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Abstract: Environmental factors may affect the growth, size, phenotype, behavior, and other characteristics of avian embryos at
different developmental stages; however, the roles of individual embryonic physiological systems in these effects remain largely
unclear. Embryonic motility is an important component of the prenatal development observed almost throughout embryogenesis and
may be a precursor of post-hatching motor behavior. The influences of the environment on the development of motor behavior
during embryogenesis (notably the embryonic motility affected by hypoxia) remain poorly studied. Consequently, using the chick
embryo, we investigated the effect of acute hypoxia (10% or 5% O, for 20 or 40 min) on embryonic cyclic motility at incubation
days (D) 10, 12, 14, and 15 using in vivo video recording. Hypoxia inhibited motility; specifically, the average duration of activity
and inactivity phases during hypoxic exposure were shortened and prolonged, respectively. Age-related changes in the responses to
10% and 5% O, differed. The time course of the motility response to acute hypoxia varied during the D10-15 period and
demonstrates that the embryo was capable of recovering motility under hypoxia. The recovery was likely enhanced with age due to
maturation of regulatory capacity.
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INTRODUCTION

Embryonic motility accompanies prenatal development of vertebrates, and it changes in a defined manner in the
course of embryogenesis. Its nature and role in the normal development of the embryo are not entirely clear yet. It has
been supposed that the embryonic motor activity is the precursor of motor behavior after birth or hatching [1, 2]. For
instance, the repetitive leg movements in late stage chick embryos are locomotor-related and a fundamental link in the
establishment of precocious locomotor skill [2]. Further, embryonic motility is necessary for normal development of the
musculoskeletal and nervous systems. There are many published studies on embryonic motility in chickens. They have
shown, for example, that disturbances of the embryonic motor activity may result in developmental abnormalities and
functional disorders, many of which persist in postnatal life [3 - 6]. For example, the paralysis or hyperactivity of the
chick embryo, provoked by the injection of some drugs, can affect joint, osteochondral, and muscle development and
growth [6]. Moreover, via in ovo drug applications at precise developmental periods, it has been shown that normal
patterns of spontaneous activity are required for correct motor axon guidance [7].

At the same time, little attention has been paid to the effects of external factors on chick embryonic motility. An
important characteristic of this motility is its cyclic (or periodic) nature; i.e., it is organized in cycles consisting of active
and inactive phases [8 - 11]. The cyclic pattern of embryonic motility results from spontaneous periodic activity of the
spinal neuronal network of the developing embryo [12 - 14]. The ratio between the durations of the active and inactive
phases varies during egg incubation, each stage of embryogenesis is being characterized by a specific value of this ratio.
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Therefore, this temporal parameter of embryonic motility is often used for quantitative estimation of the motility during
embryogenesis as dependent on external factors [10, 15 - 17].

Hypoxia is one of the most important factors affecting embryonic development. Oxygenation may vary considerably
during the embryogenesis of birds. For example, a reduction in ambient oxygen (hypoxia) may occur naturally during
embryogenesis of some bird species during periods of heavy rain. Additionally, many bird species are fossorial, laying
their eggs at the end of long, narrow nests or within mounds, sites with poor air circulation and prone for development
of hypoxic conditions. While nesting in a cavity can have advantages, such as minimizing exposure to predators, it may
also pose difficulty with the fresh air supply leading to adverse effects on the survival of the incubating adults and their
embryos [18]. The mechanisms of the effect of hypoxia on chick embryogenesis are being intensely studied; however,
they remain unclear thus far. In addition, there are still limited data on how the chick embryonic motility changes under
hypoxia [19, 20]. Earlier, we showed that acute hypoxia (10% O, 10 min) inhibited cyclic (or periodic) motility as
estimated by its temporal parameters. This effect was found to depend on embryonic age: the motility inhibition was
weak on day 10 of embryogenesis (D10), but it was substantial on D14 [17]. At the same time, authors that estimated
the overall motility of a chick embryo by measuring the pressure within the egg reported on variable and often
insignificant effects of acute hypoxia (10% O, 30 min) on body motion in the period D10-18, except for D16, when a
significant decrease in the motility was observed [19]. In the same studies, a stronger hypoxia (5% O,) consistently
reduced body motion on D18. In addition, in ovo estimation of the bioelectrical activity of the lumbosacral regions of
the embryo spinal cord, which is related to the cyclic motor activity of the embryo, showed that acute hypoxia (10% O,)
inhibited the burst activity on D14 and D19, but not on D16 [21]. Thus, the existing data on the development of the
cyclic motility response to acute hypoxia during incubation are fragmentary and ambiguous, which calls for additional
research.

