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Summary

Metabolic rate (MR) and various body temperatures the pigeons usually maintained a low leg skin temperature.
were recorded in pigeonsColumba livia during gradual However, during these experiments, the pigeons showed
lowering of the ambient temperature ) and during cold  regular distinct increases in leg skin temperature,
exposure (10°C) for an entire circadian cycle. The aim obviously due to cold-induced vasodilatations (CIVDs).
was to study how changes in MR accorded with the The flushing of cold peripheral blood through the body in
observed body temperature displacements and our connection with these CIVDs resulted in a decrease in deep-
knowledge of regional cold sensitivity. WhenTa was  body temperature (Tp), to which the pigeons responded
lowered from 28 to-10°C, the threefold increase in MR  with a distinct increase in MR. From the concomitant
was accompanied by a significant increase in deep-body changes in MR andTp, a total body cold sensitivity of
and spinal cord temperatures. Cold exposure also resulted -8.0W kg™1°C~1 was calculated, a value that is close to the
in a distinct rise in breast skin temperature, whereas the previously published cold-sensitivity value of pigeons. This
skin temperatures of the neck, back and leg decreased shows that, at least under some naturally occurring
significantly. Thus, during acute cold exposure of pigeons, conditions, internal thermosensors will provide a
peripheral thermosensors seem to have the primary effect significant error signal in the control of metabolic cold
in mediating metabolic cold defence, while internal defence. Furthermore, the results of our study show that
thermosensors are apparently of minor importance. By the relative importance of various thermosensitive sites in
using differential weightings of various skin areas, cold- the control of metabolic cold defence is contextual.
sensitivity values of between-3.9 and -14.7 Wkg1°C1
were estimated. These values indicate a much higher skin Key words: body temperature, metabolic rate, cold thermosensitivity,
thermosensitivity of birds than has been previously cold-induced vasodilatation, pigeoGolumba livia spinal cord,
suggested. When cold-exposed for an entire circadian cycle, thermoregulation.

Introduction

The ability of homeotherms to regulate their bodymultitude of thermosensors located in the body core as well as
temperature precisely is based on a high intrinsic hean the skin. According to the concept of proportional control
production, in addition to a well-developed ability to regulatein thermoregulation, the increase in heat production will be
the heat loss from the body. During cold exposureproportional to the extent to which the body temperature is
homeotherms respond to the increased temperature gradieligplaced (Hammel, 1968). This has been demonstrated
between the body and its surroundings with a decrease éxperimentally for both birds and mammals (Mercer and
thermal conductance and an increase in metabolic he&imon, 1984; Simort al. 1986). The precise contribution of
production. The regulation of heat loss is manifested as the central and peripheral thermosensors in providing
general decrease in skin temperature, due to a reducedormation on the thermal state of the whole body is unknown.
peripheral blood flow, whereby the temperature gradientHowever, it is generally assumed that the central
between the body surface and the environment is decreasg@rmosensors are the most important in mediating this
(Feist and White, 1989; Marsh and Dawson, 1989). information (Hensel, 1981; Mercer and Simon, 1984; Siaton

