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Summary

Chronic exposure to a low incubation temperature
clearly slows the development of poikilothemic chicken
embryos (or any other poikilotherms), but little is
known about the more subtle developmental effects
of temperature, especially on physiological regulatory
systems. Consequently, two populations of chicken
embryos were incubated at 38°C and 35°C. When
compared at the same development stage, incubation
temperature had no significant impact on embryonic

populations. Late stage (HH43—44) embryos incubated
at 38°C could maintain Vo, (approximately
27-32ul g1min-1) during an acute drop in Ta to
approximately 30°C. However, at the same stage 35°C
embryos acutely measured at 38°C were unable to
similarly maintain their Vo,, which fell as soon asTa
reached 36°C. Thus, while hypothermic incubation does
not affect gross development (other than would be
predicted from a simple effect of Qg), there is a significant

survival or growth. Moreover, the relative timing of major  delay in the relative timing of the onset of
developmental landmarks (e.g. internal pipping), thermoregulatory ability induced by hypothermic
expressed as a percentage of development, was unaffectedincubation.

by temperature. The ability to maintain the rate of oxygen

consumption (Vo,) during an acute drop in ambient

temperature (Ta) improved from Hamburger—Hamilton Key words: chicken embrydGallus domesticysthermoregulation,
(HH) stages 39-40 to 43—44 in the 38°C but not the 35°C hypothermia, incubation, development, heterokairy.

Introduction

The developing chicken embryo is a poikilotherm, andembryo as a unit (Bull, 1980; Temple et al., 2001; Gutzke and
consequently any decrease in ambient temperature precipitateeews, 1988; Johnston et al., 1996; Spicer and Burggren,
a series of cascading events: embryo temperature follows t2€03). Susceptible to change in the chronically hypothermic
decline in ambient temperatur&s), which in turn reduces embryo, then, are the absolute as well as the relative timings
metabolic rate and energy production, slowing embryoniof onset of different physiological process and the systems that
growth and maturation (Tazawa et al., 1988; Pelster, 1997)egulate them. This phenomenon has recently been termed
The most obvious consequence of experimental hypothermibeterokairy’ to differentiate it from the rather broadly and
incubation is that it will take longer for a chronically loosely used ‘heterochrony’ (see Spicer and Burggren, 2003).
hypothermic embryo to reach the required level of maturity for The shift from poikilotherm to homeotherm in bird embryos
hatching. Not surprisingly, embryonic growth and theis an important physiological transition, beginning within the
development of physiological systems in chicken embryofast 20% of incubation. This thermoregulatory transition
incubated at 35°C are retarded compared to embryos incubatedjuires heat-producing metabolism and supporting oxygen
at the optimum temperature of 38°C, with an additional 4 daysansport to mature as essential steps in the precise regulation
required for hatching (Tazawa et al., 1988). of body temperature. Such developmental events may be

