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Heat thermosensitivity of 13 brain areas and of the thoracic and lumbar parts of the
spinal cord was studied in freely-moving Greenfinches at different ambient tempera-
tures. Of the brain areas studied, clear vasomotor responses were observed only during
local heating of the anterior hypothalamus (POA/POM) and dorsal medulla. The
thresholds were 40.9 = 0.1°C (POA/POM) and 41.8 + 0.4°C (medulla). No respiratory
responses could be elicited by local brain heating. By contrast, spinal heating elicited
both vasodilation and panting. During thoracic stimulation the vasomotor threshold
was 41.7 + 0.2°C, and the panting threshold was 44.3 + 0.1°C. During lumbar stimula-
tion the reaction thresholds were higher by 1.2 to 1.5°C and the reactions were weaker.
However, lumbar heating retained the ability to activate vasomotor reactions even in
moderate hyperthermia. The data suggest that, as in other birds, the spinal cord of
passerine birds plays a pivotal role in central thermosensitivity. The mammalian-like
hypothalamic thermosensors of birds, on the other hand, may have a role in specific

control of brain temperature.

1. Introduction

The thermoregulatory system in all homeotherms
has a number of similar traits. Part of them (shiv-
ering, pilo- and ptiloerection) results from the
parallel development and seem to have arisen in-
dependently. However, most of the similar fea-
tures of homeotherms were inherited from their
poikilothermic ancestors. In particular, this is true
for thermodetectors in the central nervous system
(CNYS).

Neurophysiological studies carried out in
slices and neurons in situ have shown a wide simi-
larity in thermosensitive unit characteristics in
mammals and birds (Necker 1975, Simon et al.
1977, Nakashima et al. 1987). Thermosensor lo-
calization in CNS regions, the ratio of cold and

warm units, mean values of thermosensitivity and
the response to ion balance shifts were found to
be similar. Actually, the only difference is the
absolute threshold needed for a change in firing
rate, which is fully explained by the difference in
average body temperature in the two groups of
homeotherms.

However, experimental studies of whole or-
ganism thermoregulation have indicated that dif-
ferences exist. In contrast to mammals, the main
source of information on core temperature in birds
seems to be the spinal cord rather than hypothal-
amus. In all bird species, local heating or cooling
of the spinal cord induces adequate thermoregu-
latory responses: decrease or increase of metabo-
lism, skin vasomotion, panting, activation or sup-
pression of shivering and changes in thermoregu-
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latory behavior (Rautenberg 1969, Rautenberg et
al. 1972, Hammel et al. 1976, Helfmann et al.
1981, Inomoto & Simon 1981, Bech et al. 1982).
In the spinal cord of pigeons, warm- and cold sen-
sitive units have been described (Necker 1981),
but their distribution along the spinal cord has not
been studied in detail. According to @stnes and
Bech (1992), however, the thoracic part of the
spinal cord in the pigeon is the most sensitive area,
at least with respect to the cold sensors.

On the other hand, local cooling of the avian
hypothalamus either does not produce any effec-
tor response (Rautenberg et al. 1972, Simon et al.
1976, Avery & Richards 1983) or, when the cool-
ing is excessive, results in paradoxical reactions
(Martin et al. 1981). Local heating of the hypothal-
amus leads mostly to appropriate thermoregula-
tory responses. However, it should be noted that
these reactions are usually observed only when
the ambient temperature is higher than thermo-
neutral and when the degree of heating is consid-
erable (Mills & Heath 1972, Rautenberg et al.
1972,Simon etal. 1976, Snappetal. 1977, Simon-
Oppermann et al. 1978, Avery & Richards 1983,
Graf et al. 1983, Mercer & Simon 1987). Even in
one of the most “mammalian-like” (according to
thermosensitivity) species — the emu — it was
necessary to increase the hypothalamic tempera-
ture by 1.6-2.6°C to obtain an effector response
(Jessen etal. 1982). The analogous value for mam-
mals is 0.2-0.4°C (Dymnikova 1979).

