels have apparently
overcome this blood problem by not producing
hemoglobin and RBCs (11-13). Here, we docu-
ment that glassfrogs use an alternative strategy
to overcome this challenge, by essentially hid-
ing RBCs from view.

'Biology Department, Duke University, Durham, NC, USA.
2Department of Biomedical Engineering, Duke University,
Durham, NC, USA. ®Department of Biology, Stanford University,
Stanford, CA, USA. “Division of Vertebrate Zoology and Richard
Gilder Graduate School, American Museum of Natural History,
New York, NY, USA. °Department of Biomedical Engineering,
University of Southern California, Los Angeles, CA 90089, USA.
®Department of Ophthalmology, University of Southern
California, Los Angeles, CA 90033, USA. “USC Ginsburg
Institute for Biomedical Therapeutics, University of Southern
California, Los Angeles, CA 90033, USA.

*Corresponding author. Email: carlos.taboada@duke.edu (C.T.);
jdelia@amnh.org (J.D.); junjie.yao@duke.edu (J.Y.)

tThese authors contributed equally to this work.

Taboada et al., Science 378, 1315-1320 (2022)

Glassfrogs are well known for their highly
transparent muscles and ventral skin, through
which their bones and other organs are visible
(14-16) (Fig. 1 and figs. S1 and S2). We found
that these tissues transmit more than 90 to
95% of visible light while maintaining func-
tionality (e.g., locomotion, vocalization) (fig.
S2, E to F). This transparency is adaptive be-
cause it camouflages glassfrogs from predators
while they sleep on vegetation during the day
(17) (Fig. 1, A to F, and fig. S1). However, cir-
culating RBCs could compromise leaf camou-
flage, as they strongly absorb light in regions
that are transmitted and reflected by living
vegetation (i.e., green light) (Fig. 1, A and B,
and fig. S1). Outside of unpigmented tissues,
almost nothing is known about the mecha-
nisms of vertebrate transparency (1, 2).

We found that the glassfrog Hyalinobatra-
chium fleischmann? actively maintains high
levels of transparency while it sleeps during the
day (Fig. 1 and movie S1). We used calibrated
color photography to measure transparency of
11 frogs repeatedly while they were asleep, awake,
calling to mates, after exercise, and under anes-
thesia. While sleeping, glassfrogs transmitted
on average 34 to 61% more light compared to
all other conditions (post hoc comparisons P <
0.0001), whereas they transmitted similar levels
of light while in all other nonsleeping states (P >
0.22) (Fig. 1D; fig. S2, A to D; and table SI).
Offering a potential explanation for the reduc-
tion in transparency, we observed that sleeping
frogs circulate plasma with sparse RBCs, and
that RBC concentration increased sharply as
they awoke (Fig. 1C and movies S2 and S3).

Using optical spectroscopy, we confirmed that
a reduction in circulating RBCs was responsible
for the increase in transparency during sleep.
We measured the diffuse reflectance and trans-
mittance of 13 individuals repeatedly while
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they slept and after induced exercise. Within
seconds after exercise, their leaf-like dorsal
reflectance changed markedly and light trans-
mittance dropped two- to threefold across the
visible portion of the spectrum (Fig. 1, E to F,
and fig. S1). When comparing spectral changes
between states, we found a clear and strong
hemoglobin signal that was primarily attributed
to increased absorption by both oxy- and deoxy-
hemoglobin (Fig. 1G and fig. S3A). A clear and
strong hemoglobin signal was evident in atten-
uation spectra for exercised frogs (hemoglobin
Q-band 500 to 600 nm), whereas the hemoglo-
bin signal was barely detectable while they
were sleeping (fig. S3B). Using a simplified
optical model, we confirmed that increased
RBC density very closely predicts the empir-
ical reduction in transparency (fig. S3, Cto E,
and table S2). These results show that glass-
frog transparency involves active processes
that reduce the concentration of circulating
RBCs in otherwise transparent tissues.

Understanding the physiological mecha-
nisms of vertebrate transparency requires a
strict in vivo approach, as transparency is often
lost in death and during stress (7). In glassfrogs,
we found that RBC perfusion—and hence their
transparency—is easily disrupted by activity,
stress, anesthesia, and most forms of euthana-
sia (Fig. 1, figs. S1 and S3, and movies S1 and S2).
Therefore, we required an imaging technique
that could (i) capture spatial hemodynamics
deep within sleeping frogs without inducing
RBC perfusion; (ii) specifically target hemo-
globin in RBCs without using any contrast
agents; and (iii) image through opaque or-
gans, which might store RBCs during rest.
This last requirement is important because
H. fleischmanni heart, liver, and digestive
organs are within mirrored sacs that contain
reflective guanine crystals and attenuate
over 80% of the incident visible light (fig.
S2E) (16).