Less obvious than the simple lengthening of the embryoniparticularly susceptible to temperature-induced qualitative
period by chronic hypothermia, but potentially of considerabledjustments. In this and the following study on the late stages
physiological importance, is the impact on both the absolutef incubation of the chicken embryGéllus domesticys we
and relative timing of the onset of different physiologicalexamine both acute and chronic temperature influences on
processes and their regulation. Indeed, temperature changastabolism, changes in blood-oxygen transport supporting
during development often have complex affects that go beyondetabolism, and thermoregulatory responses of chicken
simply accelerating or decelerating the development of thembryos. Our goal is to determine if chronic hypothermia
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(35°C) alters standard developmental patterns, providingipping, external pipping and hatching was expressed by the
additional evidence for heterokairy. As a self-containedemperature quotient (@ calculated using the van't Hoff
embryo that is very well characterized anatomically andequation:
reasonaply well understood physmlgglcally, the chlcken Qo= (kofk) 10/t
embryo is an excellent model to examine how the changes in
the thermal environment can quantitatively and qualitativelyvhere k1 and ko are the timing of events expressed as a
influence the developmental timeline. percentage of incubation at temperatuye88°C and2>=35°C,
In this first study, we test the hypothesis that chroniagespectively.
incubation in hypothermia (35°C) not only lengthens the
embryonic period but also alters the relative timing of hatching Static Vo, measurements at 35°C and 38°C
events, the normal pattern of changes in metabolic activity, and Six eggs from each incubation temperature, at each stage,
the ability of the embryo to respond physiologically to acutevere implanted with thermocouples. Thermocouple wires were
decreases ila. inserted immediately beneath the shell through an®xbhole,
and held in place with a dn? piece of tape. Preliminary
experiments revealed no detectable thermal gradient from
inside the embryo’s body to the shell exterior in incubating
Source and incubation of eggs eggs. Consequently, ‘surface temperature’ measured
Fertilized White Leghorn egg$&éllus domesticuk.) were  immediately under the shell is assumed to be embryo
obtained from Texas A&M University (College Station, Texas,temperature. The eggs were placed in an air-tight, water-tight
USA) and shipped to the University of North Texas (Dentonrespirometer (24énl) through which air was pumped
TX, USA) where they were incubated in commercialcontinuously at 70-7&I min-1. Water and carbon dioxide
incubators. All experimental procedures were approved by theere removed from the outflow air by passing it through
University of North Texas’ Institutional Animal Care and UseDrierite™ and soda lime, respectively. Analysis of @ntent
Committee. of the air and calculation of oxygen consumption was carried
Populations of eggs were incubated at 38.0°C (control), asut using an oxygen analyzer (model FC-1B, Sable Systems
35.0°C (hypothermic), all at a relative humidity of 60%. Tolnc., Henderson, NV, USA). The ventilated chamber was
determine the gross effects of incubation temperature ogpartially submerged in a programmable water bath (ISOTEMP
development, nine or more embryos incubated at each028P, Fisher Scientific, Hampton, NH, USA) and allowed to
temperature were staged for developmental maturity on daysjuilibrate to incubation temperature for a minimum coff30
13-14, 15-16, 17-18 and 19-20 (Hamburger and Hamiltotnefore measurements were started. Measurements of oxygen
1951). Hypothermic embryos have a slower rate ofonsumption were recorded simultaneously with egg
development than embryos incubated in control conditions, semperature and ambient temperature (Chart software and
staging was completed through hatching to determine thBowerlab data acquisition system, ADInstruments, Colorado
length of incubation required for the 35°C embryos to reaclBprings, CO, USA). All values dfo, (Ul O2 g~ min~Y) were
developmental stages equivalent to the 38°C embryos. expressed on an embryo mass-specific rather than egg mass-
All subsequent metabolic experiments were conducted ospecific basis, unless otherwise indicated.
embryos at the following stages: stage 39—40, reached on daysBasal Vo, measurements made at constaft were
13-14 for 38°C and days 15-16 for 35°C; stage 41-42Jesignated as ‘staticVo, measurements (in contrast to
reached on days 15-16 for 38°C and days 17-18 for 35°@easurements during gradual cooling or warming, described
stage 43-44, reached on days 17-18 for 38°C and days 19-4&flow). Static measurements were always recorded first at the
for 35°C. chronic incubation temperature of that particular egg. After this
initial measurement (for approximately 80n), the water bath
Rates of survival and timing of hatching temperature was changed at a rate ofl8%Go expose the egg
Fertilized eggsN=40 for 38°C and\N=32 for 35°C) were to the other treatment incubation temperature (e.g. 35°C if the
incubated as described above. Eggs were candled every 2 daysubation temperature was 38°C) for a minimum of 2o,
(D) from D4 to D18 of incubation, to determine survival. Fromwas then determined for the same egg at the other treatment
D19 to D25 of incubation eggs were candled daily to determingemperature as described above.
survival at the pre-pip stage, internally pipped stage, externally
pipped stage and hatching success. Survival rates were Vo, measurements during gradual cooling
calculated as number of eggs alive compared to total number Vo, was also measured during gradual cooling, because the
of eggs incubated at that temperature. Counts of eggs on eaat which basalVo, (and the accompanying heat production)
day were converted to relative frequencies and plotted for eadan no longer be maintained during cooling —The — is an
day of incubation. Egg counts also allowed the calculation ahdication of the maturity of thermoregulatory ability. Hence,
percentage survival and the timing of pipping and hatchingggs N=6 for each incubation temperature) with implanted
events. thermocouple wires were placed in metabolic chambers.
The effect of temperature on length of incubation to internaChamber and egg surface temperature were simultaneously

Materials and methods
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recorded as described above. Static ba¥al, A

measurements were determined at the egg's cf 1004 n M 38°C )
incubation temperature before the start of the gre 00 | B g‘;‘gg'e
cooling protocol. For those eggs incubated at 3 80 ] T 0 A - ~ — Pre-lP
measurement ofVo, at 38°C was followed & ] _ = IP
continuousVo, measurements during gradual coo 70 1 [ C—EP
(3°ChY) of the water bath and metabolic chamber 60 . I Hatch

final egg temperature of 30°C. For those eggs incu

in hypothermia (35°C), a statio, measurement wi 50i

determined at 35°C and the temperature of the \ 40 1

bath was then increased to 38°C. Eggs were alloy 30 - |
minimum of 2h at 38°C before entering the se 20 ]

gradual cooling protocol described for the control ¢ ]

