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Abstract

In the present study we evaluated the effect of partial ventricular amputation (PVA) in the heart
of the adult urodele amphibian (Ambystoma mexicanum) in vivo on spontaneous heart contracti-
le activity recorded in vitro in association to the structural recovery at one, five, 30 and 90 days
after injury. One day after PVA, ventricular-tension (VT) (16 * 3%), atrium-tension (AT) (46 + 4%)
and heart rate (HR) (58 + 10%) resulted lower in comparison to control hearts. On days five,
30 and 90 after damage, values achieved a 61 £ 5, 93 = 3, and 98 + 5% (VT), 60 + 4, 96 + 3 and
99 + 5% (AT) and 74 £ 5, 84 + 10 and 95 + 10% (HR) of the control values, respectively. Associated
to contractile activity recovery we corroborated a gradual tissue restoration by cardiomyocyte
proliferation. Our results represent the first quantitative evidence about the recovery of heart
contractile activity after PVA in an adult urodele amphibian, indicating that the heart of A.
mexicanum restores its functional capacity concomitantly to the structural recovery of the
myocardium by proliferation of cardiomyocytes after PVA. These properties make the heart
of A. mexicanum a potential model to study the mechanisms underlying heart regeneration in
adult vertebrates in vivo.

Regeneracién funcional y estructural del corazén de axolotl (Ambystoma mexicanum)
después de amputacion parcial del ventriculo

Resumen

En el presente estudio evaluamos el efecto de la amputacién parcial del ventriculo (APV)
del corazon de un anfibio urodelo adulto (Ambystoma mexicanum) in vivo, sobre la actividad
contractil espontanea del corazoén registrada in vitro, a diferentes tiempos después de APV,
en asociacion a su recuperacion estructural. Un dia después del dafio, los valores de tension
ventricular (TV) (16 = 3%), tension auricular (TA) (46 + 4%) y frecuencia cardiaca (FC) (58 +
10%), resultaron ser menores respecto al control. En los dias cinco, 30 y 90 después del dafio,
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los valores alcanzaron 61 £ 5, 93+ 3y 98 + 5% (TV), 60+ 4, 96 + 3y 99 + 5% (AT) y 74 + 5, 84
+10y 95 + 10% (FC) de los valores control, respectivamente. Ademas de la recuperacion de la
actividad contractil, corroboramos la recuperacion estructural y gradual del tejido miocardico
por proliferacion de cardiomiocitos. Nuestros resultados representan la primera evidencia
cuantitativa de la recuperacion de la actividad contractil del corazon de un anfibio urodelo
adulto después de APV; indicando que el corazon de A. mexicanum recupera su capacidad
funcional concomitantemente con la recuperacion estructural del miocardio por proliferacion
de cardiomiocitos. El corazén de A. mexicanum es un modelo potencial para el estudio de los
mecanismos de la regeneracién miocardica de vertebrados adultos in vivo.

Introduction

The amphibian heart is characterized by a single ventricular
chamber, an atrium partially separated by a perforated
septum! and the absence of coronary circulation.?® The
heart of amphibians shows contractile activity with a cy-
clic pattern of alternating steps of contraction and relaxa-
tion. It involves a wave of depolarization created by the
cells of the sinus venosus that spreads to contractile cells
in the two sides of the atrium, which contract simulta-
neously. Meanwhile the ventricle is in a state of relaxation
that allows it to receive the blood from the atrium. After
a short delay, the wave of depolarization reaches the ven-
tricle which contracts and pumps the blood to the pulmo-
nary and systemic circuits, where gases and nutrients can
be exchanged. As the ventricle contracts, the cells of the
atrium repolarize.* In contrast to the heart of other ver-
tebrates, the heart of amphibians beats spontaneously for
long periods of time in vitro at room temperature,® which
allows the evaluation of the contractile activity of cardiac
muscle without the necessity of field stimulation.®®

On the other hand, in contrast to mammals, adult
urodele amphibians such as the newt,*° axolotl, Ambys-
toma mexicanum,**? and adult zebrafish'®'* restore the
structure of myocardial tissue after partial ventricular
amputation (PVA). In an ideal situation, structural reco-
very would result in a fully functional tissue or organ. It is
generally assumed that there is a structural restoration,
based on the survival time after PVA in newts®!°and the
visual inspection of beating hearts in zebrafish.® This res-
toration is related with regeneration and could contribute
to the functional reestablishment of the heart function.
However in none of the cases included, a systematic eva-
luation of function has been considered. Considering that
the functional restoration could be part of the regene-
ration process, in the present study we evaluated in the
adult urodele A. mexicanum the contractile activity of
the heart at different time after PVA. Additionally, tissue
changes and cardiomyocyte proliferation were evaluated
in order to corroborate structural restoration.

