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Summary. 1. Blood flow was measured in the 
brood patch of Bantam hens by recording the 
washout of la3Xe from the tissue in different ex- 
perimental conditions. 

2. In hens incubating 5 eggs at normal tempera- 
ture, cutaneous and subcutaneous blood flow in 
the brood patch averaged 0.31 ml. min- 1 .g-  1 and 
0.15 ml" rain- i. g - 1, respectively. 

3. Cooling the brood patch in restrained hens 
immediately increased cutaneous and subcutane- 
ous blood flow by an average of 83% and 63%, 
respectively. The increase in blood flow was re- 
stricted to the site of cooling, while neighbouring 
skin areas showed little change in flow. This cold 
vasodilatation could also be elicited in hens incu- 
bating water circulated eggs and was unaffected 
by local anaesthetics. 

4. The observations suggest that the vasodilata- 
tion in response to cooling is due to a direct tem- 
perature influence on the smooth muscle cells of 
the brood patch vasculature. 

5. It is suggested that the cold vasodilatation 
may be important for providing increased heat 
transfer to the eggs at low ambient temperatures 
or when the parent bird returns to cool eggs after 
feeding excursions. 

Introduction 

The proper development of the avian embryo is 
dependent on a near continuous supply of heat 
from an external heat source. In the vast majority 
of birds, the external heat is provided by one of 
the parent birds which incubate the eggs by sitting 
on them (Drent 1975). Most birds develop a naked 
brood patch by shedding the feathers on parts of 

the breast and belly in the beginning of the breed- 
ing season. Along with the defeathering, the size 
and number of blood vessels in the cutaneous and 
subcutaneous tissues increase significantly (Lange 
1928; Bailey 1952). It is generally believed that 
these changes, which occur under hormonal con- 
trol, enhance the transfer of heat from the incubat- 
ing bird to the eggs (Drent 1975). 

Several studies have shown that the incubating 
bird regulates the temperature of the eggs by ad- 
justing the nest attentiveness and the 'tightness of 
sit' on the eggs (Irving and Krog 1956; Drent 
1970; White and Kinney 1974; Haftorn 1979). In 
addition to this behavioural regulation, there is 
also evidence that the incubating birds respond 
physiologically to egg temperatures that deviate 
from normal. For example, it has been found that 
egg cooling increases the breathing rate (Haftorn 
and Reinertsen 1982), shivering (Toien et al. 1984), 
and oxygen consumption (Biebach 1979; Vleck 
1981). Furthermore, Gabrielsen and Steen (1979) 
demonstrated that ptarmigans returning to nests 
with cold eggs increased their heart rate considera- 
bly, and if this response was blocked by adminis- 
tration of propranolol, warming of the eggs took 
longer time. These studies show that warming of 
the eggs to normal incubation temperature is facili- 
tated by an increase in heat production, and appar- 
ently the heat is distributed to the brood patch 
by the circulating blood. However, as argued by 
Toien (1984), the increase in heart rate during egg 
cooling may primarily serve to provide more blood 
for the shivering muscles, and so far there is no 
direct experimental evidence for changes in blood 
flow in the brood patch. 

In the present study we report on direct mea- 
surements of blood flow in the brood patch of 
Bantam hens and provide evidence that egg cool- 
ing results in vasodilatation of the brood patch. 
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Materials and methods 

Animals and incubation conditions 

Five Bantam hens and one cock (Gallus gallus var. domesticus) 
with body weights of 678+_66 g (mean+_SD) were obtained 
from a local poultry breeder and brought into a large aviary 
in an animal house in late winter. The fowls were given food 
and water ad libitum and were exposed to natural light condi- 
tions and fresh air through a door open to the outside. After 
egg laying started, nest facilities were offered and four of the 
hens successively started incubation. Eggs were removed so that 
each nest contained 5-6 eggs, and before hatching, fresh eggs 
were returned so that incubation could be prolonged if neces- 
sary. 

The nests consisted of small plastic buckets sheltered in 
vertical boxes. The experimental nest was situated outside the 
aviary and was similar to the others, except that the bowl was 
reduced in size with cardboard and a scintillation detector was 
fitted into the side of the box (Fig. 1). 