We previously found a characteristic time course of the motility response to hypoxia on D14, but it was much less
pronounced on D10 [17]. The time course showed that during hypoxic exposure the embryonic motility initially
stopped and then was partly restored while the hypoxic exposure continued. For detailed analysis of this phenomenon, it
is necessary to determine at which stage of incubation this pattern appears, how it changes with embryonic age, whether
it is expressed if the oxygen level is even lower, and how it is affected by the increase in the duration of the hypoxic
exposure. In addition, the study of the time course of the hypoxic responses of embryonic motility could help in
revealing the mechanisms underlying the hypoxia’s inhibitory effect on the motility and their changes with the
embryonic age.
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Fig. (1). Schematic view of the experimental setup. The egg was placed into the temperature-controlled experimental chamber with a
continuous flow of atmospheric air or the hypoxic gas mixture. Insets show typical examples of force transducer recordings of cyclic
motility of days 10 and 14 embryos. The red and white blocks below the records mark activity and inactivity phases, respectively.
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Therefore, the purpose of this study was, first, to describe the age-related changes in the response of the cyclic
motility of the embryo to acute moderate and severe hypoxia (10% and 5%, respectively) with different durations (20
and 40 min) during the third quarter of chick embryogenesis and, second, to determine the time-course of the
parameters of an embryo’s cyclic motility during the hypoxic response under these conditions in as much detail as
possible.

MATERIALS AND METHODS

Fertile White Leghorn chicken eggs were obtained from a commercial supplier and incubated under normoxic
conditions in a laboratory incubator at a temperature of 37.5 = 0.5°C and a humidity of 60-70%. Eggs were taken from
the incubator on D10, D12, D14, D15 or D16 and placed into a 300-ml temperature-controlled (37.5°C) Plexiglas
experimental chamber with a continuous flow of atmospheric air (200 ml/min), warmed to 37.5°C and humidified by
passing through a small container filled with hydro gel beads. Eggs were opened over the air-cell side by making a
window approximately 2 - 2.5 ¢cm in diameter in the egg shell above the developing embryo. A part of the inner shell
membrane was removed, a small hole was cut in the chorioallantoic membrane and the amnion to reach the embryo, and
the force transducer was attached to a limb of the embryo by means of a special grip (micro-serrefine); the signal from
the transducer was recorded continuously and stored digitally on a computer [17]. The experimental setup is presented
in Fig. (1).

A digital video camera eyepiece Scopetek DCM-800 (Shangrao TeleView Optical Instruments Co., Ltd, China)
mounted on a dissecting microscope (OPTIKA SZM-2Led, Italy), was fixed at about 10 cm over the opened air cell of
the egg and used to perform a continuous video recording with a capture rate of 30 fps using the software ScopePhoto3
to monitor the embryonic movements synchronously with the signal from the force transducer.

The videos were reviewed and calculated at a low speed by two reviewers using computer software (VLC media
player with Motion-Detection) simultaneously compared with the corresponding mechanographic data. The durations of
the activity phase (APh) and inactivity phase (IPh) were used to quantify the embryonic motility. As in previous studies
[17], we defined an APh as any episode of embryonic movements (no shorter than 6 s) that was separated from other
embryonic movements by at least 6 s of quiescence. When we studied the time-sequential changes in the APh and IPh,
the durations of APh and IPh were represented as averages over every 5 min.

This method of the simultaneous video recording and mechanographical recording made it possible to accurately
determine the time course of the cyclic embryo motility. For an additional control, at each studied age some embryos
were run in normoxia for the whole duration of the test (120 min) and the results were analyzed for the control embryos
the same way it was done for the experimental embryos. The results showed no reduction of cyclic motility during the
120 min period in normoxia (Fig. 2B).