Methods

Animals

Neotenic adult specimens of A. mexicanum of either sex,
aged 8- to 12-months, were used in this study. All ani-
mals received adequate care according to the principles

of laboratory animal care (NIH publication No. 86-23,
revised 1985) and the specific national and institutional
laws on protection of animals. The animals were obtained
by reproduction in captivity (Breeding place “Tachipa
Umbral”, Permission SEMARNAP: INE-CITES-DGVS-CR-IN-
0249-D.F./97) and were transported to the laboratory
where they were maintained at 20 + 2°C, on a 12 h light/
dark cycle, and fed with living fish ad libitum.

Surgical heart injury

Animals were anaesthetized by placing them in a MS-222
water solution, 1:1000 (w:v) (ICN Biomedicals) and transfe-
rred to an ice plate to reduce their metabolic rate. Under
aseptic conditions, the heart was exposed through thora-
cotomy and using microsurgery scissors the ventricular wall
was partially resected, reaching the ventricular cavity. The
amputated tissue corresponded to the 10 + 2% of the mean
value of total weight of the ventricle. After a blood clot was
formed, the wound was cleaned and the incision in the tho-
racic cavity was closed with a 3-0 silk surgical thread. Sham-
operated control organisms were treated in a similar way
with the exception of the injury to the ventricular wall.

Functional assay

Six experimental and 4 sham-operated animals were sa-
crificed at each specific time (1, 5, 30 and 90 days) after
surgery. Each whole heart was placed in an isolated organ
chamber® and perfused with amphibian Ringer solution, pH
7.8, with the following composition (mM): NaCl 111, KCI
1.9, NaHCO, 2.4, NaH,PO, 0.07 and CaCl, 1.1, at 16+1°C.
This temperature was selected considering our previous
results for A. dumerilii, in which the reproducibility of
the recordings after pharmacological damage was higher
when the bath temperature was between 15 and 17°C.1¢
The base of the heart was collocated to the bottom of the
chamber with a 6-0 surgical thread, whereas the apex was
connected to a tension transducer (FTO3 model, Grass,
Quincy Mass, USA). A resting tension of 50 to 80 mg was
applied to the heart, the cardiac activity was stabilized
for 15 to 30 minutes, and spontaneous contractile activity
of both the ventricle and atrium was recorded simulta-
neously in a polygraph (79D model, Grass, Quincy Mass,
USA). Isotonic tension and heart rate were evaluated by
measuring the amplitude of the spikes and by counting the
number of spikes per unit of time in the recording paper,
respectively.
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Structural evaluation

Macroscopic structural changes were identified in the
hearts previously used in the functional assays. Tissue reco-
very was detected by Masson’s trichrome technique (com-
mercial kit, Accustain Trichrome Stain, Sigma Diagnostics)
in subsequent serial and longitudinal frozen sections (10
um thick).

On the other hand, to analyze the cardiomyocyte pro-
liferation, 8 experimental and 4 sham-operated animals
for each specific time (5, 10, and 30 days after PVA), re-
ceived previously their sacrifice 3 administrations of BrdU
(250 mg/kg, i.p.) at interval of 24 hr.

Animals were sacrificed by decapitation on days 5,
10 and 30 after surgery, hearts were removed, washed,
fixed with Carnoy’s solution overnight and equilibrated
with 30% sucrose at 4°C. Subsequently, serial and trans-
verse frozen sections (10 um thick) of each heart were
obtained and a double immunohistochemistry for BrdU
and a-sarcomeric actin was carried. Tissue sections were
rehydrated with 0.1 M PBS, pH 7.4, and denatured with 2
N HCI at room temperature for 30 minutes, followed by a
double immunohistochemistry for mouse anti-BrdU (Sigma
Chemical) and a-sarcomeric actin (a-Sr-1, Dako A/S) anti-
bodies. BrdU and o-sarcomeric actin were indirectly detec-
ted by using conjugated donkey anti-mouse 1gG-fluoresceine
isothiocyanate (FITC; green) and mouse IgG-tetramethyl
rhodamine isothiocyanate (TRITC; red), respectively. The
proportion of cardiomyocyte with BrdU-labelled nuclei in
the damaged area with respect to the total was revealed
by DAPI staining. The proportion of BrdU-positive nuclei
was determined by counting nuclei in 6 random fields un-
der a 10X objective in 4 tissue sections from the regen-
erating area of each condition. A total of 1000 to 2500
nuclei were counted for each tissue section.