Blood flow measurements 

Blood flow in the brood patch was measured by using a modifi- 
cation of the washout technique of Kety (1948). The technique 
is based on the principle that the washout of a freely diffusible 
isotope, which is introduced into the tissue, is proportional 
to the blood flow in that particular tissue. The isotope used 
in the present study was ~ a axe which can be introduced without 
trauma into cutaneous and subcutaneous tissues by diffusion 
from the surface of the skin. Since the technique, its theoretical 
background, and validity have been described thoroughly in 
previous publications (Sejrsen 1968, 1969, 1971), only a brief 
outline will be given here. 

A small area (ca. 2 em 2) of the thoracal part of the brood 
patch was labeled with laaxe laterally to the midline by expos- 
ing the skin to 0.1 ml physiological saline containing 0.1 to 
0.5 mCi of the tracer. The depot was applied epicutaneously 
and covered with a gas tight Mylar membrane. After 2 rain 
exposure, a sufficient amount of laaXe had diffused into the 
skin and the surplus was wiped off and recording of the wash- 
out started. The recording equipment consistent of a scintilla- 
tion detector with a sodium iodide crystal (diameter 31 mm, 
thickness 6 ram) connected to a rate meter which printed the 
counts at 10 or 20 sec intervals. The washout curves showed 
a biexponential form, indicating that ~a3Xe was washed out 
from two different compartments of the tissue at different rates. 
It has been shown that the initial fast component of similar 
curves in humans corresponds to washout of laaXe from the 
cutaneous compartment, while the final slower component is 
washout of the isotope from the subcutaneous tissue (Sejrsen 
1969). The difference in the washout rate is essentially due to 
the high solubility (affinity) of laaXe in lipid, which is present 
in high amounts in the subcutaneous tissue (see below). The 
two components of the washout curve were determined by 
graphical curve resolution, and subsequently the rate constants 
(k) were calculated by the method of least squares. Blood flow 
was then computed according to the equation 

f = k . 2  

wheref i s  blood flow (ml. ra in-1 .g-1)  and ~, is the tissue-blood 
partition coefficient (ml.g-1) for 1 aaXe" ,~ is dependent on the 
amount of water, lipid, and protein in the tissue, and therefore 
the content of these constituents in the brood patch was deter- 
mined for one of the hens after the experiments. 

The brood patch was separated in its cutaneous and subcu- 
taneous components and the tissues were dried to constant 

I temp. recorder 

~ etector 

I 
circulation circulation 
unit unit 
5-100 C 39 o C 

Fig. 1. Experimental set-up for measuring changes in brood 
patch blood flow during egg cooling in freely incubating hens. 
In addition to the two water circulated eggs, the nest contains 
three normal eggs. The brood patch is labeled with ~33Xe and 
the washout rate, which is porportional to blood flow, is re- 
corded by the scintillation detector 

weight at 40 ~ in a vacuum oven. Lipid was extracted from 
the dry residue by a 2:1 mixture of chloroform and methanol. 
The dry, extracted material was finally combusted at 500 ~ 
to determine the amount of inorganic material. The difference 
in weight of the dry extracted material and ash was assumed 
to provide an estimate of the protein content, though the frac- 
tion also includes some carbohydrate material. The water, lipid, 
and protein contents were 70.7%, 1.4%, and 26.3% for the 
cutaneous tissue, and 61.0%, 24.9%, and 13.2% for the subcu- 
taneous tissue, respectively. Using the solubility coefficients for 
t33Xe reported by Yeh and Peterson (1963, 1964, 1965) and 
a hemoglobin content of 9.0 g per 100 ml blood (Sturkie 1976), 
the tissue-blood partition coefficient was 1.0 ml .g -1  for the 
cutaneous tissue and 4.4 ml. g-  1 for the subcutaneous tissue. 

Temperature measurements 

Colonic temperature, brood patch temperature (measured at 
the egg-brood patch interface), and the temperature of the arti- 
ficial eggs were recorded with calibrated copper-constantan 
thermocouples which were connected either to a spot galvano- 
meter (Radiometer, GVM 22c) through a rotary switch or to 
a potentiometric recorder (Goertz Electro, RE 501). The refer- 
ence j unctions of the thermocouples were kept in a waterfilled 
vacuum flask where the temperature was read on a standard 
mercury thermometer (accuracy 4-0.05 ~ The accuracy of the 
temperatures determined with the spot galvanometer was 
+ 0.05 ~ while that of the recorder was + 0.5 ~ 

Experimental conditions 

All experiments were conducted at normal room temperature 
(20-22 ~ Blood flow was recorded in freely incubating hens 
and in restrained hens. 