It is theoretically possible that when the
hypothalamic thermosensors are turned off from
participating in organismal thermoregulation the
role of main brain afferents is taken over by the
neurons of the other brain areas. In fact, experi-
ments in ducks have shown quite adequate though
rather small effector reactions produced by
changes in midbrain temperature (Martin et al.
1981, Bech et al. 1982).

Next to nothing is known about the CNS ther-
mosensitivity in passerine birds, the youngest and
the evolutionarily most advanced group of birds.
Yet the passerines are especially interesting from
the point of view of thermoregulation as their small
body size means low thermal inertia but requires
intensive metabolism to maintain the high body
temperature. This poses an important challenge
for heat balance regulation. Nevertheless, the ex-
perimental data indicate that these birds maintain
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temperature homeostasis more precisely than
mammals of similar mass (Sedunova 1992,1994).
Besides, it is of no small importance that despite
their small size passerines are characterized by
the same or even greater brain-to-body tempera-
ture difference than the larger birds (Sedunova
1992, 1993b). Mills and Heath (1972) have shown
appropriate responses to abrupt changes in hypo-
thalamic temperature in sparrows. However, the
authors studied only metabolic reactions and lo-
comotor activity of birds and the absence of data
on spinal thermosensitivity gives no possibility
for comparison.

Therefore the goals of the present work were
threefold:

1. To determine the heat thermosensitivity value
of different parts of the brain (giving particu-
lar attention to hypothalamus and midbrain)
as well as thoracic and lumbar sites of spinal
cord in small passerine bird, the Greenfinch;

2. To analyze the time course of heat loss re-
sponses during simultaneous hypothalamic
and spinal stimulation;

3. To study the time course of thermoregulatory
reactions during local heating to different de-
grees, in the thermoneutral zone and at higher
and lower ambient temperatures.

2. Materials and methods

The experiments were carried out in 34 freely-
moving Greenfinches (Chloris chloris L., Fringil-
lidae). The mean body mass was 31 = 1.1 g. Be-
fore experiments the birds were kept in individual
spacious cages at an ambient temperature of (Ta)
25°C and at 12h:12h LD photoperiod. Water and
food were given ad libitum.

To induce local changes in spinal temperature,
a well isolated flat, oval spiral made of constantan
wire (diameter 0.05 mm) was used as an electri-
cal thermode. To heat brain structures, a needle-
shaped electrical thermode consisting of two cop-
per wires soldered to a U-shaped, 1.5-2 mm long
constantan tip was used. In such thermodes the
heating of the constantan tip is 56 times higher
than that of copper part. Therefore the zone of
brain tissue that was in the distance of no more
than 1 mm from the constantan part of the ther-
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mode was considered a stimulated part. After hav-
ing been carefully insulated the thermode varnish
was used to glue it together with a copper-constan-
tan thermocouple. The heater diameter after the
isolation was 0.15-0.17 mm, the total thermode
and thermocouple diameter was 0.3 mm.

Body temperature (Tb) was measured with a
thermocouple inserted in the colon at the depth of
1.8-2.0 cm; for measuring leg skin temperature
(Tleg) an analogous thermocouple was fixed with
an adhesive tape on the distal part of tarsometa-
tarsus. All changes in temperatures of air, body,
leg, and heater were continuously recorded on a
multichannel tape recorder. Respiratory frequency
(RF) was estimated by recording the time the bird
required to make 5 breathing movements.

Thermode and thermocouple implantation was
made under pentobarbital (Nembutal) anesthesia
(3.6 mg/100 g body mass). In the first series of
experiments the back skin and muscles were dis-
sected and the heater was laid on the spinal col-
umn and sewed to the muscles. To avoid skin tem-
perature changes during spinal stimulation a gauze
pillow filled with eider down was fixed over the
heater. The upper part of the pillow was sewed to
the skin and the heater was fixed over the lower
cervical and three upper thoracic segments of the
spinal cord (hereafter the “thoracic part”) or over
the last thoracic — three lumbar segments (hereaf-
ter the “lumbar part”). In the course of the experi-
ment the heater temperature was measured. Dur-
ing a separate acute test in an anaesthetized bird,
whose body temperature corresponded to the level
that was characteristic of the activity period, the
correlation between the temperature of heater and
of the spinal cord inside the spinal channel at dif-
ferent heating temperatures and Ta was estimated.
The data presented here reflect the spinal cord
temperature estimated with reference to this cor-
relation function.