During the experiment the egg was allowed to reach stable values of embryonic motility for 30 min postsurgery.
Then the embryonic movements were sequentially recorded in normoxia (21% O,, control) for 20 min, then under
hypoxia (in either a mixture of 10% O, and 90% N, or a mixture 5% O, and 95% N,). In each case the gas mixture was
supplied into the chamber at the same constant temperature 37.5°C, humidity and flow of 200 ml/min for 20 min or 40
min. Finally, the embryonic movements were recorded again under normoxic conditions for 30 min.

All experimental work was performed in accordance with the Guidelines for Humane Endpoints for Animals Used
in Biomedical Research, Regulations for Laboratory Practice in Russian Federation, and under the supervision of the
Ethics Committee for Animal Research of the Institute of Developmental Biology Russian Academy of Sciences. After
the experiments, the embryos were staged according to the series for the chick embryo [22] and weighed.

Statistical analysis was performed using Statistica (version 7.0, Statsoft). A U-Mann-Whitney comparison
nonparametric test was conducted between days of incubation to determine changes in the mean durations of APh and
IPh. The nonparametric Wilcoxon matched-pairs test was used to estimate the effect of hypoxia on the temporal
parameters of embryonic motility and recovery in air. The differences were considered significant at P < 0.05. All data
were expressed as the mean + S.E.M.
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Fig. (2). Age-related changes of the average duration of activity phase (open circles) and inactivity phase (closed triangles) of chick
periodic motility, the average length of the activity - inactivity cycle (open triangles) and embryonic mass (open squares) at different
days of incubation (A). Symbols are group averages; bars are 1 SEM. For each parameter, different lowercase letters indicate
statistically significant differences among ages (Mann-Whitney U test, P < 0.05). In brackets, number of embryos studied at each
age. (B). Left: the plots indicate the sequence of activity phase (open circles) and inactivity phase (closed triangles) of chick motility
during 1 complete experiment lasting 120 min in normoxia on incubation days 10, 12, 14 and 15. Right: The histograms present
average motility parameters for 20 min in the beginning (period from 30 to 50 min of exposure) and at the end (period from 100 to
120 min of exposure) of a long (120 min) recording in normoxia on incubation days 10, 12, 14 and 15. Open bars are average activity
phase duration for 20 min, and solid bars are average inactivity phases for 20 min. Results are expressed as means + S.E.M. N is the
number of embryos studied at each age. (*) - significant difference between average values for the period of 30-50 min, and for the
period of 100-120 min during the long normoxic exposure (P < 0.05; Wilcoxon test).
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RESULTS

Age-related Changes in Cyclic Motility During D10-16

Control measurements of cyclic motility in normoxia were made on a total of 83 chick embryos at five incubation
time points: D10 (n = 18), D12 (n = 19), D14 (n = 18), D15 (n = 20), and D16 (n = 8). The control data were first
examined for age-related motility changes, the control data having been obtained from the experiments with long
embryo exposure to normoxia, and from the control values in normoxia that were obtained from the experiments in
which embryos were exposed to hypoxia. The chick embryos reached stage 36 on D10 and stage 42 on D16. The mean
embryo weight increased from 2.31 £ 0.15 gon D10 to 15.1 + 1.26 g on D16 (Fig. 2A).

In control (normoxia), the embryonic motility displayed a cyclic character and each cycle consisted of an APh
which was separated by an IPh (Fig. 2B). Long recordings (120 min) of embryonic motility in normoxia showed that
the values of the average duration of APh and IPh at the beginning of exposure did not differ from their values at the
end of exposure at all ages studied except Day 14 when the average duration of APh increased over the course of the
recording (Fig. 2B).

The average APh duration significantly increased from D10 (30.5+ 0.8 s; » = 18) to D12 (46.9+ 1.2 s; n=19) (P <
0.001) and remained constant between D12 to 15. During the next day, the APh duration significantly decreased (32.2 +
5.4 s (n =28), P=0.008). The IPh duration significantly decreased in the period from D10 (42.8 + 1.3 s; n = 18) to D12
(26.1 £1.0s; n=19) (P <0.001), remained unchanged from D12 to D14 (n = 18; P = 0.15), then decreased until D15
(20.3 £ 1.1 s; n = 20) (P =0.006), and remained constant until D16 (Fig. 2A). The mean durations of APh and IPh on
D10 and D14 were comparable with our earlier results for these embryonic ages [17]. The average duration of the
motility cycle that consisted of the activity phase duration plus the duration of the subsequent inactivity phase remained
unchanged from D10 to D15, and then was decreasing until D16 (Fig. 2A).