1. Freely incubating hens. After labeling of the brood patch with 
t33Xe, the hen was returned to the experimental nest which 
contained 5 eggs that were kept warm during the labeling peri- 
od. Recording of the washout started immediately when the 
hen had settled on the eggs and continued for about 50 rain. 
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Fig. 2. Washout of 133Xe in the 
brood patch of a hen incubating 
5 eggs with normal temperature. 
A is the recorded washout curve. 
B and C, which represent the 
subcutaneous and cutaneous 
components, respectively, have 
been obtained with graphical 
resolution of the washout curve 

In cases where the response to egg cooling was tested, two 
of the normal eggs were removed and replaced with hollow 
metallic eggs which were circulated in series with either warm 
(39 ~ or cold (5-10 ~ water from two thermostatically con- 
trolled reservoirs (Heto, Hetofrig) (Fig. 1). Care was taken to 
place the hen on the nest in a way that was assumed to provide 
contact between the labeled area of the brood patch and one 
of the water circulated eggs. After 3-4 min of steady incubation, 
the artificial eggs were alternately perfused with cold and hot 
water in 3 min periods. In order to reduce experimental stress 
to a minimum, thermocouples were not attached to the incubat- 
ing hen in experiments where blood flow was recorded. The 
effect of egg cooling on deep body temperature and brood patch 
surface temperature was recorded in separate experiments. 

2. Restrained hens. In this condition, which was applied to ob- 
tain information on the response of the brood patch to general 
or local cooling, the hen was restrained on its back with the 
head covered with a cloth. A hollow metallic disc (diameter 
3 cm) circulated with water from a Hetofrig was used for local 
cooling while general cooling of the whole patch was accom- 
plished by covering it with a water soaked swab that was venti- 
lated with an air stream. The degree of cooling was monitored 
by a thermocouple taped to the skin. 

Dam analysis 

Graphical curve resolution and least squares regression analysis 
were performed with a computer programmed specifically for 
this purpose. All results are expressed as mean _+ standard devia- 
tion (SD). 

Results 

Brood patch blood flow in incubating hens 

A l t h o u g h  the  hens  u s u a l l y  r e s u m e d  i n c u b a t i o n  im-  
m e d i a t e l y  w h e n  t h e y  were  r e t u r n e d  to  the  exper i -  
m e n t a l  nes t ,  m e a s u r e m e n t s  o f  b r o o d  p a t c h  b l o o d  
f l ow  were  a t  t imes  t r o u b l e d  b y  c h a n g e s  in  the  re-  
c o r d i n g  c o n d i t i o n  c a u s e d  b y  r e se t t l i ng  m o v e m e n t s  
o f  the  hens .  F i g u r e  2 i l l u s t r a t e s  the  w a s h o u t  o f  
133Xe f r o m  the  b r o o d  p a t c h  in  a n  e x p e r i m e n t  
w h e r e  t he  hen  i n c u b a t e d  qu i e t l y  d u r i n g  the  en t i r e  
r e c o r d i n g  p e r i o d .  T h e  b i e x p o n e n t i a l  w a s h o u t  cu rve  
h a s  been  r e s o l v e d  i n to  i ts i n i t i a l  f as t  c o m p o n e n t  
(C)  a n d  s l o w e r  ' t a i l '  (B) w h i c h  r e p r e s e n t  w a s h o u t  
o f  133Xe f r o m  the  c u t a n e o u s  a n d  s u b c u t a n e o u s  t is-  
sues,  r e spec t ive ly .  T h e  c u t a n e o u s  a n d  s u b c u t a n e -  
ous  b l o o d  f low c a l c u l a t e d  f r o m  5 e x p e r i m e n t s  w i th  
hens  i n c u b a t i n g  eggs  a t  n o r m a l  t e m p e r a t u r e  were  
0 . 3 1 + 0 . 1 2  m l ' m i n - l ' g  - 1  a n d  0 . 1 5 _ + 0 . 0 5 m l .  
ra in  - 1. g -  1, r e spec t i ve ly .  