incubated at 38°C. Preliminary measurements indi 101

that the temperature in the deep interior of the egc¢ 0 =

g
>
[&]
c
()
=]
always identical to surface temperatures at the ca E 0 2 4 6 8 10 12 14 16 18 20 22 42 26
rates used in these experiments. = 5
©
Stage and mass determination ‘r@_ 1009 ]
Upon completion ofVo, measurements, embry E 90j 35°C
were killed by placing eggs in a container contail (% 80 m MmN - -
halothane vapor. Each embryo was then removed 70: IRIEIEEE
the egg, blotted dry with towels and its wet n 1
determined using a microbalance (Denver Instrul 60 N
Company, Denver, CO, USA). The ventricle 50 -
dissected from the embryo, blotted dry and weig 40 |
The embryo was staged to confirm that it was a 1
expected developmental stage, weighed, and then 30f |
in a 40°C oven for 2 days for subsequent determin 20 A
of dry mass. 10 1 %
Statistical analysis oV o, and mass data 0 T .
0 2 4 6 8 10 12 14 16 18 20 22 42 26

All data were tested for normality of distributic
(Shapiro—Wilks normality test) and equality
variances. SAS (Version 8.0) was used to condu Fig. 1. The length of incubation, survival through incubation, and timing of
statistical analyses. All statistical decisions were r hatching events (IP, internal pipping; EP, externally pipping) for embryos
with a 0.05 level of significance and all values chronically incubated at 38°C (A) and 35°C (B). Sample sizes are indicated
presented as meanss£.M. in Tablel.

Significance of differences between static oxy
consumption measurements at 35°C and 38°C
embryos incubated at the same temperature was determinedifferences in embryo wet mass, dry mass, and heart mass
using a paired-test. The same oxygen consumption data wergvere determined using ANOVA and SNK multiple range test.
tested for significance of differences between incubation
temperatures at a particular measurement temperature using
independent-tests.

The rate of oxygen consumption during gradual cooling at Survival and timing of hatching events
each stage and each incubation temperature were tested witilhe length of incubation, survival, and timing of hatching
repeated-measures ANOVA (block design) to deteriisag =~ events for embryos incubated in normothermal conditions
the temperature at which a significant decrease in rate ¢88°C) and hypothermal conditions (35°C) are summarized in
oxygen consumption from control values occurred during th&igs1 and 2. In the early stages of incubation there was little
cooling protocol. Comparisons of oxygen consumption ratedifference in survival rates between the two incubation
during gradual cooling between stages and incubatiotemperatures. At both temperatures there was an initial loss due
temperatures were performed using a one-way ANOVAto the presence of infertile eggs between DO and D4 (12.5% at
Student—Newman—Keuls (SNK) multiple range tests wer@8°C and 18.7% at 35°C, respectively). Embryos incubated at
performed following each ANOVA fopost-hocdetection of  38°C had a slightly higher rate of survival (75.0%) between
specific differences between means. D4 and internal pipping than 35°C embryos (68.8%), and a

Incubation time (days)

Results
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HH 39-40 HH 41-42 HH 43-44 difference P>0.05) in wet mass or dry mass between
35°C P . I embryos incubated at 35°C (7.60+1@3 and
0.79+0.13g, respectively) and 38°C (5.54+0.§%nd
38°C . L L 0.51+0.03g, respectively). All embryos experienced a
i v il significant increase in both wet and dry mass from
T T T T T T 1 stage 39-40 to stage 41-42 (15.71+@8%nd
14 5 16 17 18 19 20 2.38+0.17g for 35°C embryos and 13.75+0.¢40and
Incubation time (days) 2.20+0.11g for 38°C embryos-=62.29,P<0.01), but

. | | q ding d ¢ incubafi there was still no differences attributable to incubation
Fig. 2. Developmental stage and corresponding day of incubation (mean ﬁeljrr]nperature. By stage 43-44 the 35°C embryos had a

_sr.zg/llé)lfor embryos incubated at 35°C and 38°C. Sample sizes are mdmate&gnificantly higher wet mass (22.26+0 @Bthan 38°C
' embryos (19.42+0.5¢) (F=62.29,P<0.01), but there
was no significant difference in dry embryo mass

higher overall survival (48% and 31.3% for 38°C and 35°C(4.16+0.25g and 4.62+0.3§, respectively).
respectively). No apparent differences in embryo body mass were detected