To meet these imaging requirements, we
used photoacoustic microscopy (PAM) (18, 19)
(fig. S4A and table S3). This hybrid imaging
technique relies on the photoacoustic effect—
essentially, when light is absorbed by molecules,
some of the absorbed energy is converted into
ultrasonic waves. By optically inducing and
then acoustically measuring ultrasonic-wave
production, PAM can image deeper than pure
optical modalities, as biological tissue is far
more transparent to ultrasonic waves than
light. Furthermore, PAM can be optimized to
detect light absorption by hemoglobin and
quantify its oxygenation level, without the need
for contrast agents (20).

First, we imaged the whole body of glassfrogs
to determine where RBCs aggregate during
sleep by using two PAM systems optimized for
either resolution or depth (Fig. 2 and fig. S4,
A to E). Whole-body imaging requires hours
of scanning, which cannot capture exercise-
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Fig. 1. Glassfrog transparency and leaf-like coloration changes with activity.
The leaf-dwelling glassfrog Hyalinobatrachium (“Centrolenella”) fleischmanni forages
and breeds on vegetation at night along forested streams (occurring from southern
Mexico to northwestern South America) (33-36). During the day, Hyalinobatrachium
frogs sleep upside down on broadleaf vegetation, where a combination of green leaf-
like dorsal coloration and transparency could provide camouflage on translucent
leaves (17-38) (fig. S1). (A and B) Frogs photographed in transmitted light (backlit).
(C) RBC perfusion in abdominal tissues (skin and muscle) (backlit). (D) Calibrated
transmittance photography of the same 11 frogs measured across activity levels.

Sleeping Anesthesia

Wavelength (nm) Wavelength (nm)

Small dark gray circles show individual frog measurements; larger light gray circles
and error bars show mean + 95% confidence interval of transmittance (green
channel; for all color channels, see fig. S2 and table S1). (E and F) Diffuse reflectance
and transmittance of 13 frogs during sleep and immediately after exercise, and five
leaves where they sleep. (G) Ratio of transmittance between states (sleeping/
exercise). The reduction in transparency during exercise is largely due to increased
absorption by oxygenated (oxy-Hb) and deoxygenated (Hb) hemoglobin (hemoglobin
Q-band 500 to 600 nm) (fig. S3 and table S2). Absorption spectra for hemoglobin
were obtained from (39).

Sleeping Exercise

Fig. 2. Glassfrogs remove RBCs from circulation while sleeping. (A) High-resolution PAM showing RBC perfusion within the vasculature of the same frog
while asleep and under anesthesia. This PAM technique can capture the location of RBCs within single vessels, as well as the oxygen saturation of hemoglobin
(s0,). (B) Flash photography showing the visible change in RBC perfusion between activity levels.

Taboada et al., Science 878, 1315-1320 (2022) 23 December 2022

2of5

20T ‘7T 10quuIada( uo AJISIOATUN dYN(] I8 SI0°00USI0S MMM //:SANY WO Popeo[umo(]



RESEARCH | REPORT

A High-resolution PAM of liver signal

F ! Heart

Liver

Viscera

,ADb. vein?; !

rPre-exercise—

F High-speed PAM of frog’s torso during recovery

. C High-resolution PAM of RBC perfusion D

134
5@ 114
B T
= Iy 9- I  §
sz s
52 71
» 2
O .E 5-
o/ M <
’ “' ™ E u;/ 3-
[ 2 ’4; 14 :'=
E
301 901 Sleeping
L ] ? _ .
% 251 g\g 80- i pre-exercise
T 9 20 2 H post-exercise
52 8 704 °
D = 5
? 2 154 T
Qs ® 604 . exercise
@ < 101 . ®
o > nl ==
= 5 6 50
01— 40

r100

IN
[=)

G Liver histology

3 30 % 3
= (=)
8 . F60 %
£ 20 Transmittance | ™~
a RBC signal | 49 g
o L o
=10 =
k< F20 =
(=] | =
3 ExerCIse 0 &
Exercise » Asleep 25 75 125 175 225 =
Minutes Sleep Exercise

Fig. 3. Glassfrogs store RBCs in their liver while asleep. Hemodynamics of
targeted anatomical regions using high-resolution PAM. (A and B) RBC signal in
the liver declined after exercise and then increased by similar levels after
recovery. (C to E) RBC signal (D) and the fraction of oxygenated hemoglobin
(sO,) (E) in abdominal tissues declined during sleep. (F) Temporal dynamics of
RBC perfusion (n = 1) and associated changes in light transmittance during
recovery (n = 10), using calibrated photography and high-speed PAM (movie