Since nearly all parts of the body are sensitive to thermaill. 1986).
stimulation, a weighted mean body temperature would seem to Quantitative assessments of local cold-sensitivity values
represent the regulated variable in homeothermitbave been made by comparing the effector responses induced
thermoregulation (Hensel, 1981; Jessen, 1990). Thus, thwy selective cooling of particular parts of the body. In birds,
augmentation of heat production under cold conditions isotal body thermosensitivity (TBTS) has been estimated to
probably controlled by the combined sensory inputs from aange from approximatekys to—20 W kg1°C1 (Simonet al.
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1986; Mercer and Hammel, 1993). Whilst the spinal cord ismportance of different thermosensitive areas might depend on
regarded as an important thermosensory area in birdke type of thermoregulation in which the birds are engaged at
(Rautenbergt al.1972; Inomoto and Simon, 1981; @stnes andany particular time.
Bech, 1992), thermal stimulation of the hypothalamus elicits A preliminary summary of the results of this study has been
paradoxical or only weak thermoregulatory effector responsegported elsewhere (Bech and @stnes, 1996).
(Rautenberget al. 1972; Simon-Oppermanet al. 1978;
Mercer and Simon, 1987). From a comparison of the different )
thermosensitive areas of Pekin ducksas platyrhynchgs Materials and methods
Inomoto and Simon (1981) suggested that deep-body Experimental animals
thermosensors, external to the central nervous system (CNS),Nine pigeons, with a mean body mass of 414+12mM.,
play the dominant role in the control of body temperaturetange 383-486 g), were used in the study. They were all adult
while the contribution of the skin to TBTS is minor. birds (more than 3 years old) that had been kept under constant
Experimentally induced temperature displacements do natonditions of ambient temperature (20—22 °C) and illumination
necessarily reflect naturally occurring body temperatur¢l2h:12h L:D cycle; lights off at 20:00 h) for more than 2 years
changes. In this connection, it is interesting to note that angrior to the experiments. Food and water were availatle
attempt to demonstrate a correlation between normdibitum, although food was withheld for 16 h prior to the start
fluctuations in CNS temperature and thermoregulatory effectaf each experiment (from 17:00h on the evening before an
activity have failed both in mammals (Abrams and Hammelexperiment) to ensure that the pigeons were post-absorptive.
1965; Rawsoret al. 1965) and in birds (Graf and Necker,
1979). Furthermore, several studies have noted a lack of cold Temperature measurements
signal inputs from the body core during exposure of Under halothane anaesthesia, the pigeons were fitted with
homeotherms to low ambient temperatures (Graf and Neckeslind-ending tubes (PP 00, Portex Ltd, UK) placed in the
1979; Mercer and Hammel, 1989; Hammel, 1990; @stnes andgrtebral canal dorsal to the spinal cord using the procedure
Bech, 1997). Thus, it is still unknown to what extentdescribed previously (Rautenbeeg al. 1972; @stnes and
thermosensors situated inside the body core contribute to tiech, 1992). From a common opening made in the first
combined error signal that controls metabolic cold defencthoracic vertebra, one tube was advanced approximately 5cm
when homeothermic animals are subjected to an external calato the cervical region, while a second tube was inserted
challenge. Information about the actual regional bodyapproximately 4.5cm into the thoracic region. During the
temperature changes which occur during exposure to loexperiments, thin Co—Cu thermocouples (California Fine Wire
ambient temperatures is therefore needed for an evaluation @dmpany, type 0.005) were inserted into these tubes to enable
the importance of the different thermosensory areas ins to record the cervicalde) and the thoraciclg) spinal cord
mediating metabolic cold responses. temperatures. After the experiments were concluded, the exact
The aim of the present study was to describe temperatupmsitions of the two tubes were verified duripgst-mortem
changes in different parts of the body during cold exposure iexaminations. Temperatures in the cervical region were
pigeons Columba livia with the specific objective of measured at the level ofg@Cs, while temperatures in the
investigating how the changes in metabolic rate accord witthoracic region were measured atThhe pigeons were also
the observed body temperature displacements and oaguipped with a blind-ending tube (PP 50) inserted 5cm into
knowledge of regional cold sensitivity. Metabolic rate wasthe abdominal cavity through an incision made close to the
recorded, together with deep-body temperature, spinal corloacal opening (dstnes and Bech, 1992). This tube acted as a
temperature and various skin temperatures in two differerguide tube for a thermocouple used to measure the deep-body
situations: (a) during gradual lowering of the ambienttemperatureTp). The pigeons were allowed at least 14 days to
temperatureTg) and (b) during long-term (24 h) exposure of recover before being used in the experiments. At the start of
pigeons to a lowra (—10°C). The concomitant changes in the each experiment, thermocouples were also placed on the breast
metabolic rate and the various body temperatures recorded (ifbreas), back Thack), neck (napeTneck and leg (lower part of
the first series of experiments led us to conclude that peripheithle tarsusTieg) to measure the various skin temperatures. Leg
thermosensors have a primary effect in the initiation angkin temperature was measured on the right leg only.
maintenance of metabolic cold defence, while centrally located
thermoreceptors are apparently of minor importance. During Oxygen consumption measurements
long-term cold exposure, the pigeons generally maintained a During the experiments, the pigeons were confined in an
low leg skin temperature indicative of a general peripherahcrylic metabolic chamber (71). This chamber was placed
vasoconstriction. However, in some of these experiments, wiaside a climatic chamber (Heraeus Vétsch, type VEM
observed regular distinct increases in leg skin temperatur®3/500). Within the metabolic chamber, the pigeons were
obviously due to cold-induced vasodilatations (CIVDs).exposed to darkness. Rates of oxygen consumption were
Metabolic responses elicited during these CIVDs weraneasured using flow-through respirometry. Dry atmospheric
correlated with distinct decreases in deep-body temperaturair was sucked through the chamber by an air pump (Miniport)
Thus, the present study will provide evidence that the relativat a rate of approximately 2.1 1min After drying over silica
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gel, the actual airflow rates were measured, using a mass fl@ivcadian cycle (long-term cold exposure), the pigeons proved
controller (Bronkhorst high-tech, type 201C-FA), beforeto be variable in their response to cold. In particular, a variable
fractions of the air were directed into an oxygen analyzenumber of CIVDs was recorded for each of the individual
(Servomex, type 1100A). The oxygen analyzer was calibrateggigeons. Consequently, for each of the six pigeons for which
before each experiment using dry atmospheric air (20.95% OCIVDs were recorded, we calculated the mean values for all
and pure nitrogen. Any change in the®ading at the end of the measured parameters based on the number of CIVDs
an experiment was corrected for by assuming a linear drift. Theecorded for that particular individual. For each episode of
recordings of the @content of the excurrent air (accuracy CIVD, the ‘pre-CIVD’ levels recorded for the deep-body,
0.01%) were stored, along with the temperaturespinal cord and skin temperatures, as well as the MR, were
measurements, on a data logger (Squirrel series 1200, Gramaticulated as the mean value for the last 5min prior to any
Instruments, UK), at 1 min intervals. observed change in leg skin temperature. The maximum value