Effect o f  cooling 

G e n e r a l  c o o l i n g  o f  the  b r o o d  p a t c h  in r e s t r a i n e d  
hens  i m m e d i a t e l y  i n c r e a s e d  the  w a s h o u t  r a t e  o f  
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Fig. 3. Effect of cooling on brood patch 
blood flow in a restrained hen. Spells of 
cooling increases the washout rate of 133Xe 
(top curve). The rate constants given below 
the washout curve show that the blood flow 
during cooling is increased with a mean 
value of 94% in comparison to precooling 
and postcooling levels. This experiment was 
conducted in the cutaneous phase of the 
washout curve 

133Xe (Fig. 3). The increase in blood flow in re- 
sponse to cooling was 83 _+ 26% (n = 7) for the cu- 
taneous tissue and 63 _+ 22% (n = 6) for the subcu- 
taneous tissue. If  cooling was restricted to the la- 
beled area, a similar increase in blood flow was 
observed, while cooling the adjacent skin (2-3 cm 
from the labeled area) caused a slight decrease 
(6-8%) in blood flow. The associated decline in 
skin temperature was about  15 ~ immediately be- 
low the cold disc and less than 1 ~ in the neigh- 
bouring skin. These experiments indicate that va- 
sodilatation only occurs in the area where the cold 
stimulus is applied, while neighbouring areas may 
respond with vasoconstriction. 

The vasodilatory response could also be elicited 
in freely incubating hens, although the response 
was more variable. Shifting from hot to cold water 
in the perfused eggs increased blood flow with an 
average of  23 % in 6 experiments, while in 8 experi- 
ments there was no change or a slight decrease 
in blood flow. In line with the results from local 
cooling experiments, it is likely that the vasocon- 
strictor response or lack of  response to egg cooling 
were seen in experiments where the artificial eggs 
were not in direct contact with the labeled area 
of the brood patch. 

In order to determine whether the observed va- 
sodilatation is a neural mechanism, six experiments 
were performed with restrained hens in which the 
brood patches were anaesthetized with lidocaine 
(ca. 2 ml 0.5%, injected subcutaneously around the 
nerves that enter the brood patch from its lateral 
border, or directly in the area which was subse- 

quently labeled with 133Xe).  The volume and con- 
centrations used were assumed to provide complete 
nerve blockade after 30 min, since similar doses 
in humans effectively block nerve transmission in 
somatic as well as autonomic fibers (Henriksen 
1977). The mean rate constant of  the washout 
curve in precooling periods (0.1023 +_ 0.0325 min-  1) 
was not significantly different (P > 0.1, t-test) from 
that found without local anaesthesia 
(0.1410 + 0.0416 min-1), indicating that nerve 
blockade did not alter the level of blood flow. The 
increase in cutaneous blood flow in response to 
general cooling of the brood patch was 110 + 71%, 
which is not significantly different (P > 0.1, t-test) 
from the value obtained without nerve blockade. 

Body and brood patch temperatures 

Body temperature and the temperature of the 
brood patch measured during incubation in the 
four hens averaged 41.7 _+ 0.3 ~ and 40.8 + 0.7 ~ 
respectively. Shifting from hot to cold water in the 
artificial eggs had a marked influence on body and 
brood patch temperature. After circulating 6 ~ 
water for a period of 8 rain, body temperature and 
brood patch temperature (contralateral to the arti- 
ficial eggs) decreased with 1.2_+0.7 ~ (n=6)  and 
1.1 +0.9 ~ (n= 6), respectively. 

Discussion 

The appearance of the washout curve for 133Xe 
in the brood patch of  the hens (Fig. 2) corresponds 
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to the biexponential washout curves seen in the 
human skin (Sejrsen 1971). The absolute blood 
flow values derived from the washout curves are 
dependent on the tissue-blood partition coefficient 
(2) for 133Xe, which again depends on the compo- 
sition of the tissue and blood (Yeh and Peterson 
1965). In the present study, the value of 2 calcu- 
lated for the cutaneous tissue (1.0 ml-g-1) is com- 
parable to the 0.7 ml-g-1 used in humans (Sejrsen 
1971), the difference being due to the lower hemo- 
globin content in chicken blood. In contrast, 2 for 
the subcutaneous tissue of the brood patch (4.4 ml. 
g - l )  deviate considerably from the 10.0 ml 'g -1 
reported by Larsen et al. (1966) for the rat. This 
difference is mainly due to the low lipid content 
in the subcutaneous tissue of the thoracic skin of 
the fowl. 