Hypothermic embryos required an incubation time of 23.7etween incubation temperatures at stage 41-42; nonetheless,
days, an average of 3.1 days longer than 38°C embrydke wet ventricle mass of 35°C embryos (0.22+@D4vas
(Tablel). Internal pipping in 35°C embryos occurred ansignificantly larger than that of the 38°C embryos at stage
average of 2.9 days later than in normothermal conditiongl1-42 (0.10+£0.0%) (F=5.72, P=0.0016), and the ratio of
where it occurred at 22.2 days. Similarly, external pippingsentricle mass to embryo mass was significantly larger in 35°C
occurred at 22.8 days, 3.0 days later than in warmer embryosmbryos at all stages examinéd-80.66,P<0.0001) (Fig4).
The effect of hypothermic incubation on the relative timingBetween stages 41-42 and 43-44 there was no significant
of each hatching event was determined by converting thehange in ventricle mass in embryos at either incubation
length of each event interval to a percentage of totalemperature. Because embryonic wet mass significantly
incubation length, and then determiningioQTablel). increased as development progressed, the ratio of ventricle
Incubation in hypothermic conditions had no effect on thenass to embryo mass decreased significantly in all embryos
relative timing of each hatching event, as indicated byF=30.66,P<0.0001).
Q10 values of 1.00 for each event interval. Thus, internal

pipping occurred at 93% of development and external StaticVo, at 35°C and 38°C
pipping at 96% of development, regardless of incubation There was a general decrease in mass-spédaificwith
temperature. increasing stage (Fi§), with stage 43—-44 embryos from both
incubation temperatures having a significantly loWey than
Growth and developmental progress at stage 39-40. Mean mass-specifis, for 35°C embryos

Embryos incubated at 35°C reached HH 39-40 on D15-D1finged from 25+1.7l glmin~l at stage 39-40 to
of incubation (Fig2), and by D17-D18 they were at HH 13+0.35ul g1 min~! at stage 43-44 (Tab®. The mass-
41-42. After 19-20 days 35°C embryos were at HH 43—-44pecific Vo, of 38°C embryos ranged from
Developmental progress of hypothermic embryos in late stag@8+0.82ul g1 min~! at stage 39-40 to 27+212 g~ 1 min1
of incubation generally lagged behind 38°C embryos by 2—-3t stage 43-44 (TabB. Mass-specificVo, of 35°C and
days. 38°C embryos at the same developmental stage were not
Growth of embryos at each incubation temperature wasignificantly different.
determined by measuring both wet and dry embryo mass Each group of embryos, regardless of incubation
(Fig. 3). At the earliest stage (39—40) there was no significartemperature or stage, experienced a significant change in

Tablel. Effects of chronic incubation at 35°C and 38°C on the length of incubation and the relative amount of development

each day
Survival to Days to Time to event
i i 0, 0,
Event interval Sample size event end (%) end event (% of total) Temperature
Start - End 35°C 38°C 35°C 38°C 35°C 38°C 35°C 38°C effectd)Q
0-1IP 13 16 40.6 40.0 22.2 19.3 93.5 93.6 1.0
0- EP 9 9 28.1 22.5 22.8 19.8 96.1 96.2 1.0
0O-H 9 9 28.1 21.8 23.7 20.6 100 100 1.0
IP - EP 9 9 69.0 56.2 0.6 0.5 2.6 2.6 1.0
EP - H 9 9 100.0 7.7 0.9 0.8 3.8 3.8 1.0

Incubation is divided into intervals based on hatching events from day 0 (0), internal pipping (IP), external pippingH&ehzugd(H).
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Fig. 3. Wet (A) and dry (B) mass of embryos incubated at 35°C an 41-42 844

38°C. A box surrounds points that are not significantly different fronr
each other®>0.05). Asterisks indicate a significant increase in mas: Developmental stageHH)

from the previous stage, at the same incubation temperatuig. 4 Wet tricl A) and ratio of tricl ¢ b
(P<0.05). Values are means ssE.M. N values are in parentheses. ig. 4. Wet ventricle mass (A) and ratio of ventricle mass to embryo

mass (B) for embryos incubated in 35°C and 38°C. Plotting
convention as described for F&).

oxygen consumption after 2 at the opposite incubation
temperature (Matched-paitstests with the probability for 41-42 and 43-44 for either incubation temperature, except for

each groupP<0.018, Fig5). the initial static measurement at 35°C for the 35°C embryos.
. . . Although there are no significant differences in gradual
Vo, during acute cooling cooling Vo, between the 35°C and 38°C embryos compared at

Some embryos from each stage and each incubatieach stage, there are important differences in the temperature
temperature were able to increa®e, briefly during the (Teit) at which they first experienced a significant decline in
earliest stages of the cooling protocol. However, all embryo¥o, from the baseline rate at 38°C (FfJ. Fig.7A shows that
eventually experienced a significant declineVis, at some the youngest embryos (stage 39-40) experienced a significant
point during the gradual 8°C drop Ta (Fig. 6). The youngest decrease inVo, when T, reached 34°C. By stage 41-42
embryos of each incubation temperature had significantlgFig. 7B) the 38°C embryos had Tayrit of 34°C, while 35°C
higher Vo, values than the older embryos (Fi§. This was embryos had a highélit of 36°C. Just prior to hatching at
evident for the entire duration of the cooling protocol in thestage 43-44 (FigiC), 38°C embryos can endure a drod4n
35°C embryos (FigrA), and untilT; fell to 36°C in the 38°C-  of 8°C (Tcrit of 30°C) before suffering a significant decrease in
incubated embryos (FigB). There were no significant Vo,, but the stage 43—44 35°C embryos were not as efficient,
differences inVo, during gradual cooling between stagesshowing a significant decline atTarit of just 36°C — 1/4 the
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Table2. Rate of oxygen consumption by chicken embryosasa 45 A

