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Abstract: The aim of this study was to gain insight into whether the first trimester embryo
could control its own heart rate (HR) in response to hypoxia. The gestational day 13 rat embryo
is a good model for the human embryo at 5-6 weeks gestation, as the heart is comparable in
development and, like the human embryo, has no functional autonomic nerve supply at this stage.
Utilizing a whole-embryo culture technique, we examined the effects of different pharmacological
agents on HR under normoxic (95% oxygen) and hypoxic (20% oxygen) conditions. Oxygen
concentrations <60% caused a concentration-dependent decrease in HR from normal levels of
~210 bpm. An adenosine agonist, AMP-activated protein kinase (AMPK) activator and K, ,
channel opener all caused bradycardia in normoxic conditions; however, putative antagonists
for these systems failed to prevent or ameliorate hypoxia-induced bradycardia. This suggests
that the activation of one or more of these systems is not the primary cause of the observed
hypoxia-induced bradycardia. Inhibition of oxidative phosphorylation also decreased HR in
normoxic conditions, highlighting the importance of ATP levels. The B-blocker metoprolol
caused a concentration-dependent reduction in HR supporting reports that 3, -adrenergic recep-
tors are present in the early rat embryonic heart. The cAMP inducer colforsin induced a positive
chronotropic effect in both normoxic and hypoxic conditions. Overall, the embryonic HR at
this stage of development is responsive to the level of oxygenation, probably as a consequence
of its influence on ATP production.
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Introduction

The development of mammalian cardiovascular system is dependent on transcription
factors that are stabilized only at low oxygen levels. These hypoxia-inducible factors
(HIF-1 and HIF-20) in conjunction with vascular endothelial growth factor (VEGF)
are essential for cardiovascular development. Mouse embryos that lack expression of
HIF-1 die between gestational days (GD) 9.5 and 10.5, the period when cardiovascular
development normally begins.!?

The stabilization of HIF-1 transcripts starts at about 5% oxygen (37.5 mmHg)
and is inversely proportional to oxygen concentrations below 5% with a maximal
response at 0.5% (7.5 mmHg).? These oxygen levels fall within the range reported
for the placenta during the first trimester of pregnancy.* Oxygen tension in the
human placenta is <20 mmHg up to 8 weeks gestation increasing to 50 mmHg at
12 weeks.>S After the first trimester, embryonic growth alone may be responsible
for an appropriate oxygen gradient in the fetus as newly formed cells are pushed
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away from the developing capillary network. Similarly, in
normal mouse embryos, the hypoxia marker pimonidazole
has been reported to form adducts, implying oxygen levels
in some parts of the embryo are <10 mmHg, <2% oxygen
in some tissues.’

Although some degree of tissue hypoxia appears to
be important for development, transient severe maternal
hypoxia has been observed to rapidly induce bradycardia
in mouse embryos® and can put the embryo at risk. In the
human embryo, a heart rate (HR) of 10% or more below
normal at 6.3—7.0 weeks gestation was associated with a
spontaneous abortion rate of 60.6% compared with 9.1% for
those with a normal HR.? Studies in pregnant rats showed
that while many embryos could survive 60-90 minutes of
severe hypoxia during the organogenic period, there was an
increased frequency of birth defects and growth retardation
in the surviving embryos.!®'2 The initial aim of the present
study was to examine the effects of reduced oxygen concen-
trations on cardiac activity.

It is not clear as to what extent the first trimester embryo
can or needs to control its own oxygen status. The adult heart,
in response to increased demand, such as intense physical
activity, can increase the HR by approximately threefold
from its resting rate, and in conjunction with increased
stroke volume can increase cardiac output by approximately
eightfold. Adult cardiac activity is modulated by the cardiac
parasympathetic and sympathetic innervation and circulating
catecholamines. Unlike the adult heart, the embryonic heart
during the organogenic period does not have an extrinsic
nerve supply'*'* and may not be able to suddenly increase
HR and/or cardiac output. This is not necessarily a problem;
the first trimester embryo does not undertake much physical
activity and its cardiovascular demands are unlikely to vary
much, other than a slow increase with development and
growth. However, the early embryonic rodent heart does have
B-adrenergic'®'® and adenosine' receptors as well as K,
channels,? suggesting the potential to respond to changes in
oxygen and ATP status.

The second aim of this study was to determine possible
mechanisms underlying the decrease in HR induced by
hypoxia. There are both direct and indirect ways by which
cells detect the changes in oxygen status. As described
earlier, HIF-1 transcription factors are stabilized only at
lower concentrations of oxygen, setting off a cascade of
events resulting in the upregulation of genes that have HIF-
responsive elements.?! These include genes involved in
glycolysis, angiogenesis and other pathways which increase
a cell’s chance of survival.

Another possible mechanism is related to the fall in ATP
production, associated with decreased oxygen availabil-
ity, and the resultant increase in the AMP/ATP ratio? and
accumulation of adenosine.” Embryonic cardiac cells have
several potential systems for detecting such changes. These
include 1) activity of the enzyme AMP-activated protein
kinase (AMPK), which responds to changes in the AMP/
ATP ratio and can switch off ATP-consuming pathways,? 2)
adenosine receptors that respond to the increased adenosine
levels" and 3) activation of cardiac K, , channels which are
opened only when ATP level decreases.?*?>2¢ Involvement
of one or more of these systems would imply the hypoxia-
induced decrease in HR is an ordered process, rather than a
passive consequence of ATP depletion.

