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INTRODUCTORY REMARKS

John P. Hannon

On behalf of the Commander and Staff of the Arctic Aeromedical
Laboratory, it is indeed a pleasure to welcome such distinguished
guests to this second Symposium on Arctic Biology and Medicine. We
hope that your trip was an enjoyable one,despite the long distances
many of you were forced totravel.Itis our desire that you remem-
ber this visit to our Laboratory and to the State of Alagka as a
pleasant one as well as a scientifically profitable experience, and
if there is anything that I or the other Staff members might do to
assure this end, please do not hesitate to call on us. Before we
begin the formal portions of our program, I would like to say a few
words regarding our reasons for selecting the Comparative Phys-
iology of Vertebrate Temperature Regulation as a symposium topic.

As you are all well aware, the ability to adapt to an adverse or
unusual environment is one of the more fundamental characteristics
of all living things. In fact, we might go so far as to say that the
ability to adapt to such environments is an essential prerequisite
to the successful perpetuationofanypopulationofplants or animals.
Thus, when a species is unable to adapt to an adverse environment
it becomes extinct.

To those ofus who live in arctic or subarctic areas, the adapta-
tions of plants and animals to adverse environmental temperatures
arc of singular importance. The accumulation of knowledge about
such adaptations therefore, is one of the primary reasons for invit-
ing you to participate in this Symposium.

Since temperature adaptation is a very broad subject, it was
obviously impractical to attempt toorganize a symposium that would
adequately cover the whole field. Consequently, we decided to con-
tinue the pattern thut was followed inourfirst Symposium on Arctic
Biology and Medicine; namely, to give intensive consideration to
one riather narrow aspect ol this ficld, Furthermore,we also decided




that we should give primary emphasis to subject material that had
not been discussed in detail at previous symposia.

The Comparative Physiology of Vertebrate Temperature Regu-
lation seemed to admirably meet these criteria. Here was a sub-
ject where the work covered practically the whole range of zoologi-
cal sciences. Here, also, was a subject where the quite similar
work by investigators inone scientific discipline often went unrecog-
nized by investigators in another closely related scientific discipline.
. For example, those of us who study the biochemistry of cold accli-
- matization in small laboratory mammals may be unfamiliar with
biochemical studies on fish or othervertebrate heterotherms;those
~of us who study the temperature regulation of cats and dogs may
“ not be cognizant of temperature regulation studies on doshestic ani-
- mals such as the cow; and those of us who ate coficerteet wivh the
natural temperature adaptations-of arctic apivhelp may mot relete
our information to studies that have been comtucim? of deser?
animals, ' C

Our first concern, therefore, in organizing ¢bie sympogism was
to bring together representatives of the various scimmtific dige iplines
who are interested in vertebrate temperature reguilavion, Beyom!
- this, we had two other desires in organizing thig gyfmposipin. Ohe
“of these was to obtain participants who could discuse veriebaste
temperature regulation from the evolutionary standpeint. Opt othe?
desire was to obtain participants who could intesredave temperatytre
adaptations to other forms of environmental adaptavion, & feel that
we have been at least partially successful in achieving &0tk of these
desires. And in this regard I would like to express my gratitude to
Dr. Laurence Irving, Dr. J. Sanford Hart and Dz, C, Ladd Prosser
for their valuable suggestions regarding possible participants and
subject material.
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ACCLIMATION OF POIKILOTHERMIC VERTEBRATES
TO LOW TEMPERATURES

C. L. Prosser

Temperature limits the distribution of many poikilothermic ani-
mals, and knowledge of responses to temperature is important for
physiological ecology. Natural selection acts on the capacity for
change within a given genotype; hence it is important to learn how
such an environmental variable as temperature brings about bio-
chemical changes in individual animals. Natural variation inrespect
to. temperature relationg cad dege de described in terms of the re-
sponseg to the stressep af cold émd deed: gurvival, repraduction,
various rate functions, bebdvipf. Oncy g variation is described
for natural populations 0§ eniemal, ig ip agcepsary to analyze that
component whicl §$ genetic and Urtt which ip esvironmentally in-
duced; this analysis 13 peseitted by secUmation af similar animals
to a range of temparatures, Fin2lly, e physistogical mechanists
of the varialion with respect to temparatyrscsnde pursuad down to
the moleevise changes, ¢nd U2 sequence of events Dy which tem-
perature briags ehous changl in genatic®ily gimilse iddividuals can
be elucidasad.

COMPARISCN ©OFf ROREOTHERIS AND POIXXX.OTHERMS

The differeneces Detweed e pothitoRetd (Remperature conform-
er) and a homeotherm (Remperatyfe fegulator) are multiple and
fundamental. Birds and mammals evolved feom reptiles and differ
from ;iresen’s—day reptiles in possession of a thermoregulating center
in the brain, in insulation, in peripheralvascularresponses to ambi-
ent temperature (which are oppositetothoge of reptiles), and in type
of metabolic compensation.’Varying degrees of homeothermy--- ex-
pressed in hibernation, estivation, nocturnal temperature drop, and
heterothermy of tissues---indicate that some animals can shift from
homeothermy to poikilothermy and thatcertain peripheral tissues of




PROSSER

some birds and mammals can function over a much wider range of
temperature than can the core tissues. The corresponding enzymes
must differ in cold functional skin and in constantly warm liver.