For studying brain temperature sensitivity a
thermode was inserted unilaterally and fixed to
the skull with dental cement. The skin on the head
was sutured and down feathers were glued on in-
cision site to maximally restore the brain thermal
insulation disturbed by the surgery.

The experiments began 7—10 days after the
surgery . Local temperature stimulation of the spi-
nal cord (Experiment 1), brain (Experiment 2) or
simultaneous heating of the hypothalamus and
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spinal cord (Experiment 3) were carried out at Ta=
25°C (thermoneutral zone) 14-17°C, and 34—
37°C. The recordings were made in unrestrained
(freely-moving) birds at the first half of the light
phase of day. Usually, the recording session lasted
4-5 hours; the birds had ad libitum food and wa-
ter except during measurements. At the end of each
experiment with thermal stimulation of the brain
structures, the exact thermode location was de-
termined histologically.

3. Results
3.1. Experiment 1. The spinal cord.

At Ta = 25°C (thermoneutral zone) the mean Tb
in Greenfinches was 41.5 + 0.2°C, spinal tem-
perature (Tsp) was 41.2 = 0.1°C, and Tleg was
26.6 = 0.3°C.

Local temperature increase in the thoracic part
of the spinal cord up to 41.7 £ 0.2°C led to a rapid
increase in Tleg by 0.9-2.2°C (Fig. 1a). In some
cases, an increase of spinal cord temperature by
0.3-0.4°C was enough to induce the response. The
effector response depended not only on the heat-
ing but also on the initial temperatures of spinal
cord and leg skin. Maximal reactions were ob-
served when Tsp before the beginning of stimu-
lation was 41.2-42.2°C and the initial Tleg was
21-27°C (Figs.2 and 3). Atlower and, especially,
higher initial temperatures the effector response
was drastically reduced.

Lumbar heating by 0.3-0.5°C could also pro-
duce an increase in Tleg. However, this was ob-
served only when Tsp exceeded 429 = 0.1°C
(Figs. 1b and 4). An additional heating led to an
increase in Tleg but the effect was smaller than
during the thoracic stimulation (Fig. 1). The de-
pendence of effector response on initial Tsp and
Tleg also appeared to be quite different: the maxi-
mal reaction was observed when the initial tem-
perature were notably higher (Fig. 2 and 3).

Under thermoneutral conditions, a local in-
crease in Tsp induced activation of respiratory heat
loss. A rapid increase in RF from 86 + 1 to 279 =
12 breaths/min (panting) was seen in birds as the
thoracic temperature reached 44-44.5°C or as the
lumbar temperature reached 46—47°C (Fig.4). The
resulting sharp increase in heat loss led to a re-
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Fig. 1. Time course of body temperature (Tb), spinal
temperature (Tsp) and leg temperature (Tleg) in
Greenfinches during a typical experiment with thoracic
(A) and lumbar (B) heating. Ta = 25°C. The dark bars
denote heating with the thermode.

duction of Tb by 0.3-1.0°C, local heating of the
thoracic and lumbar parts having a similar influ-
ence on Tb (Fig. 1).

Changes in Ta led to shifts of thresholds for
panting and vasodilation (Fig. 4). Atlow Ta (14—
17°C) the strengths of vasomotor reaction was
similar to the thermoneutral values; when Ta ex-
ceeded thermoneutrality, thoracic heating resulted
in an increase of Tleg only by 0.6-1.2°C, while
the lumbar heating increased it by 2.7-3°C.