Changes in the Parameters of Cyclic Motility During Acute Hypoxia

Effect of 20 min 10% or 5% O, on the Cyclic Motility on D10 and 14

On D10, moderate hypoxia (20 min 10% O,) significantly increased average IPh duration during 20 min exposure,
but average APh duration remained unchanged. In addition, insignificant changes in average APh and IPh durations
were seen during 30 min recovery in air (Figs. 3A and 4A). The time course of the APh and IPh obtained from the
detailed study of the response to hypoxia with the stepwise measurements at 5-min intervals showed that the APh
duration did not change and IPh duration significantly exceeded the control value by the end of hypoxia (Fig. 4A).
During recovery in air, [Ph duration during the first 5 min was longer than the control, but returned to the control during
remaining period (Fig. 4A). The APh duration did not differ from the control level throughout the 30-min recovery
period.

Under severe hypoxia (20 min 5% O,) on D10, the inhibitory effect on the cyclic motility was more pronounced.
The average IPh duration during 20 min hypoxic exposure was increased considerably, but average APh duration did
not differ from the control level (N = 6) (Figs. 3B and 4B). During 30 min recovery in air, average IPh duration was
longer than the control, but average APh duration did not differ from the control level (Fig. 3B). The time course of the
motility response to hypoxia showed that embryonic movements stopped after about 3 min of the hypoxic exposure and
were not restored until several minutes after the end of hypoxia (except for one embryo where single movements
appeared by the end of the hypoxic exposure). The first embryonic movements appeared after 7-11 min of the recovery
in air. After that, the motility was gradually restored, and the APh and IPh durations did not differ from the control
values after 15 min of recovery (Fig. 4B).

On D14, moderate hypoxia (20 min 10% O,) caused a more pronounced inhibitory effect on cyclic motility than on
D10 (Figs. 3E, 4E and SA). The average APh duration during 20 min exposure significantly decreased, and average [Ph
duration significantly increased (N = 6) (Fig. 3E). During recovery in air, cyclic motility recovered within 30 min and
average APh and IPh durations reverted to the control values. The time course of the cyclic motility response was
biphasic: embryonic motility stopped for 2-3 min and then was progressively restored under hypoxia. Specifically, for
the first 5 min of hypoxic exposure, the IPh duration significantly increased and the APh duration significantly
decreased (Fig. 4E). By the next 10 min, IPh returned to the control level with APh duration remaining below the
control value. After that, the APh and IPh durations did not differ from the control values by the end of hypoxia (Fig.
4E). During recovery in air, [Ph and APh durations did not differ from the control level, except for the 20th min when
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the APh duration was significantly higher than the pre-hypoxic value (Fig. 4E).
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Fig. (3). Effect of acute hypoxia (5% O, or 10% O,) for 20 or 40 min on the duration of the activity phases (open bars) and inactivity
phases (solid bars) of chick embryonic motility and post-hypoxia 30 min recovery in air on days 10 (A, B), 12 (C, D), 14 (E, F) and
15 (G, H) of incubation. Data are presented as averages for 20 min prior to hypoxia, for 20 or 40 min during hypoxia and for 30 min
during recovery in air. Results are expressed as means + S.E.M. N is the number of embryos studied. (*) - significant difference
compared with valaues in normoxia (control) (P < 0.05; Wilcoxon test); (#) - significant difference between valaues for 20 and 40
min of hypoxia (P < 0.05; Wilcoxon test).
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Fig. (4). The time-course of the activity phase (open circles) and inactive phase (closed triangles) of the chick embryonic motility
during acute hypoxia (10% O, or 5% O,) for 20 min or 40 min and post-hypoxia recovery in air during 30 min on days 10 (A, B), 12
(C, D), 14 (E, F) and 15 (G, H) of incubation. Values are means = 1 S.E.M. N is the number of embryos studied. The symbol (*)
indicates significant differences with the control value (P < 0.05; Wilcoxon test). The control values determined as mean for 20 min
prior to hypoxia were plotted at time 0-20. During hypoxia and recovery in air data are presented as averages for every 5 min.
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Severe hypoxia (20 min 5% O,) on D14 caused a strong inhibitory effect on the cyclic motility (Figs. 3F, 4F and
5B). Within 20 min of hypoxic exposure, the average APh duration significantly decreased and average IPh duration
significantly increased (N=6) (Fig. 3F). During 30 min recovery in air, cyclic motility was not completely restored, and
the average IPh and APh durations were different from the control values (Fig. 3F). The time course of the motility
response to hypoxia showed that the embryonic movements initially disappeared for about 9 min, and the subsequent
period of recovery was about 3 min. After that, the embryonic movements disappeared again until the end of exposure.
The embryonic movements reappeared after 8-12 min of the recovery in air and then gradually increased, but they did
not reach the pre-hypoxic level within 30 min in air. Specifically, after a peak on the 10th minute of hypoxia, the IPh
duration significantly decreased by the 15" minute (P = 0.043), but did not reach the control value. After that, [Ph
duration significantly increased again by the 10" minute in air. The APh duration initially significantly decreased within
5 min of hypoxia and remained below the control value during hypoxia (Fig. 4F). During recovery in air, the IPh and
APh durations gradually decreased and increased, respectively, but did not reach the control values within 30 min.