Oxygen consumption rates were calculated fronstheair  of MR reached during a CIVD was calculated as the maximum
flow rates and the Ocontent of the excurrent air, using value of a 3min running average of the instantaneous oxygen
equation 3a of Withers (1977). The equation given by Niimconsumption. The corresponding values of all measured body
(1978) was used to correct for wash-out delays. Values daémperatures were calculated as the mean values for the same
metabolic rates (MR, Wkg) were subsequently calculated 3 min interval. From the changesTpand MR, we calculated
from the instantaneous oxygen consumption rates, assuminglues of ATy and AMR. From these values, a total body
that 1mlGg1h?is equal to 5.582Wkg and a respiratory thermosensitivity (TBTS), which is defined as the change in
exchange ratio of 0.79. metabolic heat production in response to a decrease in body

temperature of 1°C (expressed in WIC™1), could be
Experiments calculated aAMR/ATy, (Mercer and Simon, 1984; Simenhal.

Two different sets of experiments were performed. In the986). In addition, TBTS was assessed from the slope of a
first (termed acute cold exposure), the pigeons were firéinear regression line (least-squares regression method) of
exposed to thermoneutral ambient conditions (approximatelfMR againstATy (including the data for all individuals), in
28°C) for 3h. The temperature inside the metabolic chambevhich the regression line was forced through the origin.
was thereafter lowered to approximateti0 °C, a value that All data are presented as means.em., N denotes the
was usually attained within 1.5h. Each experiment wasumber of birds investigated. A pairédest was used for
terminated 3h after the onset of cooling. To excludeeomparisons of two groups of mean values, while more than
biorhythmic factors, the experiments were always performetivo groups of mean values were compared using a one-way
between 09:00 and 18:00h. Data were obtained from sevemalysis of variance (ANOVA) followed by the
pigeons. However, in one of these pigeons, only the deep-botjewman—Keuls test for pairwise multiple comparisons.
and spinal cord temperatures were measured. Overall differences were considered significant wRef.05.

In the second set of experiments (termed long-term coldll statistical analyses were performed using SigmaStat
exposure), each experimental run was initiated asoftware (version 1.0, Jandel Scientific, Germany).
approximately 09:00h (1 h after lights on). The pigeons were
first exposed to the thermoneutfalfor 2—3 h. Thereafter, the
temperature in the metabolic chamber was gradually reduced
to approximately-10°C. The pigeons were kept at this cold Acute cold exposure
Tauntil the next morning, i.e. the total time of each experiment The mean MR measured under thermoneutral ambient
was approximately 24 h. Data were obtained from six pigeonsonditions (28.1+0.2°C) was 4.71+0.19 WkgN=7). Mean
However, for two individuals, we failed to obtain dataTer Th, Tce and T at thermoneutrality were 40.8+0.1°C,