In order to gain insight into whether the first trimester
embryo could control its own HR in response to hypoxia,
we used the GD13 whole-rat embryo. The GD13 rat heart is
comparable in development to the human heart at 5—-6 weeks
gestation,” and like the human embryo, the rat embryo heart
at this stage has no functional autonomic nerve supply.'>* We
examined the effects of different pharmacological agonists
and antagonists of these various systems on the HR under
normoxic and hypoxic conditions.

Materials and methods

The University of Sydney Animal Ethics Committee
approved all animal work in this study. All procedures per-
formed in studies involving animals complied with the NSW
Animal Research Act (and associated regulations) and the
8th Edition of the Australian code for the care and use of
animals for scientific purposes.

Whole-embryo culture

Sprague—Dawley (SD) rats were mated overnight and
examined the next morning for a sperm-positive vaginal
smear. The rats that had mated were separated and this
day was considered GD0O. On GD13, the pregnant dams
were killed by CO, inhalation. The uterus was removed
and washed in phosphate-buffered saline (Sigma-Aldrich
Co., St Louis, MO, USA). The decidua and Reichart’s
membrane were removed, leaving the embryo surrounded
by an intact yolk sac. A small incision was made in the
yolk sac, avoiding damage to major blood vessels, and the
embryo was eased through the incision and the amnion was
opened. Each embryo was placed in a glass culture bottle
containing 2.5 mL DMEM (D1145; Sigma-Aldrich Co.),
and then placed in a rotating culture system at 38°C (BTC
Engineering, Cambridge, UK). The bottles were rotated

submit your manuscript

148

Dove

Hypoxia 2016:4


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Heart rate control during organogenesis

at 11 rotations/min and continuously gassed with 95%
0, and 5% CO,. After 1-hour incubation, each embryo,
still in its culture bottle, was examined under a dissecting
microscope (Leica M 420; Leica Microsystems, Heerbrugg,
Switzerland), equipped with a heating stage to maintain
the temperature of the culture fluid at 38°C. The embryos
were videographed for 20 seconds (Olympus DP70;
Olympus Australia Pty Ltd, Melbourne, VIC, Australia)
and used in the following experiments. Damaged embryos
with HR <160 bpm were rejected at this stage. For each
experiment, approximately 10 embryos were included in
each treatment group.

Experiment |:The effect of different
concentrations of oxygen on the HR of
GD 13 embryos

GD13 rat embryos were initially gassed for 1 hour with 95%
0,and 5% CO,. For the next 2-2.5 hours (depending on the
experiment), the embryos were continuously gassed with a
mixture of O,, N, and CO, gases, where the CO, content was
5% and the O, content was 95%, 80%, 60%, 40%, 20% or
0% balanced with N,. The embryos were videographed again
at the end of the experiment.

Experiment 2: The effect of tested drugs
on HR of embryos in 95% or 20% oxygen

GD13 rat embryos were cultured for 1 hour as previously
described. After videoing, one of the following test drugs
was added to the culture medium and the embryos were
incubated for a further 1 or 2 hours while being gassed with
either 95% O,, 5% CO, or 20% O,, 75% N,, 5% CO,. The
embryos were videographed again at various time intervals
after drug administration depending on the experiment. The
20% O, level was chosen as the model for hypoxic condi-
tions, as other studies have shown that the GD11 rat embryo
cultured in 20% oxygen was markedly hypoxic,? and in the
preliminary studies, this concentration was shown to cause
a >10% decrease in HR in the GD13 rat embryo.

Chemicals

Details of chemicals used and concentration ranges tested as

well as rationale for use are listed in Table 1.
Aminoimidazole-4-carboxyamide ribonucleoside

(AICAR) and colforsin daropate were sourced from Abcam

(Cambridge, UK); dorsomorphin dihydrochloride (Chemdea,

Ridgewood, NJ, USA); dimethyloxalylglycine (DMOG),

N-[[1,2-dihydro-4-hydroxy-2-oxo-1-(phenylmethyl)-
3-quinolinyl]carbonyl]glycine (I0X2) and 1-cyclo-
propyl-4-[4-[(5-methyl-3-{3-[4-(trifluoromethoxy)
phenyl]-1,2,4-oxadiazol-5-yl1}-1H-pyrazol-1-yl)methyl]pyri-
din-2-yl]piperazine (BAY 87-2243) from MedChem Express
(Princeton, NJ, USA; norepinephrine acid tartrate (Hospira
Pty Ltd, Melbourne, VIC, Australia) and epinephrine acid
tartrate (Martindale Pharma, High Wycombe, UK). All other
reagents were sourced from Sigma-Aldrich Co.

AICAR, N6-cyclopentyladenosine (CPA), 1,3-dipropyl-
8-cyclopentylxanthine (CPX), pinacidil monohydrate, glib-
enclamide, [OX2, BAY 87-2243, atropine and atenolol were
dissolved in dimethyl sulfoxide (Sigma-Aldrich Co.), and
all other chemicals were dissolved in water. Norepinephrine
acid tartrate and epinephrine acid tartrate were purchased as
a solution for injection and diluted with water.