function of incubation and measurement temperatures and 35°C incubation
developmental age 35/ = HH43-44
v HH 41-42
Temperature e HH 39-40
incubation/ 304 © 5 ’:
measurement Day of Vo, . >
(°C) incubation il min~tegg?) Reference T o5l ©
38/38 16 382 Tazawa, 1973 E
38/38 16 417 Tazawa et al., 5 204 | |
1992 o) lels
38/38 16 350 Pearson et al., 3 15 / i
1996 =4 (12)
38/38 16 333 Howe et al., g L
1996 E b ' ' ' '
38/38 16 333+7 (9)* Present study 2 35 £3 37 38 39
38/38 18 400 Tazawa, 1973 ° 40-B
38/38 18 433 Tazawa et al., g 38°C incubation
1992 £ 35| o HH43-44
38/38 18 383 Pearson et al., 5 v HH 4142 {
1996 Q o HH 3940 (8
38/38 18 420 Dzialowski etal., & 307
2002 * {
38/38 18 450x38 (5)* Present study 25 % 9)
35/35 16 417+30 (6)* Present study
35/35 18 383+20 (10)*  Present study 20
35/35 20 31747 (12)* Present study . )
*Values are means +4e.m. (N = number of eggs). =
Hir— - - - -
temperature decrease at which the 38°C began to sh@w a 35 » 37 38 39
decline.Vo, values for each of these groups at 38°C afdat Measurementemperaturg°C)

are summarized in Tab& . - . i
Fig.5. Mass-specific static rate of oxygen consumpti@n for

embryos incubated at 35°C (A) and 38°C (B). The arrow direction
Discussion indicates that thé’o, for each embryo was first determined at that
individual’s incubation temperature, and then again aftera? the
other incubation temperature. Plotting convention as described for
Fig. 3. N values for each 35/38°C pair are indicated in parentheses.

Survival, timing of hatchling events and extension of
developmental timeline

Bird embryos are poikilothermic throughout incubation,
making them susceptible to fluctuations in body temperatur
dictated by the incubation environment (Tazawa et al., 19880t only lengthen the developmental timeline, but would also
1989; Whittow and Tazawa, 1991). One of the primarychange development qualitatively. Yet our data show that
and most obvious impacts of chronic hypothermia orincubation temperature had no effect on the relative timing of
poikilotherms is a slowing of physiological rates andinternal and external pipping in the chicken embryo, two
processes, including metabolism and development. Incubatiamitical landmarks in avian development. There was a slight
at 38°C has long been considered the optimum temperature fdifference in the overall rates of survival between embryos
rearing chicken embryos (Whittow, 2000), clearly based oincubated at 35°C and 38°C (31% and 48%, respectively) but,
imitating the incubation environment created by the hen. Yegverall, temperature had little effect on survival of the chicken
there is little evidence to suggest that incubation at &mbryos throughout incubation. Moreover, small numbers of
temperature other than 38°C has consequences for survival@mbryos at each temperature died at approximately the same
fithess of the embryo. The results of this study confirm that, gmints in development (FigA,B). These identical mortality
expected, chicken embryos incubated at 35°C developed mar&tes during early incubation suggest that the embyros
slowly than those embryos incubated at 38°C, spending axperienced a common failure of an organ or a system at a key
average of 3.1 extra days in the egg before hatching. Similgoint in development.
studies reported that 35°C incubation is near the lower end of
the viable incubation temperatures, and results in an incubation Incubation temperature and embryonic growth
period of up to 25 days in the chicken embryo (Tazawa, 1973). Embryonic wet mass for 38°C embryos at HH 39-40 and

Importantly, we hypothesized that incubation at 35°C wouldHH 41-42 closely resembled previously reported values
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Fig. 6. Vo, during gradual cooling for individual embryos incubated at 35°C and 38°C to stages 39—40 (A and D, respectively), sta@es 41-42
and E, respectively), and stages 43-44 (C and F, respectively). Data are normalized to the Wigagaheel at 38°C; cross hatched bars
represent 5% variation from the measurement at 38°C.