Results

and Theck respectively. 40.3+0.1°C and 40.5+0.1 °QN€7), respectively. Significant
_ o differences were found between these valuesi€4.54,
Calculations and statistics P<0.05). However, a pairwise multiple comparison revealed a

In the experiments involving acute cold exposure, thesignificant difference only betweély and Tce Mean Threast
average MR and body temperature values measured over thgck and Theck Values measured at thermoneutrality were
last 60 min before cold exposure commenced were taken #0.1+0.2°C, 39.8+0.1°C and 39.6+0.2 W¢=), respectively.
represent the resting values under thermoneutral conditionNo significant differences existed between the temperatures of
Similarly, the average MR and body temperature valuethe various feathered skin areas at thermoneutrality. Niggn
calculated for the period 90—150 min after cooling commencedt thermoneutrality was 32.0£0.7 °Q=6).
were taken to represent the comparable values under coldThe pigeons responded to the lowering Tef with an
conditions. Each pigeon was used 2-5 times in experimentsimediate increase in MR (Fig. 1). ATaof -9.8+0.7 °C, MR
and, on the basis of the results obtained from theseeached a new stable level of 14.10+0.63 WHK@N=7). This
experiments, individual mean MR and body temperatureepresents a threefold increase in MR compared with the level
values were calculated for each of the seven pigeons. measured at thermoneutrality. The increase in MR was

In the experiments involving cold exposure for an entireaccompanied by a concomitant increas&ij@as well as in the
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Fig. 1. Metabolic rate (MR) and various body temperatures measur%:gtngiocéi%rt?s:?s ilr-r:i(b:}e\,:lzle(z:h in turn caused the metabolic

in pigeons during the transition from thermoneutral to cold ambien ) i

temperatures. Cooling began at time zero. Values are meansi + . The flushing of the legs during the CIVDs cauded to

N=6. Some error bars are smaller than the symbols. increase from 8.3+1.1 to 26.0+2.8 °©$.39, P<0001) The
concomitant decrease iy was from 40.2+0.1 to 39.6+0.2°C
(t=17.7,P<0.0001, Fig. 5). This caused the MR to increase

two spinal cord temperatures measured (Fig. 1). As would bieom 12.39+0.76 to 16.68+0.51 Wkl (t=9.28, P<0.001).

expected,Thack Tneck @and Tieg decreased during the transition Spinal cord temperatures decreased significantly (Fig. 5) from

from thermoneutral to cold ambient conditions. In contrast39.9+0.1 to 39.6+0.1 °Ct£4.24, P<0.01) for Tce and from

Toreastincreased during cold exposure. 39.5+0.2 to 39.2+0.2 °Ct£3.19, P<0.05) forTih. In contrast

The increases iMb, Tce and Tpreast measured during the Toreast Thack and Tneck did not change significantly (Fig. 5),

transition from thermoneutral to cold ambient conditions weralthough there was a tendency fack to decreaset£2.44,

statistically significant (pairetitest; Fig. 2), wherea$, did P=0.059). The mean skin temperatures before the CIVDs were

not increase significantiyt<2.32,P=0.056). The decreases in 40.2+0.2°C for the breast, 35.2+0.5°C for the back and

Thack @nd Theck Were statistically significant (Fig. 2). Leg skin 36.8+0.5°C for the neck.

temperature declined to a mean value of 13.8+2.3°C during The increase in MR as a direct response to a transient
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Table 1.Changes in deep-body temperatufdf) and metabolic rateAMR) and the resultant total-body cold sensitivity (TBTS)
during periods of cold-induced vasodilatation (CIVD) in pigeons