Tissue sections were analyzed by fluorescence (BX51,
Olympus) and confocal microscopy (Axiovert 100M, Carl
Zeiss). Confocal images were reconstructed from 64 op-
tical sections.

Statistical analysis

Data are presented as mean + S.D., and the differences
between the values of the injured and sham-operated
control hearts were established using the Student’s t-test.
Values of p < 0.05 were considered significant.

Results

Functional evaluation
During spontaneous activity of the hearts of sham-opera-
ted adult A. mexicanum, a simultaneous record of ven-
tricle and atrium contractions was obtained, showing a
cyclic pattern of a peak from ventricular tension (VT)
preceded by a peak from atrium tension (AT) (Figure 1a).
Traces of contractile activity of injured hearts are shown
in Figures 1b-1d. One day (Figure 1b) and 5 days (Figure
1c) after injury, the form, magnitude (mg) and number of
peaks (beats/min) were clearly altered; while at 30 and
90 days (Figure 1d) after resection, values were similar to
those of control hearts (Figure 1a).

Control VT and AT were 62 + 3 and 284 + 15 mg respec-
tively (Figure 2A), while the mean heart rate (HR) of control

Figure 1. Representative traces of spontaneously developed con-
tractile activity of the whole heart of adult Ambystoma mexica-
num, in isolated organ assays. Traces correspond to control (a) and
to day one (b), five (c), and 30 and 90 (d) after partial ventricular
resection. Hearts were maintained in amphibian Ringer, pH 7.8,
and the contractile activity was simultaneously recorded for ven-
tricle and atrium at 16+1°C. Upper panel shows a complete cycle
of contractile activity and criteria of measurement of the ven-
tricular and atrium tensions. A= atrium, V= ventricle, T= tension.

was 19 + 2 beats/min (Figure 2B). The effect caused by
the PVA was detected 1 day after injury as a decrease in the
values of VT (84% £ 3), AT (54% + 4) (Figure 2A) and HR (42%
+ 10) in comparison with control heart (Figure 2B).
These values returned gradually to those observed in
control hearts; achieving a 61 + 5, 93 + 3 and 98 + 5% of the
control values for VT; 60 £ 4, 96 + 3 and 99 + 5% of the control
values for AT (Figure 3A) and 74 =+ 5, 84 + 10 and 95 + 10%
of control values for HR (Figure 3B); on days five, 30 and 90
after injury, respectively.

Structural evaluation

Concomitant with the heart contractile activity we corro-
borated a gradual tissue restoration (Figure 4). One day
after damage, the ventricle showed an evident gap that
was covered with a cloth (Figure 4J); after 30 days the
hole was partially occupied by compact tissue (Figures
4C, 4G, 4K), and 90 days after injury the heart showed
a ventricular wall surface and myocardic tissue similar to
control (Figures 4D, 4H, 4L).
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Figure 2. Effect of partial ventricular resection in adult Ambystoma mexicanum on ventricle and atrium tension (A) and heart rate (B) on
day one (1d) after partial ventricular resection as compared to control. Contractile activity for ventricle and atrium was recorded simul-

taneously at 16+1°C. * p < 0.05 when compared to control (C).
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Figure 3. Recovery of tension (A) and heart rate (B) values after partial resection of the ventricle of adult Ambystoma mexicanum as
compared to control. Contractile activity for ventricle and atrium was recorded simultaneously at 16°C + 1. Both tension and heart rate
were lower on days one and five after injury. The values returned gradually to those observed in control hearts and were similar to control
at 30 and 90 days post-injury. AT= atrium tension, VT= ventricular tension, * p < 0.05 when compared to control.