Being a freely diffusible tracer, ~33Xe enters 
capillaries as well a larger blood vessels such as 
arteriovenous anastomoses (AVAs). Since AVAs 
are present in the brood patch of birds (Midtggtrd 
1984) it cannot be excluded that a small part of 
the blood flow measured in the present study is 
due to washout of 133Xe through these vascular 
structures. Wolfenson et al. (1981) have measured 
capillary blood flow in various tissues of the laying 
hen by using 15 gm microspheres. They found that 
blood flow in the breast skin increased from 
0 .05ml .min- l .g  -1 in the normothermic hen to 
0.35 ml.min 1.g-~ during heat stress. Although 
the values obtained with the 133Xe washout tech- 
nique and microspheres are not directly compara- 
ble, it appears that the blood flow associated with 
dissipating heat from the breast skin during hy- 
perthermia is comparable to what is necessary for 
incubating 5 eggs in a thermoneutral enviromnent. 
However, it is surprising that breast skin blood 
flow in incubating hens does not exceed that of 
the hyperthermic laying hen, especially when con- 
sidering that the vascularity of the thoracic skin 
increases greatly during formation of the brood 
patch (Lange 1928; Bailey 1952). The reason for 
this may be that the increased vascularity concerns 
the AVAs rather than the capillaries, and that 
AVA blood flow is more important in delivering 
heat to the eggs than capillary blood flow. How- 
ever, recent experiments with sheep have shown 
that AVA and capillary blood flow can be equally 
important in dissipating heat from the skin (Hales 
1985). 

The major objective in the present study was 
to determine the response of the brood patch vas- 
culature to cooling. Although the changes that we 
recorded are small in comparison to the 7-fold in- 
crease in breast skin blood flow which Wolfenson 

et al. (1981) found for the heat stressed hen, our 
findings are important in that the response is oppo- 
site to what would be expected for cutaneous blood 
vessels. While mild cooling of the skin generally 
decreases blood flow, the brood patch vasculature 
responds with a promptly onset increase in blood 
flow. However, cold vasodilatation is not unique 
to the brood patch, since this phenomenon, al- 
though different in nature, also has been observed 
in the hands of humans (Lewis 1930; Greenfield 
et al. 1951 ; Krog et al. 1960; Folkow et al. 1963) 
and in the feet of birds (Johansen and Millard 
1974; Murrish and Guard 1977). Immersion of the 
hands in water at temperatures close to zero ~ 
elicits transient vasoconstriction followed by lon- 
ger lasting vasodilatation. The dilatory response 
depends on a number of different mechanisms, but 
apparently vasodilatory nerves are not involved 
(Greenfield etal. 1951; Folkow etal. 1963). In 
contrast, the prompt increase in blood flow that 
occurs when the foot of the Antarctic fulmar (Mac- 
ronectes giganteus) is immersed in icewater is a neu- 
ral vasodiIatory response (Johansen and Millard 
1974; Murrish and Guard 1977). Active vasodila- 
tation can also be elicited in the feet of ducks and 
chickens (McGregor 1979), and it appears that the 
dilatory nerves are restricted to the AVAs (Hillman 
et al. 1982). Ultrastructural observations confirm 
the presence of possible vasodilatory nerve termi- 
nals near AVAs in the feet of ducks (Molyneux 
and Harmon 1982). We have not established the 
nature of the mechanism that underlies the cold 
vasodilatation in the brood patch, nor do we know 
whether AVAs are involved. However, the fact that 
the dilatory response was purely local and was un- 
affected by nerve blockade seems to suggest that 
nerves are not involved. Further experiments, such 
as perfusion of isolated tissue, are of course needed 
to confirm this. If nerves are proven not to be 
involved it is likely that the vasodilatory response 
is due to a direct temperature influence on the vas- 
cular smooth muscle fibers. A vasodilatory mecha- 
nism of this kind has been reported for the rabbit 
facial vein (Winquist and Bevan 1980). 