Effect of 40 min 10% or 5% O, on the Cyclic Motility on D12 and 15

On D12, moderate hypoxia (40 min10% O,) significantly increased average IPh duration during 40 min exposure,
but average APh duration remained unchanged (N = 6) (Figs. 3C, 4C and 5A). During the first 20 min of hypoxia, the
average IPh duration also increased, and average APh duration remained unchanged. Comparison of the first 20 min
and the entire 40-min exposure showed that the respective average APh durations did not differ from each other (P =
0.22), while the average IPh duration was significantly higher for the first 20 min (P = 0.043). During 30 min of
recovery in air, the average APh and IPh durations did not differ from the control values (Fig. 3C). The time course of
the motility during hypoxia showed that the IPh duration significantly increased during the first 5 min of hypoxia, was
restored to the pre-hypoxic value by the 15th minute of exposure, and then did not change until the end of exposure.
The APh duration remained unchanged for 35 min of hypoxia and became significantly lower than the control level by
the 40th minute (Fig. 4C). During recovery in air, the cyclic motility was completely restored within 5 min, and IPh and
APh durations did not differ from the control level throughout the 30-min recovery period (Fig. 4C).

Severe hypoxia (40 min 5% O,) on D12 strongly inhibited the cyclic motility. The average IPh duration
significantly increased, and the average APh duration significantly decreased (N=7) (Figs. 3D, 4D and 5B). There were
no significant differences of the average IPh and APh durations during 40 min of hypoxic exposure from the respective
values during the first 20 min (P = 0.22 and P = 0.08, respectively). During 30 min recovery in air, the average IPh and
APh durations were significantly different from the pre-hypoxic values (Fig. 3D). At this level of hypoxia, embryonic
movements stopped after about 2 min of hypoxia and then were absent until the end of exposure. The first embryonic
movements appeared after 10-20 min of recovery, and the IPh and APh durations did not reach the pre-hypoxic values
within 30 min in air (Fig. 4D).
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On D15, moderate hypoxia (40 min 10% O,) significantly increased average IPh duration and significantly
decreased average APh duration during 40 min exposure (N = 6) (Figs. 3G, 4G and 5A). During the first 20 min of
hypoxia, average IPh duration also significantly increased and average APh duration significantly decreased. The APh
and IPh durations averaged over 40 min of hypoxic exposure were significantly higher and lower, respectively, than
these values during the first 20 min (P = 0.043 and P = 0.038, respectively). During 30 min recovery in air, the average
APh and IPh durations did not differ from the control values (Fig. 3G). These results show that cyclic motility
decreased starting from the first minutes of hypoxic exposure; however, in contrast to the hypoxic responses on D12
and D14, the embryo movements did not stop completely. Specifically, significant reduction of the APh duration and
significant increase in the IPh duration were observed during the first 5 min of exposure. After that, APh duration
gradually increased, reaching the control value by the 30th minute of hypoxia and remaining at the same level until the
end of exposure. The IPh duration during the first 30 min of hypoxia remained longer than the control, but returned to
the control during remaining hypoxic exposure (Fig. 4G). During recovery in air, APh and IPh durations did not differ
from the control level throughout the 30-min recovery period (Fig. 4G).