Colocalization of a-sarcomeric actin staining (Figures
5A, 5D) and BrdU-labelled-nuclei (Figures 5B, 5E) re-
vealed by DAPI staining (Figures 5G-5J), by fluorescence
microscopy allowed the identification of BrdU-labelled
cardiomyocytes. Five days after injury, the proportion
of cardiomyocytes with BrdU-labelled nuclei in the dama-
ged area (Figures 5C, 5F) with respect to the total, was
56 + 5%. Ten days after injury, this value corresponded
to the 32 + 3% and thirty days after lesion it was the 20
+ 2% of the total. In all cases, cell BrdU-labelled nuclei
were surrounded by myocardial cytoplasm, as shown in
the image reconstructed from 64 optical sections using
confocal microscopy (Figure 6).

Discussion

Our results represent the first data concerning about
the simultaneous evaluation of the structure and
function of the heart of adult A. mexicanum, after sur-
gical injury of the ventricular myocardium. We have
obtained evidence showing that the structural recovery
of myocardium after ventricular injury in the heart of
adult axolotl is accompanied by the restoration of its
functional capacity. This finding is in agreement with
the proposal that adult organisms of early terrestrial
animal species are endowed with a higher capacity of
tissue regeneration.”18
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Figure 4. Representative images of the heart of uninjured adult Ambystoma mexicanum control (A, E, I), and at different times after
ventricular partial resection (B, F, J; C, G, K; D, H, L). Images A-D are photographs of the heart observed on dissection microscopy and
images E-L correspond to longitudinal heart sections stained with Masson’s trichrome. One day after damage, the ventricle showed an
evident gap (F) that was covered with a cloth (J); which is not evident in F because it was removed to photograph; 30 days after injury
(G, K) the hole was partially occupied by compact tissue, and 90 days (H, L) after injury the heart showed a ventricular wall surface and
myocardial tissue similar to control. A = atrium, c.a = conus arteriosus, V = ventricle. Bar = 1300 mm (A-D) and 1200 mm (E-L). The arrows
indicate the zone of resected tissue one day after injury (F, cloth eliminated; J without elimination of cloth) one days after injury, and
recovery tissue at day 30 (G and K) and day 90 (H and L) after damage.

Functional assays of the heart of adult A. mexicanum
showed a contractile activity with a cyclic pattern of al-
ternating steps of contraction and relaxation, as occurs in
the heart of other vertebrates.* This pattern was marke-
dly disrupted by the PVA. Besides, the capability to deve-
lop tension of both ventricle and atrium was significantly
decreased (Figures 2 and 3).

The heart rate of 19 + 2 beats/minute, found in con-
trol hearts of axolotl, lays within the range of other car-
diac rates of other amphibians, which vary from 13 to 23
beats/min.**% In our study the decrease in HR (42 + 6%)
in comparison to control (Figures 2B and 3B) at one day
of injury, was less dramatic than the fall in tension in the
ventricle and atrium (84 + 2 and 54 + 4%) (Figure 3A).

The force-frequency relationship is an important intrinsic
regulatory mechanism of cardiac contractility in which an
increase in contractile force is associated with an increa-
se in amplitude,® however in failing ventricular myocar-
dium this relation is lost. We suggest that the differences
in the proportional changes between tension and HR in
our study could be a compensatory response in proportion
to the tissue and the force-frequency relationship reco-
very. This might be related to the hypoxic bradycardia,
which occurs in lower vertebrates and which could provi-
de a number of direct benefits to the heart when oxygen
supply in the spongy myocardium is precarious.?

One day after the insult, the effect of PVA was reflec-
ted as a more evident decrease in VT (84%) and AT (54%)
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Figure 5. Fluorescence photomicrographs of double immunostaining for a-sarcomeric actin (TRITC; red), 5-bromo-2’-deoxyuridine (BrdU)
(FITC; green) and DAPI (blue) from ventricular myocardium of Ambystoma mexicanum. Panel | corresponds to representative images at
day 5 after ventricular resection for a-sarcomeric actin-positive staining (A and B), BrdU-positive nuclei in the same fields (B and E) and
merged (C, F). Images D, E and F correspond to the in-box marked in A, B and C respectively. Panel Il shows the co-staining for a-
sarcomeric actin (A), DAPI (B), BrdU (C) and merged (D). Bar = 100 um (A-C) and 10 pm (D-J).