For all of these studies, appropriate starting concentrations
of drugs were determined by preliminary studies. If solubility
permitted, the starting concentration was 1 mM. The tested con-
centrations were progressively reduced until a no-observable-
effect concentration (NOEC) was established. The volume of
drug solution or vehicle added to the culture bottle was 25 UL
for dimethyl sulphoxide (DMSO) soluble drugs and 50 uL
for the water-soluble drugs. Treatment order was randomized.

Image analysis

The video recordings of the embryonic hearts were examined
and analyzed using software developed at the University
of Uppsala.’® Where possible, the atria and ventricles of
the heart were identified on the video image and manually
marked. The program measures light—dark intensity changes
in the selected area of the heart, and on the basis of these
changes can calculate HR and individual inter-beat time over
a 15-second period. The video recordings were made at a
speed of 30 frames per second.

Data analysis

The great majority of control embryos survive for a period
of 2 hours in culture when gassed with 95% oxygen. It is
assumed that any embryos that die under these conditions
were probably damaged during the explant process. These
embryos are not included in HR calculations. These “dead”
embryos are recorded separately.

The change in embryonic HR was calculated by the fol-
lowing formula: (HR, ,—HR_ J)HR_ X100 (time 1 isthe
HR immediately before intervention, time 2 is the HR after
intervention).
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Table | List of chemicals and tested concentration range

Chemicals tested Concs (UM) Concs (MM)  Site of activity
tested in 95% tested in 20%
oxygen oxygen
ATP synthesis
2,4-Dinitrophenol 10, 100 - Uncouples oxidative phosphorylation®'
Adenosine receptor
N6-cyclopentyladenosine (CPA) 2,12,20 - Selective adenosine A, receptor agonist®
1,3-Dipropyl-8-cyclopentylxanthine (CPX) - 0.026, 0.26, Selective adenosine A, receptor antagonist®
2.6, 26
Caffeine 100, 1,000 - Adenosine receptor antagonist, cAMP, PDE
inhibitor3*
K,» channels
Pinacidil monohydrate 100, 500, 1,000 100, 1,000 Opens K, channels®
Glibenclamide 10, 100, 250, 500 10, 100, 250, 500 Closes KATP channels3

AMPK
Aminoimidazole-4-carboxyamide ribonucleoside (AICAR) 500
Dorsomorphin dihydrochloride

3.6,7.2, 15, 30, 3.6

- Activator of AMPK?
ATP-competitive inhibitor of AMPK*

60, 125

HIF-1
Dimethyloxalylglycine (DMOG) 1,000 - Prolyl-4-hydroxylase inhibitor, upregulates HIF*®
Cobalt chloride 10, 100, 1,000 - Inducer of HIF-1*
N-[[1,2-dihydro-4-hydroxy-2-oxo- | -(phenylmethyl)-3- - 0.1, 1 Inhibitor of HIF-1 prolyl hydroxylase-2%
quinolinyl]carbonyl]glycine (I0X2)
|-cyclopropyl-4-[4-[(5-methyl-3-{3-[4-(trifluoromethoxy)  — 0.1, 1 Selective HIF-1 inhibitor*'
phenyl]-1,2,4-oxadiazol-5-yl}- | H-pyrazol- | -yl)methyl]
pyridin-2-yl]piperazine (BAY 87-2243)

Adrenergic, muscarinic and nicotinic pathways
Atropine sulfate 10 10 Muscarinic receptor antagonist*
Carbachol 10, 100 - Muscarinic and nicotinic receptor agonist*
Atenolol 10 10 Selective 3,-adrenergic receptor antagonist
Propranolol hydrochloride 0.1,1,2, 10, 20, 2 Nonselective B-adrenergic receptor antagonist

40,100

Metoprolol tartrate 10, 40 - Selective 3 -adrenergic receptor antagonist
Norepinephrine acid tartrate 0.2, 1, 100 I, 100 B-Adrenergic receptor agonist
Isoproterenol hydrochloride 1,000 2, 1,000 Nonselective B-adrenergic agonist
Phentolamine hydrochloride I, 10 - Nonselective o-adrenergic antagonist
Colforsin daropate 36,72, 15 3.6,7.2, 15 Activates adenylyl cyclase

Abbreviations: Concs, concentrations; AMPK, AMP-activated protein kinase; HIF, hypoxia-inducible factor.

Statistics

In our experience, a sample size of 10 treated embryos is
sufficient to detect a difference in the mean change in HR
of ~10% with power of 0.8 and a type I error probability
of 0.05.

Differences in change in HR before and after addition of
drug were compared between control and treated embryos
using an independent samples #-test or analysis of variance
(ANOVA). Homogeneity of variance was tested by Levene’s
test. For post hoc analyses, a Dunnett two-sided #-test was
used with comparison to control only. If the variance was
not homogenous, a Dunnett T3-test was used. HR (bpm)
over time was tested using a repeated measure ANOVA. For
all comparisons, differences were considered statistically
significant at P<0.05.