(Tazawa et al., 1971; Dzialowski et al., 2002). The differencéotal body water in D18 (HH 44) embryos at 81.8%. Their
in wet body mass at HH 43-44 between incubatiorstudy also determined that D12 embryos (HH 38) contained
temperatures in the present study is accounted for by the high&t.7% body water, a value comparable to that in our study for
total body water content in the 35°C embryos. Calculations dfiH 39—40 embryos incubated at both 35°C (89.6%) and 38°C
% total body water from the wet and dry mass data confirme®0.8%).

that at stage 43-44 the 35°C the wet mass of the embryoOverall, these data reveal that embryo growth is proportional
consisted of 81% water, compared to only 76% in the 38°@ developmental stage, irrespective of how long it takes to
embryos. Dzialowski et al. (2002) reported similar values ofeach that stage. This emphasizes the importance of making
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Fig. 7. Gradual cooling mass-specific rate of oxygen consumption for
embryos at stages 39-40 (A), 41-42 (B) and 43-44 (C). A box
surrounding points indicates no significant difference between stages
(P>0.05). The asterisks indicate the temperature at which the oxygen
consumption first became significantly lower than the initial oxygen
consumption at 38°C. The subsequent transition to broken lines after
the asterisk indicates that all subsequent oxygen consumptions
remain significantly different during further cooling. Numbers of
embryos used in each cooling run are indicated in parentheses.
Values are means +sle.m.

developmental time (see Pritchard et al., 1996; Weltzien et al.,
1999). However, as Spicer and Burggren (2003) and Burggren
and Crossley (2002) emphasize, temperature effects on
development are complex, selective and not easily unraveled.

In contrast to whole embryo mass, ventricular mass showed
evidence of complex temperature effects. The ventricle mass
of stage 43-44 embryos incubated at 38°C (0.10g+0.01)
closely resembled the heart mass data for D18 chicken
embryos (0.12g+0.01) obtained by Dzialowski et al. (2002).
Our study revealed that both ventricle mass and the size of the
ventricle relative to embryo mass were significantly higher in
the 35°C embryos (Figt) at stage 41-42. Previous studies
examining the effects of hypoxic stress on the development of
the chicken embryo saw increases in heart mass of D12
embryos that were exposed to hypoxia between days 6 and 12
of incubation (Dzialowski et al., 2002). That study, however,
was unable to show a similar response in D18 embryos or in
hatchlings. Future experiments to examine the differential
effects of incubation temperature on heart mass will help to
unravel why hypothermic incubation leads to cardiac
hypertrophy.

Temperature an& o,

Vo, measurements obtained in the present study agree with
previous measurements for D12, 14, 16 and 18 chicken
embryos incubated at 38°C (Tal2le However, this is the first
study to complete measurementd’ef in embryos chronically
incubated at 35°C. The mass-specifie, of stage 43-44
embryos incubated at 35°C appears low in comparison with
measurements from 38°C embryos at the same stage in this and
previous studies. The significantly larger embryo wet mass of
the 35°C embryos contributes to this difference, but this group
also demonstrated a large amount of variation Vis,.
Observations made during incubation indicated that the
chorioallantoic membrane (CAM) in the 35°C embryos failed
to line the entire inner surface of the shell. Although CAM

comparisons at equivalent stages of development, ratheurface area data was not collected in these experiments, a
than solely at arbitrary periods of development definedmaller surface area for gas exchange might have an impact on
chronologically. Because the development of embryos anthe embryos with the largest metabolic demand, i.e. HH 43-44
organ systems is non-linear, absolute time is not a gooeimbryos. The importance of CAM surface area is debated.
descriptor when comparing embryos incubated at differer®kuda and Tazawa (1988) covered up to 50% of the chicken

temperatures.

The concept of ‘degree days’

(days a#gg with epoxy, effectively reducing the surface area of the

developmenk the temperature of development) has been use@AM able to exchange gases with the environment. They found
to normalize the effect of temperature on development anithat the reduction in gas conductance reduégdIn contrast,
thus address the discrepancies between absolute time awhgner-Amos and Seymour (2002) reported that metabolic
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Table3. Rate of oxygen consumption during gradual cooling from 38°C

Incubation

temperature Baselirko, Vo, at Terit Probability
(°C) Stage (HH) N (ul min-1 g1 Teiit (°C) (W minig? (SNK)

38 39-40 6 24.3£2.9* 34 21.1+£2.7 0.002
38 41-42 5 19.0+1.7 34 16.4+1.2 <0.05
38 43-44 9 16.8+1.0 30 11.3%¥1.7 0.017
35 39-40 6 30.0+5.1 34 26.1+4.4 <0.001
35 41-42 6 20.0+1.4 36 17.0+1.3 0.037
35 43-44 6 17.84+0.9 36 16.8+1.0 0.013

Baseline temperature = 8B; Terit = temperature at which basab, can no longer be maintained.
*Values are means +4Ee.m.
SNK, Student—Newman—Keuls test.