The variable response of the brood patch vas- 
culature to egg cooling in the freely incubating 
hens is most likely related to differences in the posi- 
tion of the artificial eggs with respect to the skin 
area in which blood flow was recorded. Being a 
local response, vasodilatation would only be ob- 
served in cases of direct contact between the la- 
beled area and the cold eggs, whereas a decrease 
in blood flow would be recorded if adjacent areas 
were cooled. Although temperature is a poor mea- 
surement of blood flow, the observation of a de- 
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crease in brood patch surface temperature on the 
contralaterat side to the cold eggs is also suggestive 
of vasoconstriction. The vasoconstrictor response 
in adjacent areas may be a reflex mechanism in- 
volving brood patch thermoreceptors or could be 
elicited centrally due to the pronounced decrease 
in deep body temperature seen during spells of egg 
cooling. The decline in colonic temperature occurs 
immediately upon egg cooling and is believed to 
be mediated by the circulating blood rather than 
being a local heat conduction phenomenon. 

It is obvious that an increase in brood patch 
blood flow, together with other physiological chan- 
ges that occur in response to egg cooling, implies 
that more heat is transferred to the eggs. This 
mechanism may be considered advantageous to in- 
cubation in several respects: (1) heat transfer to 
the eggs will be augmented during incubation at 
low ambient temperature; (2) eggs that have been 
cooled, for instance if the incubating bird has left 
the nest to feed, will heat up faster than they would 
in the absence of the mechanism; and (3) in being 
a local response, the vasodilatation will serve to 
distribute heat preferentially to cold eggs in a 
clutch, which will tend to diminish temperature 
gradients between the different eggs. While cold 
vasodilatation in the breast skin obviously is im- 
portant during the breeding season, it is clear that 
the same response is disadvantageous to the bird 
outside this period of the year. It is a question 
whether the vasodilatory mechanism is universally 
present in the breast skin or only concerns the new 
blood vessels that develop in the brood patch. It 
has been shown that full brood patch vasculariza- 
tion can be elicited by administration of a combi- 
nation of estrogen arid prolactin (Jones 1969), and, 
until further experiments have been made, it is 
tempting to speculate that changes in the level of 
one or both of these hormones during the incuba- 
tion period could alter the sensitivity of the brood 
patch vasculature to thermal stimulation. 

Acknowledgements~ The technical assistance of Beth Beyerholm, 
Grete Nielsen, and Annette Orth is gratefully acknowledged. 

References 

Bailey RE (1952) The incubation patch of passerine birds. Con- 
dor 54:~2~-136 

Biebach H (1979) Er~ergetik des Brfitens beim Star (Sturnus 
vuigaris). J Ornithol 120:121-138 

Drent RH (1970) Functional aspects of incubation in the Her- 
ring gull. Behaviour [Suppl] 17:1-132 

Drent R (1975) [ncubation. In: Farner DS, King JR (eds) Avian 
biology, vol 5. Academic Press, New York~ pp 333-420 

Folkow B, Fox RH, Krog J, Odelram H, Thorhn O (1963) 
Studies on the reactions of cutaneous blood vessels to cold 
exposure. Acta Physiol Scand 58:342-354 

Gabrielsen G, Steen JB (1979) Tachycardia during egg-hypo- 
thermia in incubating ptarmigan (Lagopus lagopu~). Acta 
Physiol Scand ~ ~37: 273-277 

Greeufield ADM, Shepherd or'[ ", Whelan RF (195I) Tke part 
played by the nervous system in the response to cold of 
the drculation through the finger tip. Clin Sci 10:347-360 

Hafforn S (1979) incubation and regulation of egg tempera- 
ture in the Willow tit Parus montanus. Ornis Scand 10:220- 
234 

Hafforn S, Reinertsen RE (1982) Regulation of body tempera- 
ture and heat transfer to eggs during incubation. Ornis 
Scand 13:1-10 

Hales JRS (1985) Skin arteriovenous anastomoses, their control 
and role in thermoregulation. In: Johansen K, Burggren 
WW (eds) Cardiovascular shunts. Munksgaard, Copenha- 
gen 

Henriksen O (1977) Local sympathetic reflex mechanism in reg- 
ulation of blood flow in human subcutaneous adipose tissue. 
Acta Physiol Scand [Suppl] 450 : 1-48 

Hillman PE, Scott NR, van Tienhoven A (1982) Vasomotion 
in chicken foot: dual innervation of arteriovenous anasto- 
moses. Am J Physiol 242:R582-R590 