Results
Effects of different concentrations of

oxygen on the HR of GD |3 embryos

GD13 rat embryos kept in 95% oxygen for 1 hour had HR
>210 bpm (Figure 1A). The embryos were then maintained for
a further 2 hours in 95%, 80%, 60%, 40%, 20% or 0% oxygen.
There was no significant difference in the HR of embryos in
95% or 80% oxygen throughout the culture. Embryos main-
tained HR >200 bpm. In lower oxygen concentrations, the HR
had significantly decreased after 30 minutes when compared
to HR at start of culture. After 2 hours in 60% oxygen, mean
HR had decreased to 193 bpm (compared to 207 bpm in
embryos cultured in 95% oxygen). The HR of embryos in
40% oxygen had decreased to 171 bpm, 20% oxygen to 119
bpm and 0% oxygen to 50 bpm. All embryos survived in 95%,
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Figure | Effects of differing oxygen levels on HR of GD 3 rat embryo.
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Notes: (A) HR (bpm) had significantly decreased compared to starting HR from 30 to 120 minutes when oxygen levels were <80%. (B) HR (bpm) recovered to control

levels following return to 95% oxygen. Data are presented as bpm * SEM.

Abbreviation: SEM, standard error of the mean; bpm, beats per minute; HR, heart rate; GD, gestational day.

80%, 60% and 40% oxygen. In both 20% and 0% oxygen
levels, about one-third of the embryos had no heartbeat after
120 minutes. When these embryos were regassed with 95%
oxygen, the heart restarted and for most embryos the HR
recovered to normal levels within 30 minutes (Figure 1B).

Possible causes of hypoxia-induced

bradycardia

Role of reduced ATP

Embryos in 95% oxygen were exposed to the oxidative
phosphorylation inhibitor 2,4-dinitrophenol (Figure 2A). At
100 mM, the HR was reduced by ~25% and at 10 mM by ~10%.

Role of increased adenosine

Adenosine has an extremely short half-life of only a few
seconds in plasma, so a long-lasting A adenosine receptor
agonist (CPA) was added to GD13 rat embryos that were
maintained in 95% oxygen (Figure 2B). CPA at 20 uM
decreased the HR by 19.4% after 1 hour. In a 2-hour exposure
study, CPA at 12 uM decreased the HR by 17.7% after 30
minutes (P=0.008). The HR gradually recovered with time
and was —15.8% after 1 hour and —13.2% after 2 hours. A
lower concentration (2 pM) decreased HR by 7.9% after
1 hour. A decrease in HR of 4.3% was seen in the DMSO
controls. Preliminary studies with higher concentrations of
CPA did not cause more severe HR reduction but was associ-
ated with arrhythmias.

To see if blocking the A, adenosine receptor would alter the
response to hypoxia, embryos in 20% oxygen were exposed
to a wide range of concentrations of CPX (Table 1). Embryos
exposed to both hypoxia and CPX showed a similar pattern

of bradycardia as seen with hypoxia alone. The nonspecific
adenosine receptor antagonist caffeine was tested at 100 uM
and 1 mM, with the same results.

Role of AMPK

AICAR, an AMPK activator, was added to rat embryos in
95% oxygen. High concentrations of AICAR (500 uM)
decreased the HR by 15% after 1 hour (Figure 2C). Since this
decrease was near the limit of detection, a lower concentra-
tion was not tested.

To determine if an inhibitor of AMPK would prevent the
hypoxia-induced bradycardia, embryos in 20% oxygen were
exposed to dorsomorphin. Preliminary studies showed that
dorsomorphin caused severe bradycardia at concentrations
of 7.2 UM or higher. Dorsomorphin at 3.6 uM and 1 hour of
hypoxia caused a 61.5% decrease in HR compared to 41.8%
for hypoxia alone (Figure 3A). Dorsomorphin 3.6 uM was
also tested on embryos in 95% oxygen. A decrease in HR
of 14% was observed compared with an increase of 3.3%
in the controls.

Role of KATP channels

The K, ., channel opener, pinacidil, was added to GD13 rat
embryos that were maintained in 95% oxygen. A concentra-
tion-dependent decrease in HR was observed with a NOEC of
100 uM (Figure 2D). To see whether closing the K, chan-
nels would alter the hypoxia-induced bradycardia, embryos
in 20% oxygen were exposed to a range of concentrations
of glibenclamide (Table 1). At the highest concentration
(250 uM), bradycardia was significantly more severe than
that caused by hypoxia alone (Figure 3B). Glibenclamide
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Figure 2 Effects on HR of GD 13 rat embryo in 95% oxygen after | hour.

Notes: (A) 2,4-Dinitrophenol induced a concentration-dependent decrease in embryonic HR. (B) Né-cyclopentyladenosine (CPA) induced a concentration-dependent
decrease in embryonic HR. (C) Aminoimidazole-4-carboxyamide ribonucleoside (AICAR) induced a decrease in embryonic HR. (D) Pinacidil induced a concentration-
dependent decrease in embryonic HR. Changes in HR (expressed as percent change from starting HR). Data are presented as mean £ SEM. *P<0.05 when compared to control.
Abbreviations: HR, heart rate; SEM, standard error of the mean; GD, gestational day.
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Figure 3 Effects on HR of GD |3 rat embryo in 20% oxygen after | hour.