activity was not significantly correlated with reductions in gasuggesting the onset of thermoregulatory ability in late-stage
conductance, accomplished by applying wax to the shell.  embryos: (1) the ability of some individual embryos actually
Incubation temperature did not profoundly affect bdgal  to increase briefly theivo, by 5-10% upon a 1°C drop T
of chicken embryos in the final stages of development. The vegnd (2) the ability of the embryo generally to maint¥)
similar Vo, exhibited by 35°C- and 38°C-incubated embryos aduring an 8°C drop iffa.
HH 43-44 and the general trend of a decrease in mass-specifidncubation temperature appears to modify the
oxygen consumption with development may both be explainedevelopmental onset of the chicken embryo’s ability to trigger
by the internal @levels late in development. In such late stagesendogenous heat production as part of developing
Vo, of the embryo is constrained by @iffusion rates across thermoregulatory mechanisms. Specifically, hypothermic
the shell. Reduced embryonic mass-spetfticresults because incubation delays the onset of the embryo’s ability to maintain
the embryo continues to grow at the expense of establishirgjable Vo, in the face of acutely declining temperature.
hypoxia within the egg (Romijn and Lokhorst, 1951;The youngest embryos examined from both incubation
Wagensteen et al.,, 1970; Rahn et al., 1974; Ar et al., 198@&mperatures significantly reducét, at a Terit of 34°C
Tazawa, 1980). If late stage chicken embryos are provided wifffrig. 7A). By stages 41-42 and 43-44, the 35°C embryos
increased © (hyperoxic environment), they increase theirexperienced significant decreases in metabolic activity earlier,
metabolic activity (Tazawa et al., 1992). An examination of théout only at 36°C. The ability of the 38°C embryos to maintain
early stages of development would probably reveal Iofggr Vo, improved with continued development, and by stage
in embryos incubated at 35°C, supporting the slower rate @f3—44 they experienced a significant decline in oxygen
growth and development and the increased length of theonsumption only after a full 8°C decline in egg surface

developmental timeline. temperature, thus surpassing the performance reported for
o chicken embryos by Tazawa et al. (1988). While some of the
Temperature and thermoregulatory activity statistically significant differences individually may be of

A homeotherm must be able to regulate preciselyimited biological significance, collectively these data show
endogenous heat production as well as heat loss in order ttzat over all incubation conditions, hypothermic incubation
maintain a stable body temperature in the face of fluctuatinmperatures produce embryos that are less efficient in
ambient temperatures. Chicken embryos are certainly neésponding physiologically to acuig decreases.
homeotherms, but at some point in very late development the Important differences exist between measurements of static
embryo makes the transition from poikilothermy to Vo, made after longer periods of exposureh2o altered
homeothery, using elevatetlo, to produce heat used to ambient temperature compared with the ‘gradual cooling’
maintain body temperature. Tazawa et al. (1988) slowly cooleelxperiments. First, after longer exposure, the temperature effect
late-stage embryos from 38°C to 30°C over a period fof 8 on Vo, was the same for all stages and both incubation
minimizing the imbalance between heat loss and hedemperatures, with {9 values ranging from 1.49+0.08 to
production. They noted that embryos as young as stage 43 wer&7+0.17. Although there is something inherently different
able to maintain a maximal oxygen consumption until thebout the 38°C embryos that allows them to better resist gradual
ambient temperature reached 34°C, and proposed that tHecreases in ambient temperature, these data suggest this effort
embryo was an apparent poikilotherm, unable to maintain bodg short-lived, lasting for only a few hours. The constraints
temperature, only because of the thermal constraints of the eggposed by the egg environment include a complete lack of
environment, not because they lacked the mechanisms requiredulation (Whittow and Tazawa, 1991), high thermal
for regulating metabolic activity. In support of the contentionsconductance (Tazawa et al., 1988) and limited diffusion of
of Tazawa et al. (1988), we propose two lines of evidenceespiratory gases (Wagensteen et al., 1970; Rahn et al., 1974).
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Each of these factors is likely to contribute to an eventuabzialowski, E. M., von Plettenberg, D., Elmonoufy, N. A. and Burggren,

overwhelming demand on metabolic heat production, such thatW: W (2002). Chronic hypoxia alters the physiological and morphological
trajectories of developing chicken embry@emp. Biochem. Physidl31A,

after 2h of exposure there is no difference between embryos ;13 754
incubated at 35°C and 38°C. Secondly, thega/@lues are also  Gutzke, W. H. N. and Crews, D(1988). Embryonic temperature determines

lower than those that describe the effect of temperatuigpon  2dult sexuality in reptileNature 332 832-834. _
duri dual l th me temperature ran Wiﬁi,]amburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
uring gradual cooling over the same temperature range. development of the chick embrya. Morphol.88, 49-92.