(Figures 1b and 2A), reflecting that the injured struc-
ture was the ventricle. Considering that the function of
this structure in vertebrates is to develop the necessary
pressure to pump blood to other organs,** its alterations
would induce more evident adverse effects. Additionally
even when the injury was made in the ventricle, a smaller
decrease in the capability of the atrium to develop ten-
sion was also observed (Figure 3A), suggesting that the
function of other cardiac structures was also altered on
the first day as a consequence of the ventricular damage.

The progressive reestablishment of the heart rate
along with the ventricular- and atrium-tension observed
between 30 and 90 days after the PVA, shows that the
heart of adult A. mexicanum restore its functional capa-
bility when it is impaired by a cardiac damage. Further-
more, as proved later on, this functional restoration is

also accompanied by the structural recovery of the heart,
which is in accordance with the functional restoration in
heart of A. dumerilli after pharmacological heart damage.'¢

Structural evaluation, based on Masson’s trichro-
me results (Figure 4) together with the colocalization
of BrdU-labelled nuclei and a-sarcomeric actin, with
the surrounding of the BrdU-labelled nuclei by myocar-
dial cytoplasm in the heart of A. mexicanun (Figure 6),
shows a notorious recovery of the ventricular tissue and
the presence of proliferating cardiomyocyte which were
more abundant 5 days after PVA. These results are in ac-
cordance with the finding of a subset of cardiomyocytes
that progress through mitosis and may enter to successi-
ve divisions in the newt, other adult urodele amphibian®®
and with previous reports that detect BrdU'* and PCNA??
in cardiomyocyte of A. mexicanum. Our finding suggests
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Figure 6. Three-dimensional reconstruction of confocal analysis for a-sarcomeric actin (TRITC; red) and 5-bromo-2’-deoxyuridine (BrdU)
(FITC; green) immunohistochemistry in ventricular myocardium of Ambystoma mexicanum on day five after surgical injury. The image
was reconstructed from 64 optical sections by confocal microscopy. In sections from sham-operated animals, cardiomyocytes with BrdU-
labelled nuclei were not found. (A) Frontal view of BrdU-labelled nuclei (arrows) in myocardial fibers (*). View of the myocardial fiber with
a rotation of 45, 90 and 180°. In all the cases, nuclei are surrounded by myocardial cytoplasm. Bar = 10 um.

that cardiomyocyte proliferation could be responsible of
the structural recovery detected. However, other mecha-
nisms proposed for tissue regeneration, such as the repro-
gramming of stem cell?>?* or differentiated cells,? cannot
be ruled out.

On the other hand, the reason behind the high rege-
nerative capacity of the heart of adult A. mexicanum is
unknown; but it is probably a consequence of the bio-
logical characteristics of its cardiac tissue. The heart of
adult amphibians consists of spongy, loose and trabecu-
late myocardium,?*?” similar to embryonic myocardium
of other vertebrates®. These characteristics allow the
muscle to acquire oxygen by diffusion from luminal blood
within the trabecular spaces,* which would facilitate the
supplement of nutrients and growth factors to cardiac
cells, which in turn may result in the production of new
cardiomyocyte. However, this remains to be analyzed in
future studies.

Finally, it is relevant to mention that in our study we
demonstrated that the heart of A. mexicanum beats

spontaneously in vitro for long periods of time at room
temperature, as has been found for other amphibians,®®
this allows the evaluation of the contractile activity of
cardiac muscle without the necessity of field stimula-
tion.®8 Furthermore, the procedure that we used to test
functional performance allowed us to register simulta-
neously the spontaneous activity of both ventricle and
atrium, and to assess the intrinsic capacity of the cardiac
function independently of the compensatory mechanisms
from the rest of the body and avoiding the influence of
the anesthetics on cardiac function.®

Conclusions

We obtained the first quantitative evidence about the re-
covery of heart contractile activity after PVA in an adult
urodele amphibian which indicates that the heart of A.
mexicanum restores its functional capacity after PVA in as-
sociation to cardiomyocyte proliferation. The evaluation of
the post-injury changes in the structure and function
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in the heart of non-mammalian vertebrates, like urodele
amphibians, can be very useful, because the proportion
of proliferating myocardial cells after damage is very high
when compared to mammalian cardiomyocyte, which
show a very low ability to proliferate.® The possibility
of an effective myocardial regeneration in A. mexicanum
makes it an interesting model to study the mechanisms un-
derlying heart restoration after an insult.
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