Notes: (A) Dorsomorphin did not prevent the drop in HR induced by 20% oxygen. (B) Glibenclamide did not prevent the drop in HR induced by 20% oxygen. Changes in
HR (expressed as percent change from starting HR). Data are presented as mean * SEM. *P<0.05 when compared to control.

Abbreviations: HR, heart rate; SEM, standard error of the mean; GD, gestational day.
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was also tested on embryos maintained in 95% oxygen with
the three highest concentrations (100, 250 and 500 uM)
significantly decreasing the HR.

Role of HIF-1
The addition of DMOG at 1 mM to GD13 rat embryos in 95%
oxygen showed no effect on HR (Figure 4A). Cobalt chloride,
which also stabilizes HIF-1, was also added to embryos in
95% oxygen. At | mM concentration, it reduced the HR by
18%. No significant effect was observed at 100 or 10 uM.
To see if an inhibitor of HIF-1 would alter the hypoxia-
induced bradycardia, embryos in 20% oxygen were exposed
to the HIF-1 inhibitors IOX2 or BAY 87-2243 (0.1 and
1 mM). At these concentrations, there was no difference
in HR compared to that caused by 20% oxygen alone
(Figure 4B). Preliminary studies with both drugs at higher
concentrations showed more severe reduction in HR.

Activity of autonomic receptors in the

embryonic heart
Embryos in 95% oxygen were exposed to the muscarinic
receptor agonist carbachol. Carbachol at 10 and 100 uM
concentrations did not significantly alter the HR. To test the
effect of a muscarinic ACh receptor blocker, atropine 10 uM
was added to embryos in 20% or 95% oxygen. There was
no significant effect on HR compared to control embryos.
To examine the role of B, -adrenergic receptors, embryos
in 95% oxygen were exposed to the receptor antagonists
atenolol, propranolol or metoprolol. Atenolol at 10 uM had no
effect on HR, propranolol caused a concentration-dependent
reduction in HR with an NOEC of 1 uM and metoprolol

A
0

=
Ll
[72)
+l
x
T -20 .
£
“E% DMOG
ol Cobalt
S —40
R
[
©
[
=

—60

0 10 100
Concentration (uM)

1000

Figure 4 Effects on HR of GD 13 rat embryo after | hour.

caused a concentration-dependent reduction in HR with an
NOEC <10 uM (Figure 5A).

Embryos in 20% oxygen were exposed to the 3, -adrenergic
receptor agonists, norepinephrine or isoproterenol. Rather
than increasing the HR, norepinephrine at 1 or 100 uM
decreased the HR further over hypoxia alone, although the
difference was not significant. Isoproterenol at 2 uM or | mM
did not alter the HR response to hypoxia. Norepinephrine
(0.2, 1 and 100 uM) and isoproterenol (I mM) were also
tested on embryos in 95% oxygen, with no effect on HR.

To investigate whether there is any a-adrenergic activity
in the GD13 embryonic heart, embryos maintained in 95%
oxygen were exposed to o-adrenergic receptor antagonist
phentolamine (1 and 10 pM). The higher concentration
caused a severe reduction in HR, whereas 1 pM concentra-
tion showed no effect.

An activator of adenylyl cyclase, colforsin, was also
tested. This drug increases intracellular cAMP bypassing
the 3 -adrenergic receptor. Preliminary studies performed
to determine the concentrations indicated that 36 uM had a
negative effect on the HR of embryos in 95% oxygen but 3.6
and 7.2 uM caused a small increase in HR (+15% and 16%,
respectively) within 15 minutes (Figure 5B). This increase
had disappeared by the end of culture (60 min). In 20%
oxygen, colforsin also showed a positive chronotropic effect
(Figure 5C). Within 10 minutes, control HRs had dropped by
24% in 20% oxygen, while embryos cultured with colforsin
had only dropped by 5.2% (3.6 uM colforsin) or increased by
4.4% (7.2 uM colforsin). By 1 hour, control embryos in 20%
oxygen had an HR reduction of 34.7%, but with colforsin
3.6 or 7.2 uM the reduction was 12.0% or 7.5%, respectively.

B
0
s
[11)
n
-+l
£ 20
£
“8’) BAY
®
c
(]
(]
s
-80

0.0 0.1

Concentration (uM)

1.0

Notes: (A) DMOG and cobalt chloride induced minimal changes in HR in 95% oxygen. (B) IOX2 or BAY 87-2243 did not prevent drop in heart rate in 20% oxygen. Change
in HR (expressed as percent change from starting HR). Data are presented as mean + SEM. *P<0.05 when compared to control.

Abbreviations: HR, heart rate; SEM, standard error of the mean; GD, gestational day; DMOG, dimethyloxalylglycine; IOX2, N-[[I,2-dihydro-4-hydroxy-2-oxo-1-
(phenylmethyl)-3-quinolinyl]carbonyl]glycine; BAY 87-2243, |-cyclopropyl-4-[4-[(5-methyl-3-{3-[4-(trifluoromethoxy) phenyl]-1,2,4-oxadiazol-5-yl}- | H-pyrazol- | -yl)methyl]

pyridin-2-yl]piperazine.
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Figure 5 Effects on HR of GD I3 rat embryo

15 60
Time (minutes)

Notes: (A) Metoprolol induced a concentration-dependent decrease in embryonic HR in 95% oxygen after | hour. (B) Colforsin induced an increase in embryonic HR
in 95% oxygen compared to control after 10 minutes but not 60 minutes. (C) Colforsin (3.6 and 7.2 mM) reduced the drop in embryonic HR in 20% oxygen compared to
control after 10 and 60 minutes. (D) Heart rate decreased significantly within the first 15 minutes in 20% oxygen and 12 mM CPA compared to 95% oxygen. Change in HR
(expressed as percent change from starting HR). Data are presented as mean + SEM. *P<0.05 when compared to control.