Severe hypoxia (40 min 5% O,) on D15 strongly inhibited the cyclic motility. During the first 20 min of hypoxic
exposure, the average APh duration significantly decreased and the average IPh duration significantly increased (N = 8)
(Figs. 3H, 4H and 5B). As the hypoxic exposure was prolonged to 40 min, the average IPh duration significantly
decreased (P = 0.043), and the average APh duration did not change (P = 0.08) (Fig. 3H). During 30 min recovery in
air, the average IPh and APh durations did not differ from the control values. The time course of the cyclic motility
response to hypoxia showed that the IPh duration significantly increased during the first 5 min of hypoxia, was restored
to the control value by the 25th minute of exposure and then significantly exceeded the control value until the end of
exposure (Fig. 4H). The APh duration significantly decreased during the first 5 min of hypoxia and remained at about
the same level until the end of exposure (Fig. 4H). During recovery in air, the IPh duration during the first 5 min was
longer than the control, but returned to the control during remaining period. The APh duration did not differ from the
control level throughout the 30-min recovery period (Fig. 4H).

DISCUSSION

Age-related Changes in Cyclic Motility Under Normoxic Conditions During the D10-16 Period of Incubation

Changes in the embryo weight during development shown in Fig. (2A) agree with the results of many previous
studies, which confirm that the embryos grew at normal rates.

Our study of the changes in cyclic motility during the D10-16 period of incubation showed that the APh lengthened
and the IPh shortened in the period from D10 to 12; then, neither APh nor IPh durations changed between D12 and 14;
from D14 to D15, IPh duration decreased and APh duration remained unchanged (Fig. 2A). At the same time, the
average duration of the activity - inactivity cycle which is defined as the sum of the durations of two consecutive phases
(APh and IPh), remained constant from D10 to D15 (Fig. 2A). On D16, the average cycle duration was substantially
decreased because the APh duration was considerably shorter than on D15 (P = 0.008), and the IPh duration remained
unchanged. We studied the hypoxic effect on cyclic motility until D15 inclusive. Then the motility character was
beginning to gradually change mainly due to the appearance of repetitive limb movements that have been described by
Bradley et al. [23], and the cyclic character of the motility became less pronounced. Other authors have also reported an
increased variation of the parameters of cyclic motility (APh and IPh) with embryonic age [16, 24, 25]. This prevents
the use of these parameters as quantitative estimates of the motility after D15, especially in studying the effects of
exogenous factors.

Age-related changes in the parameters of cyclic motility during the period studied (Fig. 2A) generally agree with the
results of earlier studies [7, 16, 17, 26], where these parameters were also used for qualitative and quantitative
estimation of the motility. However, note that Bradley [16] and Wu et al. [26] found that the APh and IPh durations
were close to each other on D10.

Effects of Acute Hypoxia on the Cyclic Motility of D10-15 Embryos

Our results have demonstrated a distinct dependence of the cyclic motility response to 20-min hypoxia during the
D10-15 period of incubation on the embryonic age, the dependence being observed at both degrees of hypoxia studied
(10 or 5% O,) (Figs. 3 and 5). In all cases, the cyclic motility was decreased compared to normoxia (control). The
changes in the average durations of APh and IPh during hypoxic exposure reflected the strength of the inhibitory effect
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on cyclic motility but did not allow detailed analysis of the events within hypoxic exposure. Therefore, it was necessary
to trace the time course of these parameters. Stepwise measurements of the APh and IPh at 5-min intervals during
hypoxic exposure and the subsequent recovery in air have revealed the details of cyclic motility changes during the
hypoxia (Fig. 4). We have found that the time course of the cyclic motility response to hypoxia depends not only on the
embryonic age (D10-15), but also the degree (10 or 5% O,) and duration (20 or 40 min) of hypoxia.