Body mass ATh AMR TBTS
Individual n X (9) (°C) (Wkg? (Wkg1°C
0606 1 9 414 —0.68+0.04 3.91+0.56 —5.69+0.68
1000 1 2 383 -0.51 5.92 -11.93
1446 2 9 389 —-0.64+0.11 3.91+0.38 —6.96+0.81
1473 2 5 486 —0.52+0.09 5.23+1.14 —10.46+2.40
1586 3 10 441 —0.59+0.05 4.07£0.34 —7.20£0.65
12474 3 3 388 —0.48+0.03 2.70+0.30 —5.70+£0.98
Mean (\N=6) 416+16 —0.57+0.03 4.29+0.46 —7.99+1.06

n, number of experimental nights;number of CIVDs on which TBTS is based.
Mean values s.e.M. are presented whenever the number of measurements exceeds two; otherwise, only the mean value is given.
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number of birds. **P<0.001, **; P<0.01; *P<0.05; NS, not Fig. 6. Change in metabolic ratAMR) as a function of change in
significantly different from zero. deep-body temperature ATy) during periodic  cold-induced
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(approximately-10 °C). The regression line is forced through zero.
lowering of Ty allowed us to calculate the total-body cold Each point rep'refsen.t .the value from a single epispde of CIVD. Based
thermosensitivity (TBTS). Values of TBTS for the six ©" data from six individuals, as indicated by the different symbols.
pigeons could be calculated from 2, 3, 5, 9, 9 and 1
occurrences of CIVDs, respectively (Table 1). The individual
TBTS values ranged from5.7 to-11.9Wkg1°C™, with a  defence of homeothermic animals (Inomoto and Simon, 1981;
mean value of8.0W kg1°C-1. A one-way ANOVA on the Mercer and Simon, 1984; Simen al. 1986). In those studies,
individual means revealed a significant difference in TBTS3he thermosensitivity was determined mainly by experimental
between the pigeon${3=2.61,P<0.02), but a subsequent cooling of specific parts of the body core, using heat
Newman—Keuls test failed to reveal any pairwise differencegxchangers. Our aim was to investigate whether the thermal
probably because of the low number of CIVDs obtained froninformation derived from the spinal cord, or the deep-body
pigeon 1000 (Table 1). Fig. 6 shows all the individual TBTStissue external to the CNS, contributes to the combined error
measurements, the combined equation bAkR=—6.5AT,  signal that controls metabolic cold defence during exposure to
(r?=0.87, P<0.0001) when the linear regression line waslow Ta values in pigeons. As expected, lowering of The
forced through origin. The lower slope of this regression linenduced a near-linear increase in the MR of the pigeons
(-6.5Wkg1°C, Fig. 6) compared with the overall mean (Fig. 1). However, this increase was not accompanied by a
based on the individual values (-8.0WkgC™1, Table 1) concomitant decrease in the temperatures measured within the
reflects the uneven contributions to the regression line frorbody core. In fact, the increase in MR was accompanied by an
the different individuals. increase inly, as well as in spinal cord temperature. Thus, the
increase in MR was positively correlated with the temperature
changes within the body core. This is in agreement with the
results presented by Graf and Necker (1979), but is contrary to
Acute cold exposure the clear negative correlation found by experimental cooling
The mean MR (4.71Wkd) value recorded under of either the spinal cord (Rautenbagal. 1972; Hammekt
thermoneutral ambient conditions falls within the range ofl. 1976; Inomoto and Simon, 1981) or the whole-body core
previous measurements of the resting MR in pigeongHelfmannet al. 1981; Inomoto and Simon, 1981; Mercer,
(4.62-6.13Wkg!; Bennett and Harvey, 1987). This indicates1989) in birds. Our results indicate that the increase in MR
that the birds were in a non-stressed condition prior to the colatcurs despite the absence of any apparent error signals from
exposure period. Significant local temperature differencethermosensors within the body core. Hence, afferent cold
were found inside the body core at thermoneutrality. Such locaignals from thermosensors in the body core do not appear to
temperature differences in the body core have been describkd important in either initiating or sustaining the elevated rate
previously. They can be ascribed to differences in the speciff heat production during acute cold exposure in pigeons. This
metabolic rates of various organs and the temperature of tip@ints to the peripheral thermosensors as being the most
blood flowing through them (Jessen, 1990). important feedback elements in the control of metabolic cold
Previous studies, aimed at quantifying the relativedefence.
importance of thermal inputs from various thermosensitive As deep-body tissue has been found to be highly sensitive
areas, have suggested that the thermosensors within the bddytemperature changes, one would expect to find that even a
core play a predominant role in the control of metabolic colémall rise inTy would have a strong inhibitory effect on MR