3.2. Experiment 2. The brain.

Heat sensitivity was tested in the following parts
of the brain, at thermoneutral temperatures: lobus
paraolphactorius, paleostriatum augmentatum,
hyperstriatum accessorium, hyperstriatum ventra-
le, neostriatum intermedium, neostriatum caudale,
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Fig. 2. Mean increase in leg temperature (Tleg) of
Greenfinches in response to the standard heating of
the hypothalamus, thoracic and lumbar parts of the
spinal cord by 2°C plotted as a function of initial
temperature of the stimulated area. Ta = 25°C.

hippocampus, preoptic area of hypothalamus (nn.
preopticus anterior, medialis et paraventricularis),
area hypothalami posterioris, nn. lateralis hypo-
thalami et posterioris, thalamus, area of the mid-
brain close to n. ruber, medulla dorsale (nn. vesti-
bularis, medialis, solitarius, intermedius, nervi X—
1X); cerebellum.

While no panting was observed during the
local heating of the brain structures studied, the
thermal stimulation of two brain areas — preoptic
area and dorsal medulla — led to an increase in
Tleg.

Under thermoneutral conditions the average
preoptic hypothalamic temperature (Thyp) was
40.1 +0.1°C.Tts local elevation up t0 40.9 + 0.1°C
induced a rapid increase in Tleg by 3—4°C (Fig.5a).
As a rule, the minimal temperature increase nec-
essary to activate the effector reaction was 0.7-
1.0°C. Further elevation of Thyp induced a corre-
sponding increase in Tleg, but the maximum was
attained after a considerable delay. Tb decreased
by 0.2-0.4°C during the stimulation (Fig. 5a). As
in the case of the spinal stimulation, the strength
of the effector response depended on initial tem-
peratures: the maximal response was observed
when Thyp before heating was 39.8-40.2°C and
Tleg 27.6-31°C (Figs. 2 and 3). As in case of spi-
nal stimulation, changes in Ta shifted the reac-
tion thresholds (Fig. 4).

The influence of the local heating of dorsal
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Fig. 3. Mean increase in leg temperature (Tleg) of
Greenfinches in response to the standard heating of
the hypothalamus, thoracic and lumbar parts of spinal
cord by 2°C plotted as a function of initial Tleg. Ta =
25°C.

medulla on Tleg was weaker. At Ta=25°C when
the initial temperature of medulla (Tmed) was
39.9-40.2°C the vasomotor reaction threshold was
41.8 £0.4°C, the minimal value of heating neces-
sary to activate the response was 1.8-2.1°C. The
reaction was rather small; as a rule, even when
Tmed reached 44°C, Tleg increased only by 2—
3°C. Tb remained stable (Fig. 5b).

3.3. Experiment 3. Simultaneous stimulation
of the preoptic area of hypothalamus and the
thoracic part of spinal cord

A separate experimental series was performed to
evaluate the influence of simultaneous stimula-
tion of the most thermosensitive brain and spinal
areas in Greenfinches on the time course of pant-
ing under thermoneutral conditions. The experi-
ments showed that during subthreshold heating
of spinal cord to 43.5°C additional elevation to
Thyp by 1.5-2.0°C (on average to 41.7 = 0.1°C)
resulted in a sharp increase in RF (Fig. 6). Simi-
larly, artificial maintenance of Thyp at the level
41.7-42.2°C and an increase in Tsp to 43.5°C elic-
ited panting. No significant drop in Tb was ob-
served (Fig. 6).
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Fig. 4. Mean (+ SD) panting (A) and vasodilatation
(B) thresholds in Greenfinches during hypothalamic,
thoracic and lumbar heating at Ta = 14-17°C, 25°C
and 34-37°C.

4. Discussion

These experiments have shown that spinal ther-
mosensitivity in Greenfinches is similar to that in
other birds and mammals (Rautenberg 1969, Si-
mon 1974, Bech et al. 1982, Avery & Richards
1983).

It should be noted that the minimum heating
necessary to activate the reactions (0.3-0.5°C) lies
inside the limits of the natural core temperature
fluctuations characteristic for small animals. How-
ever, the strength of effector reaction, i.e. the de-
gree of the leg temperature increase in response
to thermal stimulation, is much lower than under
natural conditions. In small passerine birds even
a short-term spontaneous terrestrial activity or
flight can produce the increase in Tleg by 10—
13°C reached with a rate of 8.5°C/min (Sedunova
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Fig. 5. Time course of body temperature (Tb), brain
temperature (Thyp, Tmed) and leg temperature (Tleg)
in the Greenfinch during a typical experiment with
preoptic (A) and medullar (B) heating. Ta = 25°C.
The dark bars denote heating with the thermode.