Abbreviations: HR, heart rate; SEM, standard error of the mean; AICAR, aminoimidazole-4-carboxyamide ribonucleoside; CPA, N6-cyclopentyladenosine; PIN, pinacidil.

Initial embryonic response

To determine how quickly the embryos respond to the chang-
ing conditions, the HR of a subset of embryos was recorded at
15 minutes as well as 1 hour after addition of drug or change
in gas mixture. Embryos were cultured in either 95% oxygen,
20% oxygen, or 500 uM AICAR, 12 uM CPA or 500 uM
pinacidil in 95% oxygen.

Within 15 minutes, HR of embryos in 20% oxygen had
dropped by 19% (Figure 5D). Of the three drugs tested that
also decreased HR in 95% oxygen, only CPA initiated a
rapid response, dropping the HR by 25% within 15 minutes.
AICAR and pinacidil showed little or no initial response (0%
and 5%, respectively).

Discussion

HR in reduced oxygen concentrations

The GD13 rat embryo used for this study is similar in size
and cardiovascular development to a 5—6-week-old human
embryo.” In the present in vitro study, GD13 rat embryos

maintained a regular HR of about 210 bpm when the culture
medium was in equilibrium with either 95% or 80% oxygen.
Although 95% oxygen gives a very high pO, (~430 mmHg) in
the culture media,” much greater than that expected in vivo,
the embryo in vitro does not have a chorioallantoic circulation
which is necessary for embryonic respiration from ~GD11 in
rats.* Embryonic pO, is reported to be 29.5 mmHg in GD12.5
mouse embryos (equivalent to GD14.5 in the rat) when
cultured in 95% oxygen.* Exposure to lower oxygen con-
centrations (60%, 40%, 20% or 0%) caused a rapid decrease
in the HR within 30 minutes. Even when equilibrated with
0% oxygen (95% N,, 5% CO,), most embryos were able to
maintain a low level of cardiac activity. When the embryos
were regassed with 95% oxygen after remaining for 2 hours
without oxygen, the HR rapidly recovered to a normal rate,
even in embryos where the heartbeat had stopped. This sug-
gests that the embryos entered a survival mode restricting
cellular activity in an ordered manner in response to falling
levels of ATP. This is in agreement with studies in pregnant
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rats that showed many embryos during the organogenic period
could survive 60—90 minutes of severe hypoxia caused by
obstructing the blood supply to the uterus.!%12

It is likely that the GD13 rat embryonic heart is a major
consumer of ATP and reduction in the HR is an expected
consequence of hypoxia, since ion transport for the cardiac
action potential (AP) is ultimately dependent on ATPase
ion pumps.* The decrease in HR could be a passive conse-
quence of reduced availability of ATP caused by hypoxia or
it could be an orchestrated response whereby a fall in ATP
is detected at the cellular level and among other responses,
HR is reduced. This would suggest processes necessary for
cell viability are prioritized.

Limitations of the experimental model
There are limitations in testing the various inhibitors and
activators in the embryo culture system. In most cases,
compounds were first tested at the highest achievable con-
centration. If this concentration had no significant effect
on the HR, then no further testing was undertaken. If there
was a significant reduction in HR, then the compound was
further tested at lower concentrations until a no-effect or
low-effect concentration was established. However, while
a positive result may be due to the primary property of the
tested compound, it may also be due to additional chemical
properties, eg, cardiac ion channel blockade, that can occur at
high concentrations. Information regarding these additional
properties is rarely available.

Causes of hypoxia-induced bradycardia in

rat embryos

The most likely reason that hypoxia causes bradycardia
in rat embryos is that hypoxia causes a reduction in ATP
production. In the present study, exposure of rat embryos in
95% oxygen to 100 uM 2,4-Dinitrophenol, an uncoupler of
oxidative phosphorylation,*! led to a rapid reduction in HR,
equivalent to that seen with exposure to 20% oxygen.*’ This
shows that reduced ATP alone causes bradycardia and does
not need to be accompanied by hypoxia.

The adenosine agonist CPA, the AMPK activator AICAR
and the K, channel opener pinacidil all caused bradycardia
in normoxic conditions, suggesting that cardiac adenosine
receptors, K

ATP
and capable of influencing embryonic HR. At least in the

channels and AMPK are functionally active

adults, all the three systems would normally be activated
by hypoxia,?? resulting in bradycardia. We hypothesized
that blocking or deactivating these pathways during hypoxia
would prevent this drop in HR.