S4). (G) Hematoxylin and eosin-stained sections of livers from sleeping

and exercised glassfrogs. Frog RBCs have oblong nuclei and appear light pink
inside the hepatic sinusoids. Hepatocytes (asterisk) are darker round cells with
round nuclei and they are arranged in plates that line the sinusoids. Sinusoids are
expanded and packed with RBCs (arrows) during sleep, and largely empty and
compressed during exercise (arrowheads) (fig. S5). Liver volume changes by 40%
between exercise and sleep (see Fig. 4). Scale bars, 30 pm.

level perfusion as frogs quickly conceal RBCs
after exercise (see below). Therefore, we im-
aged three frogs while they were asleep and
again under anesthesia—the latter condition
resulted in extensive RBC perfusion and al-
lowed us to determine where sleeping frogs
store RBCs (Fig. 1D, Fig. 2A, table S1, and
movie S1). While frogs were asleep, circulat-
ing RBCs decreased by 80 to 90% and RBC
signal was largely restricted to the liver (Fig. 2
and fig. S4, F to H).

To test whether glassfrogs actively store
RBCs in their liver while asleep and release
them back into circulation when active, we
performed an exercise assay and measured spe-
cific anatomical regions at the single-vessel
level using high-resolution PAM (Fig. 3 and
fig. S4, A to G). First, we repeatedly imaged
the liver of 12 individuals and found that RBCs
are aggregated in this organ while frogs rest,
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flow out of the liver and back into the vas-
culature during exercise, and then reaggregate
in the liver after recovery (P < 2.2¢7'%; Fig. 3, A
and B, and table S4). RBC signal in the liver
declined on average by 83% after exercise and
then again increased by similar levels after
recovery (post hoc comparisons with the ex-
ercised state P < 0.0001). RBC signal in the
liver was similar during rest and after recov-
ery from exercise (P = 0.67). Frogs can store
RBCs in large, distensible sinusoids of the liver
(21, 22). Our histological examination showed
that glassfrogs also pack RBCs in these sinu-
soids during rest (Fig. 3G and fig. S5), which
confirms our results using three different
PAM systems.

Next, we imaged skin and muscle tissue of
the abdomen and proximal region of the thighs
in 13 glassfrogs. We found that RBC signal
within the vasculature of these tissues decreased

23 December 2022

on average by 89% while frogs rested [gener-
alized linear mixed model (GLMM): x2 =
634.7, P < 2.2¢7'°; Fig. 3, C and D]. Further-
more, the percentage of oxygenated hemo-
globin (sO,) decreased on average by 31%
during sleep (x = 522.09, P < 2.2¢7'°; Fig. 3E).
Accounting for the difference in overall RBC
perfusion between states, frogs had on aver-
age 96.6% less oxygenated hemoglobin in
circulation while at rest than after exercise.
Finally, we continually tracked the temporal
dynamics of RBC perfusion and light trans-
mittance during recovery by combining cali-
brated photography with a high-speed PAM
system (Fig. 3F; fig. S4, A to E and I; and
movie S4). Increases in light transmittance
closely corresponded with a decrease in rela-
tive RBC signal over time—frogs recovered
baseline levels of transparency within ~60 min
after exercise.
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Fig. 4. Opaque tropical frogs do not store high levels of RBCs during rest.
Light transmittance and RBC storage across three independent origins of
arboreality—in Allophryne ruthveni from the enigmatic sister family of glassfrogs
(Allophrynidae), the sympatric leaf-dwelling treefrog Agalychnis callidryas
(Hylidae), and the Malagasy “treefrog” Boophis pyrrhus (Mantellidae) (fig. S8).
(A) Flash photography of resting frogs. (B) RBC signal in abdominal tissues
(skin and muscle) of sleeping frogs (using PAM). The wild type of A. callidryas

In glassfrogs, many visceral organs are en-
closed within sacs that contain highly reflec-
tive guanine crystals (I6) that attenuate over
80% of incident light (fig. S2E and fig. S5).
We confirmed that this crystal layer attenu-
ates photoacoustic signal to below a detec-
tion threshold during anesthesia and exercise
by comparing transparent versus crystal-
lized lobes of livers of individual froglets—
conveniently, crystal development on the liver
peritoneum occurs just after metamorphosis,
during which the peritoneum is transparent in
one lobe and covered in crystals in the other
(fig. S6). Altogether, our results indicate that
sleeping glassfrogs remove most RBCs from
systemic circulation and conceal them within
their mirrored liver during periods when trans-
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parency is important for camouflage (Figs. 1 to
3 and figs. S1 to S7).