The most important result of our research was the discovery of a new phenomenon, namely, the ability of a chick
embryo to maintain motility in hypoxia, not only on D14 as we first discovered [17], but also at other developmental
stages. In addition we succeeded in quantitatively measuring motility during hypoxia, studying its change with growth,
and analyzing its dependence on the hypoxia level. The capacity of the embryo to maintain the cyclic motility under
acute hypoxia was manifested, first, in the experiments under prolonged hypoxia, that is the experiments where the
hypoxia duration increased twofold; and, second, the experiments in which the time course of the cyclic motility
response to hypoxia was measured at 5-min intervals.

Thus, it was found that when the exposure to hypoxia was prolonged from 20 min to 40 min, on D12, the inhibitory
effect on cyclic motility decreased in 10% hypoxia (average IPh decreased) and increased in 5% hypoxia (average IPh
was increased and APh decreased) as compared to what was observed during the first 20 min of exposure (Figs. 3 and
5). At an older embryonic age (D15), the capacity of the embryo to maintain the cyclic motility under acute hypoxia
was expressed to a larger extent and the inhibitory effect observed during the prolonged hypoxia (40 min) was weaker
than that observed after the first 20 min at both levels of hypoxia, the weakening being more pronounced in 10%
hypoxia (Fig. 5). While the mechanisms that maintain and even enhance embryonic motility are unknown, they are
already effective on D12 in 10% hypoxia and on D15 at both levels of hypoxia studied.

The analysis of embryonic cyclic motility (duration of APh and IPh) during hypoxia also showed the embryo’s
capacity to maintain the cyclic motility under 20 min 10% hypoxia. Embryonic movements first stop completely (thus
IPh continues without any APh duration) and then begin to recover before the end of hypoxic exposure (APh and IPh
occur alternately). We first observed this characteristic biphasic motility response to hypoxia (10 min 10% O,) on D14
[17]; however, the duration of the exposure was insufficient for embryonic motility to be completely restored under
hypoxia. The present study has shown that prolongation of the hypoxic exposure to 20 min at the same embryonic age
(D14) leads to a complete restoration of cyclic motility during hypoxia (Fig. 4E).

A question arises as to the mechanisms underlying the recovery or maintenance of motility under hypoxia and the
causes of its changes with embryonic age. Two main factors may determine it at each embryonic age: first, the degree
of morphological and functional development of the embryo's motor system and the systems involved in oxygen supply
to embryonic tissues; second, the maturation level of physiological regulatory mechanisms.

The involvement of these factors and their correlation can be traced in the incubation process. On D10, the biphasic
motility response to 10% O, was not pronounced and the hypoxic effect on cyclic motility developed gradually (Fig.
4A). We assume that this response was slow because the system of oxygen supply to the embryo was not yet developed
enough. This resulted from a small gas-exchange area on the egg surface on D10, when the chorioallantoic membrane
(CAM) had not covered the entire egg [27], as well as low blood flow rate [28] and blood oxygen transport capacity
[29] at this embryonic age. The considerable inertia of the hypoxic response on D10 was also expressed in the slow
restoration of embryonic motility after the hypoxic exposure: the IPh duration continued increasing for 5 min after the
hypoxic gas mixture had been replaced with air (Fig. 4A).

At later stages (on D12 and D14), hypoxia (10% O,) caused the distinct biphasic response of cyclic motility. This
was more pronounced on D12 than on D14, while the initial temporary cessation of embryonic motility under hypoxia
was longer on D12 than on D14 (Fig. 4C, E). The initial arrest of embryonic motility under hypoxia was apparently
caused by a rapid decrease in O, supply to the spinal neurons responsible for the rhythmic embryonic motility. This
resulted from (i) an increase of gas exchange efficiency due to the growth of the CAM that had surrounded the entire
egg contents by D11-12 [30, 31] and development of the chorioallantoic vascular network; (ii) considerable acceleration
of blood circulation [28]; and (iii) an increase in the blood oxygen transport capacity [29]. The recovery of cyclic
motility to the control level by the 20th minute of hypoxia may be accounted for by activation of regulatory
mechanisms that were already sufficiently mature on D12-14. These may be, e.g., heart rate restoration against the
background of hypoxia [17], changes in hematological respiratory variables [32, 33], and redistribution of blood flow
towards the most important organs (including brain) in response to hypoxia, which is known to become more
pronounced with embryonic age [34]. These regulatory mechanisms may contribute to the restoration of motility under
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hypoxia. The mechanisms are more developed on D14 than on D12; therefore, the restoration of embryonic motility
begins earlier, and the initial cessation of motility under hypoxia on D14 is shorter than on D12. If the hypoxia on D12
was prolonged from 20 to 40 min, the restored motility decreased again during the second half of the exposure (Fig.
4C). Apparently, the maturation level of the regulatory mechanisms underlying this recovery was not sufficient for
maintaining the motility for a long time.