Adenosine A, receptor (A1R) mRNA can be detected in the
rat embryonic heart from the onset of cardiac contractions.'’
Adenosine levels can increase up to 100-fold as a consequence
of an hypoxia-induced fall in ATP* Using CPA to mimic this
response has similarly been reported to inhibit the HR of
mouse embryos, where the effect became more pronounced
with gestational age.'”*® The activation of adenosine receptors
in the adult heart leads to a fall in cAMP and inhibition of the
pacemaker current /¥ leading to decreased HR.* However,
our attempts to prevent hypoxia-induced bradycardia using
adenosine receptor antagonists, caffeine or CPX have failed.
This finding is in contrast to others who reported caffeine
prevented hypoxia-induced bradycardia in E9.5 mouse embryo
(equivalent to GD11 in the rat) in vitro and reduced the effect
in E12.5 isolated hearts.*® In those experiments, control HR
was very low compared to well-oxygenated mouse embryos
in vitro at this age.* It is possible that the differences arise due
to differing developmental ages or experimental techniques.

AMPK regulates energy metabolism by phosphorylation
of key enzymes and is activated by a decrease in the ATP/
AMP ratio.”' AMPK activity stimulates glucose uptake for
glycolysis and rapidly reduces ATP consumption by sup-
pressing mRNA translation to protein and Na*,K*-ATPase
activity.’! Since Na*,K*-ATPase is an essential ion pump for
cardiomyocytes, inhibition of this enzyme would be expected
to drastically affect AP generation in cardiomyocytes and
sinoatrial node (SAN) cells. In our studies, AICAR did induce
a drop in embryonic HR in normoxia. However, the AMPK
inhibitor, dorsomorphin, failed to prevent the drop in HR in
embryos exposed to 20% oxygen. In fact, same concentra-
tions of dorsomorphin induced a similar degree of HR reduc-
tion in both 95% oxygen and 20% oxygen levels, making it
unlikely that AMPK is involved in the HR reduction caused
by hypoxia. Although this was a negative finding, there is
concern about the specificity of dorsomorphin as it inhibits
other kinases with similar or greater potency.”’

K, channels are numerous in both cardiomyocytes and
SAN cells of the adult heart.’ They have also been detected
in the rat embryonic heart.”>%3 Under normoxic conditions, the
channels are closed and play no role in AP generation. How-
ever, during hypoxia, the channels open in response to falls
in ATP levels and shorten the AP and decrease influx through
L-type calcium channels.?®** Although pinacidil reduced
HR in normoxia, the channel closer glibenclamide failed to
prevent hypoxia-induced bradycardia. The significance of
these results is limited by uncertainty regarding chemical
specificity with increasing concentrations. For example, glib-
enclamide inhibits K, , channels in rat ventricular myocytes
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withan IC, of 6 mM,* and at higher concentrations, it blocks
other channels including hERG with an IC, of 74 mM.%

Although it was demonstrated that agonists/activators for
adenosine receptors, K, channels and AMPK can all induce
bradycardia in the GD13 rat embryo, putative antagonists for
these systems failed to prevent or ameliorate hypoxia-induced
bradycardia. This suggests that activation of one or more of
these systems is not the primary cause of hypoxia-induced
bradycardia in the GD13 rat embryo. It is unknown whether
these systems are activated by hypoxia in the embryo as they
are in the adults.

It seems unlikely that HIF-1 is involved in the rapid-onset
bradycardia induced by reduced oxygen. The HIF-1 response
to hypoxia appears to be a mechanism that prepares cells and
tissues for long-term adaption to low oxygen. The system is
utilized in embryonic development to coordinate cardiovas-
cular development.” An attempt was made to increase HIF-1
activity in the presence of adequate oxygenation to determine
if HIF-1 stabilization induces bradycardia in the presence of
adequate oxygen and ATP. Both cobalt chloride and DMOG
have been reported to increase HIF-1 activity in the presence
of adequate oxygen.’*” DMOG at 1 mM had no effect on
embryonic HR in adequate oxygen, while cobalt reduced HR
by ~18% at 1 mM but had no effect at lower concentrations.
Alternatively, if HIF-1 activation has a role in the induction
of bradycardia, then destabilization of HIF-1 during hypoxia
should limit this effect. However, under hypoxic conditions,
the HR of embryos exposed to the HIF-1 inhibitors [0X2
or BAY 87-2243 was not different from that observed in
control embryos.

As noted earlier, embryonic HR rapidly responds to a
drop in oxygen levels. Of the drugs tested, only the adenosine
agonist (CPA) induced a similarly rapid response.

Can the preinnervated heart respond to

autonomic stimuli?

Although the midgestation rat embryonic heart does not
have a functional autonomic nerve supply, it does have
B,-adrenergic receptors.'® It has been suggested that fetal
release of norepinephrine is necessary to maintain car-
diovascular function during embryonic development.®®
In the present study, B-adrenergic receptor agonists, nor-
epinephrine and isoproterenol had either no effect or a
negative effect on the embryonic HR during normoxia or
hypoxia. The selective [3,-adrenergic receptor antagonist
metoprolol caused a concentration-dependent decrease in
HR (Figure 3A), supporting the idea that there are func-
tional [ -adrenergic receptors in the heart at this stage.