Glassfrog transparency appears to build
on a preexisting respiratory property of frog
livers. In the European frog Pelophylax “Rana”
esculentus, the liver regulates respiration by
storing excess RBCs in sinusoids and releasing
them back into circulation as metabolic demand
increases (21, 22). These frogs can store up to
44% of their RBCs while under a chemically
induced coma at low temperatures (6°C) in well-
oxygenated conditions (presumably mimicking
cold season torpor) (21, 22). However, by 18°C
their liver no longer stores RBCs; all are in cir-
culation, owing to temperature effects on cell
respiration. Notably, glassfrogs store 82 to 93%

of their RBCs while sleeping at temperatures at
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cannot be imaged with PAM because their abdomen tissue is wrapped in
reflective crystals. The “bubblegum” morph largely lacks pigmentary cells, which
permits mapping RBCs by PAM. (C) During rest, these species transmit

much lower levels of visible light compared to H. fleischmanni (P < 2.2e7'°,

n = 22; table S5). Inset: Frogs in transmitted light (backlit). (D) RBC storage (%)
during exercise and rest. (E) Liver volume associated with RBC packing

least as high as 25° to 27°C, and then mobilize
them nightly during activity.

These results raise the question of whether
other tropical, nontransparent frogs can store
high levels of RBCs while resting. We com-
pared RBC perfusion between states for three
species from three tropical families of opaque,
arboreal frogs using high-resolution PAM (Fig.
4, A to C, and fig. S8). While resting, circulating
RBCs decreased on average by or below 12%
among the opaque species versus 89% in glass-
frogs (GLM: x> = 730.76, P < 2.2¢'%, n = 29), and
their vasculature remained perfused with RBCs
while resting at 25° to 27°C (Fig. 4, B and D).

To quantify changes in liver size associated
with RBC packing, we used high-frequency ultra-
sound tomography to repeatedly measure the
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liver volume of 10 glassfrogs and 8 Allophryne
ruthveni—a species from the most closely re-
lated nontransparent taxa of glassfrogs. The
liver volume of glassfrogs increased on average
by 40% while their livers were packed with RBCs
during sleep (post hoc comparisons P < 0.0001),
whereas the liver volume of A. ruthveni did
not change significantly between activity lev-
els (post hoc comparisons P = 0.78, & = 1.2%
increase during rest; Fig. 4E and table S6).

Our results have three major implications.
First, we discovered that a vertebrate can ac-
tively regulate the location and density of its
RBCs in ways that improve transparency. Pre-
vious research found that transparency camou-
flages glassfrogs while they sleep on vegetation
during the day (17) (Fig. 1). We found that blood
storage increases transparency two- to three-
fold but results in an extreme daily reduction
in circulating RBCs. Just 3.4% of their total
hemoglobin is bound with oxygen during this
transparent state, indicating that glassfrogs
likely exhibit depressed metabolic activity or
nonoxidative metabolic processes (21-25). Re-
search on transparent shrimp has also shown
that stress and/or activity can result in hemo-
lymph perfusion that opacifies the animals,
which could have consequences for predation
(4, 26). Taken together, transparency camou-
flage in complex animals requires physiologi-
cal specializations that can remove respiratory
pigments from transparent tissue, as well as
those that compensate for the resulting res-
piratory constraint.

Second, glassfrogs likely offer insight into
the mechanisms involved in preventing vas-
cular pathologies. In most vertebrates, local
RBC aggregations cause thromboses (27). No-
tably, glassfrogs are capable of packing and un-
packing 82 to 93% of their RBCs in their liver on
a daily basis without triggering vaso-occlusive
or clotting (thrombotic) events. Concentrating
RBCs in this fashion would presumably re-
quire biochemical factors and/or physical mod-
ifications (e.g., structural changes of packed
RBCs) that ultimately interact with clotting
factors (28). Glassfrogs may be particularly
useful for blood-clot research. Compared to fish
models, frogs share the same genetic and phys-
iological factors that regulate hemostasis as
those in mammals [e.g., upstream coagulation
factor XII (29)]. Finally, these naturally trans-

Taboada et al., Science 378, 1315-1320 (2022)

parent vertebrates are an excellent animal for
in vivo physiology research. Their entire body
can be imaged with cellular resolution to cap-
ture natural hemodynamic processes without
restraint or contrast agents (movie S5). Mea-
suring the cardiovascular physiology of ver-
tebrates in vivo is challenging and has been
largely limited to anesthetized, restrained,
and/or surgically altered animals. Furthermore,
transparent tetrapod models are basically un-
pigmented mutants that are not transparent
[e.g., (30-32)]. Glassfrogs may provide a solution
to these challenges and offer insight into bio-
logical mechanisms of vertebrate transparency.
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