a Qo as high as 1.88, temperature has a greater effeébpon Howe, R. S., Burggren, W. W. and Warburton, S. J(1994). Fixed patterns

during the initial stages of cooling. The lower@fter a Ionger of bradycardia during late embryonic development in domestic fowl@vith
. . . . ._locus pleiotropic mutationgAm. J. Physiol268 H56-H60.

period of exposure implies that the exponential decrease W nsion 1. A. Viera, V. L. A. and Hill. J. (1996). Temperature and

oxygen consumption initially overshoots the appropriate ontogeny in ectotherms: muscle phenotype in fishPhenotypic and

but compensates within theh2 period of this experiment Evolutionary Adaptations of Organisms to Tempera(_eda l. A._Johnston
and A. F. Bennet), pp. 153-181. Cambridge: Cambridge University Press.

(Tazawa et al., 1989). Okuda, A. and Tazawa, H.(1988). Gas exchange and development of
) ) chicken embryos with widely altered shell conductance from the beginning
Incubation temperature and heterokairy of incubation.Respir. Physiol74, 187-197.

. . . ... Pearson, J. T., Haque, M. A., Hous, P.-C. L. and Tazawa, H1996).
Chicken embryos incubated under hypothermlc conditions Developmental patterns of 2Gconsumption, heart rate and; Qulse in

at 35°C appear to follow the same relative developmental unturned eggsRespir. Physiol103 83-87.

timeline as embryos incubated at 38°C. Embryo masses weralster, B.(1997)._ Oxygen, temperature and pH influences on development
of non-mammalian embryos and larvaeDievelopment of Cardiovascular

the sameVo, values were similar, and.mterne}l and external  systems(ed. W. W. Burggren and B. B. Keller), pp. 227-239. Cambridge:
pipping occurred at the same relative points along the Cambridge University Press.

developmental timeline. These responses would suggest triichard. G., Harder, L. D. and Mutch, R. A. (1996). The culture of eggs
.and embryos of amphipod crustaceans: implications for brood pouch

temperature, in fact, does not induce heterokairy, at least as |€hysiology_ 3. Mar. Biol. Assn. UKZ6. 361-376.
relates to changes in the relative timing of the onset of kegahn, H., Paganelli, C. V. and Ar, A.(1974). The avian egg: air-cell gas

physiological processes and their control that specifically, tensions, metabolism, and incubation tiRespir. Physiol22, 297-309.
foct th or the maturation of the r irator tem omijn, C. and Lokhorst, W. (1951). Foetal respiration in the héhComp.
arrect growtnh or the maturation of the respiratory SyStem ppygiol. Ecol2, 187-197.

(judging from the timing of pipping events). Yet, the differentspicer, J. I. and Burggren, W. W.(2003). Development of physiological

responses of 35°C and 38°C embryos to gradual cooling reveal€gulatory systems: altering the timing of crucial eveiesl. 106, 9_1—99._
ianifi f# f ch ic h h A bati h Tazawa, H. (1973). Hypothermal effect on the gas exchange in chicken
significant effects of chronic hypothermic incubation on the embryo.Respir. Physiol17, 21-31.

maturity of physiological components required for endogenousazawa, H.(1980). Oxygen and C{exchange and acid—base regulation in

heat production for thermoregulation. These ontogenetic the avian embryoAmer. Zool 20, 395-404. .
diff t th n t of heterokairv. but additi nTIazawa, H., Hashimto, Y., Nakazawa, S. and Whittow, G. C(1992).
Imerences suppor € concept or heterokairy, but a onal \etabolic responses of chicken embryos and hatchlings to altered O

experiments will be required to determine which regulatory environmentsRespir. Physiol88, 37-50.

components are responsible for the differences between 35%@zawa, H., Mikami, T. and Yoshimoto, C.(1971). Respiratory properties
d 38°C b of chicken embryonic blood during developméRéspir. Physiol13, 160-
an embryos. 170,

Temperature has been shown to have complex and selectivazawa, H., Wakayama, H., Turner, J. S. and Paganelli, C. \{1988).
effects on physiological and metabolic development in chicken Metabolig compensatiqn for gradual cooling in developing chick embryos.
. Comp. Biochem. Physid39A, 125-129.
embryos. In the companion paper we show how blogd OTazawa, H., Whittow, G. C., Turner, J. S. and Paganelli, C. V(1989).
transport properties are similarly affected in complex ways by Metabolic responses to gradual cooling in chicken eggs treated with thiourea
incubation temperature. and oxygenComp. Biochem. Physid2A, 619-622.
Temple, G. K., Cole, N. J. and Johnston, I. A.(2001). Embryonic
. . . temperature and the relative timing of muscle-specific genes during
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