The B-adrenergic receptor antagonist bupranolol was also
reported to reduce HR by ~37% under high oxygen condi-
tions (95%) using mouse embryos in culture.* However,
other B-adrenergic receptor antagonists (atenolol and pro-
pranolol) either showed no effect (atenolol) or slowed the
embryonic HR (propranolol) but only at concentrations
known to inhibit cardiac sodium and potassium chan-
nels.>*-*! Unlike propanolol, metoprolol does not appear to
inhibit sodium® or hERG potassium channels® at the tested
concentrations. However, blockade of other important ion
channels cannot be excluded as data are unavailable. The
absence of an effect by atenolol may be related to its poor
lipid permeability and low B,-adrenoceptor affinity com-
pared to metoprolol (67 times lower).*

We were unable to detect an effect of 3 -adrenergic
receptor agonists on the embryonic HR. This suggests that
the endogenous catecholamines have already fully activated
the B -adrenergic receptors in the normally oxygenated
embryo.

It has been suggested that although the 3 -adrenergic
receptors are present in the embryo, they may not be fully
coupled to their G protein until later in gestation.'®% In
support of this idea, the cAMP inducer colforsin produced
a strong signal of activity. It caused a positive chronotropic
effect in both normoxia and hypoxia, although the effect
in normoxia was transitory. Colforsin directly activates the
enzyme adenylyl cyclase and increases intracellular levels
of cAMP while bypassing Gs-protein coupled [3,-adrenergic
receptors.'® These results are interesting as they suggest that
in normoxia, the embryonic HR is not purely governed by the
availability of ATP, as increasing cAMP by colforsin without
increasing oxygen supply was associated with an increase in
HR. This implies that embryonic HR is normally dampened
to some extent.

Muscarinic receptors appear later in development.!”6
We and others have found no evidence that these receptors,
if present, were functional.®¢” Carbachol did not affect the
HR of embryos in 95% oxygen, while atropine did not cause
a significant increase in HR of embryos in 20% oxygen.

Unlike the adult heart, the embryonic HR at this stage of
development shows minimal response to autonomic agents.
It is highly responsive to oxygen levels. Others have noted
that the relatively high basal levels of adenylyl cyclase as
well as protein kinase A and phosphodiesterases in the
early embryo.%*7 This results in continuous synthesis and
degradation of cAMP. L-type calcium channels are activated
by cAMP-stimulated protein kinase A resulting in an influx
of calcium ions and cardiomyocyte contraction.® The early
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embryo is highly dependent on calcium ions for initiation of
the AP It is therefore possible that fluctuations in cAMP
levels and ATP availability are ultimately responsible for
embryonic HR.

Human embryonic HR
The human embryonic HR commences at about day 22
post-conception and the rate gradually increases to ~172
bpm at about 7 weeks gestation, then gradually declines to
~145 bpm at birth.”*7 For most of the organogenic period of
development in the human, as in the rat, there is no functional
autonomic nerve supply,'>? and presumably the HR and
cardiac output are the result of programmed development at
any particular time. It is possible that the heart could respond
to increased demand, since the use of colforsin demonstrated
the heart has the capacity to beat faster. The human embryo
during the organogenic period is small (crown-rump length
~13 mm at 6 weeks, ~30 mm at 8 weeks) and relatively inac-
tive, suggesting cardiovascular demands are reasonably con-
stant compared with postnatal life. However, as seen in this
study, the HR is highly dependent on adequate oxygenation
of the embryo and production of ATP. There is considerable
evidence that oxygenation of the embryo in the first trimester
of human development is restricted by placental features that
limit placental circulation.>® This may be necessary for early
development of the embryonic cardiovascular system with its
dependence on HIF and VEGEF. Insufficient transfer of oxy-
gen, resulting in reduced availability of ATP, is likely to have
a negative effect on the embryonic HR. While the embryo
has mechanisms that allow it to tolerate such conditions
for short periods, more severe bradycardia or bradycardia
of prolonged duration are likely to have negative effects on
embryonic development.-!2

A number of studies have shown that a slow embryonic
HR is associated with a high risk of first trimester spontaneous
abortion.”’*"® In one study, the rate of spontaneous abortion
was 60.6% for embryos with a low HR (<110 bpm) at 6.3—7.0
weeks gestation compared with 9.1% for those with a normal
HR (120 bpm).’ Low HR could result from inadequate oxy-
genation as a consequence of poor placental development or
as previously demonstrated, many therapeutic drugs including
antidepressants, anticonvulsants, antipsychotics and antiar-
rhythmics have the potential to slow the embryonic heart.”

Conclusion
Hypoxia is an important stimulus in embryonic develop-
ment, switching on a cascade of genes that are essential

for cardiovascular development.® Indeed, the ability to
appropriately respond to physiological hypoxia is critical for
embryonic survival, since mouse mutants that lack expres-
sion of HIF-1 die between GD9.5 and GD10.5.!2 However,
extreme hypoxia can also lead to embryonic death or malfor-
mation.!*!2 In the present study, it was shown that embryonic
HR is highly dependent on oxygen supply and ATP levels.
There was no evidence of muscarinic control of HR. There
was some evidence of B,-adrenergic control as the cAMP
inducer colforsin induced a markedly positive chronotropic
effect in both normoxic and hypoxic conditions. Overall, the
embryonic HR at this stage of development is responsive to
the level of oxygenation, probably as a consequence of its
influence on ATP and cAMP production and subsequently
calcium influx.
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