1993a). The present data show that in Green-
finches the relationships between the increase in
Tsp and Tleg during artificial local heating and
during spontaneous temperature fluctuations are
quite different (Fig. 7).

Thermosensitivity is inherent both in the tho-
racic and the lumbar part of the spinal cord in
Greenfinches. But its parameters are quite differ-
ent. The mean threshold for vasomotor activation
and panting during thoracic stimulation is much
lower than during lumbar stimulation (Fig. 4).
Moreover, while a small temperature increase in
thoracic and lumbar parts produces nearly the
same vasomotor reaction, a further increase of the
thoracic zone temperature results in a stronger ef-
fector response (Fig. 1). However, the difference
in spinal sensitivity is not only concerned with
thresholds and strength of the effector reactions.
One and the same value of temperature stimula-
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Fig. 6. Time course of spinal temperature (Tsp) and
hypothalamic temperature (Thyp) as well as respira-
tory frequency (RF) in the Greenfinch during simulta-
neous hypothalamic and thoracic heating. Ta = 25°C.
The dark bars denote heating with the thermode.

tion leads to the peak response if the initial tho-
racic temperature is 41.2-42.2°C or if the initial
lumber one is 42-43.5°C. Similarly, during tho-
racic heating the most “favourable” initial Tleg is
21-27°C, but during lumbar heating it is 25-34°C
(Figs. 2 and 3). Besides, a significantly greater
vasomotor response is obtained when the lumbar
part is being stimulated at elevated Ta. Thus, if a
relatively low Tb signalling from the thoracic part
exerts the greatest influence on the temperature
homeostasis, then under an increased heat load
the lumbar part of spinal cord acquires an impor-
tant role. It is difficult to say whether this is con-
nected with a lower density of thermosensitive
elements in the lumbar zone or with some peculi-
arities of thermodetector characteristics of this
part. In any case, it is important that when heat
stimulation of the thoracic part produces only a
weak effector response, further rise in Tb may lead
to activation of the lumbar thermodetectors and,
consequently, to additional heat loss removing the
hazard of hyperthermia.

In comparison with other bird species, hypo-
thalamic thermosensitivity in Greenfinches is
rather high. The vasomotor threshold and mini-
mum heating necessary to activate the vasodila-
tion are almost the lowest among all avian spe-
cies studied (Rautenberg 1969, Snapp et al. 1977,
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Simon-Oppermann et al. 1978, Jessen et al. 1982).
Despite the fact that in contrast to hens, ducks
and willow ptarmigans, no panting can be induced
in Greenfinches with local hypothalamic heating
even at elevated Ta when Tsp is rather high (but
subthreshold), an additional increase in Thyp may
induce panting (Fig. 6). Apparently, as is known
for pigeons (Rautenberg et al. 1972), the hypothal-
amic temperature can influence the respiratory
heat loss activation also in Greenfinches.

Judging, however, from the time course of
effector reactions it is clear that in Greenfinches
preoptic thermosensitivity is noticeably lower than
spinal thermosensitivity. Even taking into account
that unilateral stimulation of brain structures was
used, the difference is substantial. Thermosensit-
ivity in other brain areas was also found to be
low. No effector responses could be induced by
midbrain stimulation. Heating of the medulla can
produce a vasomotor response, but the threshold
is still higher than that of hypothalamic stimula-
tion. Thus, in passerines, as in other birds, the
hypothalamus seems to occupy a subordinate
place in the afferent system. Possibly, the thermo-
sensors of the avian hypothalamus play another
role.

One of the most pronounced peculiarities of
avian thermoregulation is the constant mainte-
nance of the brain-to-body temperature difference
due to the counter current heat exchange in rete
mirabile ophthalmicum (RMO). In most of the
birds studied, Thyp is lower than Tb by 0.7-1.3°C
even in thermoneutral zone. In Greenfinches the
difference reaches 1.2°C (Sedunova 1993b). A
similar phenomenon is observed in some mam-
mals (particularly goats) in hyperthermia or dur-
ing flight in bats. Characteristically, in these mam-
mals the participation of hypothalamic thermo-
detectors in the regulation of the organism’s heat
balance is drastically reduced (Kluger & Heath
1971, Kuhnen & Jessen 1994).