As development continued (D15), however, there was no distinct cessation of embryo movements at the beginning
of hypoxic exposure, and the motility decreased due to a considerable prolongation of IPh and shortening of APh,
which continued to occur alternately (Fig. 4G). It may be assumed that the regulatory mechanisms by this age were
already mature enough to maintain the cyclic motility under hypoxia; hence, they were triggered more quickly and
cyclic motility did not cease at the beginning of hypoxia. On the other hand, the APh and IPh were restored to the pre-
hypoxic values only by the 35th minute of hypoxia, in contrast to D12 and D14, when the motility rate reached the
control level by the 20th minute of hypoxia. Apparently, some additional factors hindered the rapid restoration of
motility. For example, it was previously shown that the structure of the APh changes with age and it is determined by
the activity not only of spinal neurons, but also the brain, muscles, and proprioceptors [10, 16]. The considerably greater
decrease in the APh duration during hypoxia on D15 compared to earlier ages was probably accounted for by switching
off of these additional components, which might have been restored under hypoxia more slowly than the activity of
spinal motor networks.

The results of experiments with 5% hypoxia also confirm a high maturation level of the regulatory mechanisms on
D15. In contrast to earlier embryonic ages, when such hypoxia rapidly led to an almost complete immobility of the
embryo, the same exposure on D15 did not cause cessation of embryonic motility; moreover, there was a tendency
towards motility restoration during the exposure, although its rate did not reach the control level.

The time period we indentified for the gradual development of the embryonic capacity to maintain motility under
acute hypoxia is similar to the time course of development of some other embryonic capacities, including embryonic
resilience to chronic hypoxia [35], and the period for changing the damaging hypoxia influence on the chick embryo
brain [36]. Our results supplement the available data on the existence of the so called window in development when
chick embryos are capable of compensating for the hypoxia effect [35]. Additionally, data concerning the development
of the stress response during this same period of chick embryogenesis [37 - 39], suggests that the gradual development
of the embryo’s capacity to maintain motility under acute hypoxia parallels the development of the stress response.
Consequently, the physiological compensatory response to acute hypoxia could develop during the period studied.

In summary, the results of the study indicate that the response of cyclic motility to acute hypoxia varies during
D10-15 of incubation. The age-related changes in the responses to moderate (10%) and severe (5%) hypoxia differ from
each other. In 10% hypoxia, the strongest inhibitory effect on the cyclic motility was observed on D15; in 5% hypoxia,
the strongest effect was on D12, with severe hypoxia inhibiting cyclic motility more than moderate hypoxia at all
embryonic ages except D15 when the effect of both levels of hypoxia was about the same (Figs. 3 and 5). We believe
that the cyclic motility response to acute hypoxia at different embryonic ages is mainly determined by the strength of
the inhibitory influence of hypoxia, on the one hand, and, by the capacity of the embryo to maintain cyclic motility
upon a decrease in the O, concentration, on the other. The interaction between these two factors determines the degree
of reduction of embryonic motility during hypoxia relative to the normal level characteristic of the same embryonic age.
It is still unclear what regulatory mechanisms are involved in the hypoxic response. However, analysis of the changes in
the parameters of cyclic motility under hypoxia at different developmental ages revealed that the embryo became
capable of maintaining motility under hypoxia during D10-15. This capacity was increased with embryonic age, which
we relate to the maturation of the regulatory mechanisms. For example, on D12, cyclic motility was partly restored
during 10% hypoxia, but the regulatory mechanisms were not mature enough to maintain the motility under more
severe hypoxia (5% O,), where the motility stopped completely. By D15, the maturation of the regulatory capacity
reached the level at which embryonic motility was maintained under both 10% and 5% hypoxia. Further studies are
necessary in order to better understand the role of the regulatory mechanisms involved in the cyclic motor response to
hypoxia at different stages of incubation.
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