Discussion
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(Nagelet al.1986; Hammel, 1990). Do temperature increases
such as those seen in the present study, exert an inhibitc A bj=-391 by=-558 b,=-14.70
effect on MR? An increase ifp during acute cold exposure is
not unique to pigeons. An increasdihas also been observed
during exposure to lowly in Pekin ducklings (Ddstnes and
Bech, 1997) and in several mammals, such as dzgss
familiaris (Hammel et al. 1958), ratsRattus norvegicus
(Székely et al. 1994), nine-banded armadilloBasypus
novemcinctugJohansen, 1961; Mercer and Hammel, 1989
and humans (Timbakt al. 1976). In the armadillo, cold
exposure was found to be accompanied by such large increa: -3 -2 -1 0
in heat production thaf, rose by 1-3°C (Johansen, 1961;

Mercer and Hammel, 1989). Since such appreciable increas 12r g =380 bg=-651 b,=-1836
in Ty during cold exposure are difficult to reconcile with the 10k r2=0998  r2=0994  r2=0938
principle of proportional control in thermoregulation, Jesser
(1990) has suggested that this phenomenon could be ascrik
to a reduction in the inner body core. However, Mercer an
Hammel (1989) showed that this was not the case in tt
armadillo, in which the total heat content showed a distinc
increase during cold exposure. To explain the unexpecte
responses of the armadillo to low, Hammel (1990)
suggested that the contradictory feedback signals expected L ! L
originate from an elevated core temperature could b -3 -2 -1 0
overridden by autofacilitation of the neurones that innervat ATsin (°C)

the shivering muscles by means of a positive feedback loon

. . . Fig. 7. Relationship between changes in skin temperaiTigid) and
Another possible explanation is that the elevatgdevels changes in metabolic rateAMR) induced by cold exposure

found during cold exposure in homeotherms represent &approximately-10°C) of pigeonsN=6). The slope of the regression
increase in the preferred deep-body temperature (‘set-pointiines provide an estimate of skin thermosensitivity based on either the
instead of a sustained error signal used to counteract tlsteady-state conditions (A) or the dynamic phase (B). For the dynamic
thermal input from the peripheral thermosensors. The adapti\phase, the data points represent the mean valuédvidrand ATskin
value of maintaining an elevat@gdis difficult to explain from  recorded at 5min intervals during the transition from thermoneutral to
an energetic point of view. However, because physiologiceC()'d conditions. Linear regression lines were calculated according to
rate functions are temperature-dependento (€ffect), an the. equatianMR:a+bATskin, with different weightings for the
increase inl, might improve the efficiency of the metabolic Various skin areas: (1) O#ackt0.3Tbreast0.2Tneck-0.IMieg (2)
system. It could also be argued that the initial increase in tr2:*44back-0.-33Jbreast0.222neck and (3) 0.66Tback+0.333neck
Ty of the pigeons resulted from a dynamic overshoot of coltThe Slc.)pes of the regression lines are dendigdby and b,
) . respectively. See text for further explanation.

sensors during the transition from thermoneutral to col
conditions (Kuhnen and Jessen, 1988). However, Sineas
maintained at an elevated level throughout the entire coldele, quantitatively, in shivering thermogenesis (Nomoto and
exposure period (Fig. 1), it would appear that the increase INomoto-Kozawa, 1985). The increaseTigteastmust thus be
Tb was regulated. This is in agreement with the findings for thascribed to the enhanced heat production of the underlying
armadillo (Mercer and Hammel, 1989). It should, however, b@ectoral muscles. If one adopts the hypothesis that the elevated
mentioned that results such as those presented here do note temperatures found during cold exposure in pigeons did
necessarily predict what the birds will do under naturahot exert an inhibitory effect on the MR, it should be possible
conditions, and there are also data suggesting that pigeons niay estimate skin thermosensitivity solely on the basis of
not elevate theifp during acute cold exposure (Rautenberg,changes in MR and skin temperatures. Sensitivity values were
1969). calculated both on the basis of the steady-state conditions, i.e.