Mitchell et al. (1987) have suggested that apart
from total thermoregulatory system the brain tem-
perature can — at least in some species — be addi-
tionally regulated along the feedback circuit be-
tween Thyp and arterial blood influx to the base
of the brain. In a number of recent works Kuhnen
and Jessen (Kuhnen & Jessen 1991, 1994, Kuhnen
1995) clearly demonstrated the participation of
the hypothalamus in the control of brain tempera-
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Fig. 7. The increase in leg temperature (Tleg) in the
Greenfinch plotted as a function of spinal temperature
(Tsp) shifts during local heating of the spinal cord and
during spontaneous core temperature fluctuations.
Each point is an individual measurements. Ta = 25°C.

ture. These authors independently changed or
maintained the temperatures of hypothalamus,
other parts of the brain, body and arterial blood n
goats. The results showed that local heating of
hypothalamus induced a marked decrease in extra-
hypothalamic temperature and, consequently, es-
tablishment of the brain-to-body temperature dif-
ference due to vasodilatation in the carotid net-
work that is not homologous but analogous to the
RMO in birds. Possibly, the highly sensitive
“mammalian-like” hypothalamic thermodetectors
of birds discovered by electrophysiological ex-
periments also take part in specific control of brain
temperature rather than in thermoregulation of the
whole organism.

Selostus: Viherpeipon aivojen ja selkay-
timen lampoaisti

Tasaldmpoisten eldinten limmonsaatelyjarjestel-
méssid on useita samankaltaisuuksia. Osa niisté
(esim. lihasvérind, hoyhenten ja karvojen porhis-
tely) on analogisen kehityksen tulosta. Useimmat
samankaltaisuudet ovat kuitenkin homologisia ja
siten perua niiden vaihtoldmpdisiltd esimuodoilta.
Erityisesti keskushermoston lampdaisti on evolu-
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tiivisesti hyvin vanha.

Tassi tyossd tutkittiin 13 aivoalueen ja selkiy-
timen rinta- ja lannealueen lampoherkkyytti viher-
peipolla. Lampostimulaatiot tehtiin ultraohuella
(0.3 mm) metallitermodilla. Stimulaation vastei-
den indikaattorina kdytettiin jalan ihon lampétilaa,
joka kuvaa &dreisverenkierron avulla tapahtuvaa
lammonpoistoa, hengitysnopeutta, joka kuvaa
haihtumisen avulla tapahtuvaa ldmmonpoistoa,
sekd ruumiinldmpétilaa.

Tutkituista aivoalueista vain viliaivojen poh-
jan (hypotalamus) ja aivorungon (medulla) katto-
osien lampostimulaatio sai aikaan lammonséadtely-
vasteita: molemmissa tapauksissa havaittiin jalan
lampdtilan nousu, mutta ei muutoksia hengitysti-
heydessd. Hypotalamuksessa vasteen kynnyslam-
potila oli alempi. Selkdytimen ldmmitys sitd vas-
toin aiheutti seki jalan 1amp6tilan nousun ettd hen-
gitystaajuuden kasvun (1ddhatys). Rintanikamien
alueella lampotilakynnys verenkierron muutoksel-
le oli 41.7 + 0.2 ja ladhdtykselle 44.3 = 0.1°C.
Lannealueen vastaavat kynnysarvot olivat runsaan
asteen korkeampia ja vasteet heikompia. Lanne-
alueen lammitys aiheutti vasteen kuitenkin myds
silloin, kun lintu oli lievisti ylilimpoinen. Tulok-
set osoittavat, ettd myds varpuslinnuilla selkdyti-
men lampoherkkyys on keskeinen osa koko eli-
miston lAmmonsidtelyjirjestelmad. Viliaivojen
pohjan lampoherkkyys liittynee erityisesti aivojen
oman lampétilan séddtelyyn.
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