Irving L, Krog J (1956) Temperature during the development 
of birds in arctic nests. Physiol Zool 29:195-205 

Johansen K, Millard RW (:1974) Cold-induced neurogenic vaso- 
dilatation in skin of the Giant fulmar Macronectes gigan- 
teus. Am J Physiol 227:1232-1235 

Jones RE (1969) Hormonal control of incubation patch devel- 
opment in California quail Lophortyx californicus. Gen 
Comp Endocrinol 13 : 1-13 

Kety SS (1948) Quantitative measurement of regionaI circula- 
tion by clearance of sodium. Am J Med Sci 215:352-353 

Krog J, Folkow B, Fox RH, Lange Andersen K (1960) Hand 
circulation in the cold of Lapps and Norwegian fishermen. 
J Appl Physiol 15 : 654-658 

Lange B (1928) Die Brutflecke der V6gel und die ftir sic wichti- 
hen Hauteigentfimlichkeiten. Gegenbaurs Morph Jb 
59:601-712 

Larsen OA, Lassen NA, Quaade F (1966) Blood flow through 
human adipose tissue determined by radioactive xenon. 
Acta Physiol Scand 66 : 337-345 

Lewis T (1930) Observations upon the reactions of the vessels 
of the human skin to cold. Heart 15:177-208 

McGregor DD (1979) Noncholinergic vasodilator innervation 
in the feet of ducks and chickens. Am J PhysioI 237:H 112- 
HlI7 

Midtgard U (1984) Density of arteriovenous anastomoses in 
some skin areas of the domestic fowl (Gallus domesticus). 
Anat Rec 209:455-459 

Molyneux GS, Harmon B (1982) Innervation of arteriovenous 
anastomoses in the web of the foot of the domestic duck, 
Anas platyrhynchos. Structural evidence for the presence of 
non-adrenergic non-cholinergic nerves. J Anat 135:119-128 

Murrish DE, Guard CL (1977) Cardiovascular adaptations of 
the Giant petrel, Macronecles giganteus, to the antarctic 
environment. In: Llano GA (ed) Adaptations within antarc- 
tic ecosystems. Smithsonian Institute, Washington, pp 511- 
530 

Sejrsen P (1968) Atraumatic local labelling of skin by inert 
gas: epicutaneous application of xenon-t 33. J Appl Pllysiol 
24: 570-572 

Sejrsen P (1969) Blood flow in cutaneous tissue in man studied 
by washout of radioactive xenon. Circulation Res 
25: 215-229 

Sejrsen P (1971) Measurement of cutaneous blood flow by 
freely diffusible radioactive isotopes. Danish Med Bull 
[Suppl] 18:1-38 



U. Midtg~rd et al. : Cold vasodilatation in the brood patch of Bantam hens 709 

Sturkie PD (1976) Avian physiology. Springer, Berlin Heidel- 
berg New York, pp 1-400 

Toien O (1984) Rugefysiologi: Respons p5 varierende eggtem- 
peratur hos rugende dverghoner. Thesis, University of Oslo, 
pp 1-61 

Toien O, Aulie A, Steen JB (1984) Physiological responses in 
bantams incubating cold water circulated eggs. Fauna Nor- 
vegica Ser C. cinclus 7:138 

Vleck CM (1981) Energetic cost of incubation in the zebra 
finch. Condor 83 : 229-237 

White FN, Kinney JL (1974) Avian incubation. Science 
186:107-115 

Winquist RJ, Bevan JA (1980) Temperature sensitivity of tone 

in the rabbit facial vein: Myogenic mechanism for cranial 
thermoregulation. Science 207:1001-1002 

Wolfenson D, Frei YF, Snapir N, Berman A (1981) Heat stress 
effects on capillary blood flow and its redistribution in the 
laying hen. Pfliigers Arch 390:86-93 

Yeh S-Y, Peterson R (1963) Solubility of carbon dioxide, kryp- 
ton, and xenon in lipids. J Pharmacol Sci 52:453-458 

Yeh S-Y, Peterson R (1964) Solubility of carbon dioxide, kryp- 
ton, and xenon in aquous solutions. J Pharmacol Sci 
53 : 822-824 

Yeh S-Y, Peterson R (1965) Solubility of krypton and xenon 
in blood, protein solutions, and tissue homogenates. J Appl 
Physiol 20 : 1041-1047 