Since the core temperatures of the pigeons were positivethie mean MR and skin temperature values measured at
correlated with MR during acute cold exposure, it is temptinghermoneutrality and values recorded when the new steady
to suggest that the cold-induced increase in heat productiatate had been established in the cold, and conditions during
was entirely a result of a fall in the temperature of the bodthe dynamic phase, i.e. during the transition from
surface.Thack Tneck@ndTieg all decreased significantly during thermoneutral to cold conditions (Fig. 7).
the transition from thermoneutral to cold conditions (Fig. 2). An exact determination of skin thermosensitivity is difficult
In contrast, Threastincreased by a mean value of 1.4°C. Theto achieve, because of the wide local differences in skin
pectoral muscles constitute approximately 20% of the bodiemperature found during cold exposure. In an attempt to
mass of a pigeon and are assumed to play the most importaaculate skin thermosensitivity, therefore, the different skin
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areas were assigned different weightingsTghék 0.3Tbreast  Lewis (1930) as the classical ‘hunting reaction’. Subsequently,
0.2Theck and 0.Teg (see also Inomoto and Simon, 1981; CIVDs have been described from a variety of birds (Midtgard,
Rautenberg, 1983). A mean skin thermosensitivityl989) and mammals (Henshaw, 1986) including humans
corresponding to-3.91Wkgl°C-1 was calculated on the (Krogh et al. 1960; Livingstoneet al. 1978). The classical
basis of the steady-state conditions (Fig. 7A). This estimatéunting reaction’ consists of a primary vasoconstriction
includes the temperature changes recorded in both tHellowed by a secondary vasodilatation, with a subsequent
feathered and the unfeathered skin areas. However, Neckahain of alternating vasoconstrictions and vasodilatations
(1977) has shown that, while the feathered skin areas @fewis, 1930; Livingstonet al. 1978). The transient rises in
pigeons are highly sensitive to thermal stimulation, cooling ofeg skin temperature of the pigeons, such as those shown in
the naked skin of the legs and the beak is incapable of elicitirf§i)g. 4 and which, in the present paper, are referred to as
shivering. If, as indicated by Necker's (1977) results, thermaCIVDs, are caused primarily by a large increase in the blood
information from unfeathered skin areas does not contribute ftow through the arteriovenous anastomoses (AVAs). The
the combined error signal, then the thermosensitivity of thé&VAs, which are known to be widely distributed in the leg
skin will be underestimated by including data for those areaskin of birds (Grant and Bland, 1931; Midtgard, 1980;
A sensitivity of -14.70Wkg1°C™1 was calculated, based Johansen and Bech, 1983), act as low-resistance vascular
solely on the temperature changes recorded for the feathersidunts that allow high rates of peripheral blood flow, for
skin areas (Fig. 7A). However, this estimate includeJthgst example during periodic CIVDs (Midtgard, 1989).

values, which showed a distinct increase during cold exposure. Cold-induced vasodilatations are generally claimed to occur
By assuming, as for the core temperatures, that an elevatedtlely in birds, but have actually only been formally described
Toreast Value does not have any influence on MR, a newor a very limited number of species. The occurrence of CIVDs
sensitivity value was calculated, based entirely on the data fan the legs of birds was first described by Grant and Bland
those feathered skin areas that actually showed a fall {1931) after immersion of the feet of domestic h&mlus
temperature. This yielded an estimated thermosensitivity falomesticusn iced water. Subsequently, the phenomenon has
the feathered skin areas correspondinga®8 Wkg1°C™, a only been studied in the southern giant pelelcronectes
value that is very close to the previous estimate of TBTS fogiganteus(Johansen and Millard, 1973, 1974; Murrish and
pigeons (approximately6 Wkg1°C1; Simonet al. 1986).  Guard, 1977). In spite of a large body of literature on body
The calculated regression slopes, based on the data for tleenperature regulation in pigeons, studies have so far failed to
dynamic phase, yielded slightly different estimates for the skidescribe CIVDs in pigeons. Graf (1980), for example, merely
thermosensitivity (Fig. 7B). More interestingly, however, fordescribed a continuous vasoconstriction in the legs during the
each of the three slopes, there was a very high degree mifjht phase when pigeons were experimentally exposégd to
linearity between the changes in MR and skin temperaturealues below thermoneutrality. The reason for the absence of
(P<0.0001 for each of the slopes). This indicates that th€IVDs could be that the pigeons were exposed to only
relative contribution of the different skin areas to the combinedhoderately coldla values; 12 °C in the study by Graf (1980).
error signal did not change during the transition fromin other studies, cold exposure of the pigeons was apparently
thermoneutral to cold ambient conditions. Furthermore, th&o brief (e.g. Saarelat al. 1984). Thus, although a vast
high degree of linearity points to an action of peripherahumber of studies exist that deal with thermoregulation in
thermosensors which is in accordance with the proportiongligeons, there have been no previous descriptions of CIVDs
model of body temperature control. such as those described in the present study (Figs 3, 4).

It is difficult to decide which of the above values provides CIVDs in pigeons were generally of short duration, with the
the best estimate of the skin thermosensitivity of pigeon20min of elevatedTieg depicted in Fig. 4B representing a
However, each of the estimated values is much higher thagpical CIVD. In contrast, the CIVD shown in Fig. 4A, lasting
previously estimated skin thermosensitivity values in birdsfor approximately 50 min, was atypically long-lasting. The
namely-0.6 W kg1 °C-1 for Pekin ducks (Inomoto and Simon, number of CIVDs recorded for the individual pigeons was
1981) and-1.7Wkg1°C1 for pigeons (Rautenberg, 1971; likewise variable (Table 1), ranging from a single incident
Simon et al. 1986). In particular, if the thermal information during a 24h experiment, to nine incidents during a single
provided from the naked skin areas does not contribute to thght. There seem to be no previous quantitative data reported
combined error signal, then feathered skin areas may turn ofar birds with which we could compare these values. Also, we
to be very sensitive to temperature changes. Such high skirave no explanation as to why some individuals (three out of
thermosensitivity values as those obtained in the present stuthe original nine birds tested) never showed any CIVDs,
could explain why birds are able to fine-tune their metaboliclespite being repeatedly tested. Such individual differences
responses to an external cold challenge despite the absenceadild be caused by individual differences in the bird’s previous
cold signal inputs from thermosensors in the body core. thermal experience. For example, Rautenberg (1969) found

that cold-acclimated pigeons had a higher foot temperature
Long-term cold exposure than controls when exposed to Idwvalues. However, all the

Regularly occurring CIVDs, shown as distinct increases imine pigeons used in the present study came from the same

skin temperature, were originally described in human hands Bgboratory stock and had experienced similar conditions of
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photoperiod andafor at least 2 years prior to the experiments.thermosensors are apparently of little informative use under
Those pigeons that did not employ CIVD as a cold-defencsuch circumstances. However, as exemplified by the CIVDs,
mechanism experienced a continuous vasoconstriction of theiternal thermosensors can, at least under some natural
legs and apparently coped as well as did the pigeons usisguations, provide a significant error signal in the control of
CIVD. metabolic cold defence. From these results, it follows that

The CIVDs clearly resulted in a metabolic response (Figs Jjuantification of the cold sensitivity of a specific part of the
4). Which thermosensors are involved in mediating thdody does not necessarily imply that feedback signals from that
metabolic response? As mentioned above, Necker (1977), part of the body are involved in mediating the metabolic
his study on the skin thermosensitivity in pigeons,responses to an external cold challenge. A very important issue
demonstrated that, in contrast to the feathered parts of the take into consideration is the type of thermoregulation in
pigeon, the leg skin had only a negligible thermosensitivitywhich the birds are engaged at any particular time. Hence,
Thus, the large changes notedTigy are unlikely to have had while cold signal inputs from peripheral thermosensors are
any influence on the magnitude of the metabolic responsgpparently of the utmost importance in initiating and
observed during the CIVD. If anything, a large increasBen  maintaining long-term  steady-state shivering, internal
would be expected to have counteracted the metabolibermosensors would seem to be of primary importance in
response. Since there were only minor, and non-significardjusting any sudden core temperature changes. Furthermore,
changes in the other skin temperatures measured during tber results indicate that the total body thermosensitivity cannot
CIVDs (Fig. 5), it seems that the increase in heat productionecessarily be calculated as the sum of many local cold
must have been entirely due to stimulation of internakensitivity values. On the contrary, the relative importance of
thermosensors by cold blood returning from the legs. Our studyarious thermosensitive sites in the control of metabolic cold
seems to be the first to describe the involvement of internalefence appears to be contextual.
cold sensors in thermoregulation during ‘natural’ conditions in
birds. Steen and Steen (1965), however, did find that cold- The comments of two anonymous reviewers were very
immersion of the legs of the great black-backed galus  helpful in revising the manuscript. Philip A. Tallantire kindly
marinuscaused a cessation of panting. Although the authorsnproved the English.
claimed that this was proof of cold sensitivity of the leg skin,
their results, as was also pointed out by Necker (1977), could
have been due to secondary effects of central body cooling by References
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