When the ambient temperature (air or water) falls, a homeo-
therm shows a typical sequence of protective responses. The meta-
bolic response in relation to body temperature is diagrammed in
Figure 1, Peripheralcold receptors signal thedrop in skin tempera-
ture and initiate reflexes such as hair orfeather erection, peripheral
vasoconstriction, and behavior such as huddling. These initial re-
sponses result inheat retentionby increased insulation, With further
chilling, the temperature-sensitive center in the hypothalamus is
stimulated and further defenses may be mobilized. Cooling below the
critical ambient temperature or tothattemperature below which in~-
sulative changes areinadequate 9o thatatransientdrop in boady tem-
perature occurs, resultp in increased metabolism which serves to
maintain body temperature. Nor-adrenaline secretion is enhanced,
and shivering may Qe initisted and heat praduetion increased. If cold
stress coniinues, the hypothalamus activates the anterior pituitary
to liberate sdyenocoriicotropic and thyretropic bhormones. The ad-
renal coriex and thyraid initiate & metabolic increase and extensive
biochermnical regporsied af rizivus organs, psrticulariy tivertovary-
ing extents inm different epecicy. In iaborstory scelimation to cold
some AnmIS show an incrensad gtandand metaboligm; in ficld ac-

clitnagigzatiop many epimeis ¢how s redyuction ingriticaltemperature. -

Som¢ tpetabaliv epgymey bacomes more eclive than othezs and the
sensitivity to glimulating Bormaney iy sitered ¢(Hannon, 1960; Hart,
1959 ; Kerangs, 1960). The increagm) metadoitam of ¢cold acclimation
may pergist Jtar wiyirdwe} of harmangl glUmylatien, and in the
aAnual cyzie of widier, inpuistive edaptetiong make tetgdolie ones
less negessery. In gome gpixied the ddrensl corten ip active and
the thyraid isae scve gadnr 3ty winter canditiony.

Ove?r ¢ QotthaheyS sl $abn e iRsplite® changes ere pufficient
20 maintain teigtive cunptancyoidcdy temperature in 2 homeotherm,
At elevated ambient temperstures, reflexes provide increased peri-
phera! bload flow, sutface coolingby sweat, panting, and other means
of controlling bady temperature. However, there is no reduction in
metabolism and in conditions of fever the oXygen consumption may

increase.

<3




POIKILOTHERMIC ADAPTATIONS

HOMEOTHERM

Temp,
Body temp,

- c 0o Consumption

—mw

Mertabolism

AMBIENT TEMP,

Figure 1. Schematic representation of temperature regulation in a homeotierm
At 8 critical ambient temperature the body temperature is temporarily reduced, but
metabolism increases, thus maintaining body temperature. C, cold acclimsied; W,

warm acclimated.
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When environmental temperature drops, the temperature of a
poikilotherm (e. g., fish) drops with it. Any metabolizing organism
produces some heat, and the liver of a Jarge fish may be significantly
warmer than its environment. Butpoikilotherms lackinsulation, and
their body temperatures are virtually the same as that of their en-
vironments. If thedrop in temperature is rapid and considerable, the
poikilotherm may enter a chill coma and evendie from respiratory
failure. If the cold stress is less, there may be initial stimulation,
increased nervous activity (well shown in crustaceans and insects)
and aninitial transient increase in oxygen consumption, the so-called
initial shock reaction. This is followed by adecline of metabolism to
a stabilized state which corresponds to the reduced temperature. The
Q_ for metabolism is usually between 2.0 and 2.5; hence the meta-
bolic response to temperature is steeper than the change in body
temperature. With time (days or weeks) some metabolic compensa-
tion may occur.The compensatorychanges for either a fall or a rise
in temperature in a poikilotherm are diagrammed in Figure 2. The
time course of acclimation differs according to the function mea-
sured and the kind of animal.

Precht (Precht, 1958; Prechtetal., 1955) has classified the pat-
terns of acclimation as indicated in Figure 3 and has termed them
capacity adaptations. The five possible patterns are: (1) overcom-
pensation so that metabolism is higher inthecold than at the initial
temperature, (2) perfect compensation with the same metabolism at
each temperature, (3) partial compensation, (4) nocompensation, the
metabolism continuing to follow the van't Hoff relation, and (5) in-
verse compensation or further reduction in metabolism. The com-
monest pattern of acclimation is the third, partial compensation, so
that if the metabolism of animals {rom temperaturest andt is
measured at the same intermediate temperature, the one acclimated
to the cold has a higher metabolism. This acclimation pattern can
apply to other rate functions besides metabolism-heart rate, breath-
ing rate etc. A comparable sequence is described for moderate in-
creases in temperature (Precht, 1958). Acclimation toheatis a re-
duction in metabolism below the initial level determined by the ()
relation (Gelineo, 1959). The net effect of long-term acclimation 1s
to tend toward relative constancy of cnergy liberation despite

changes in body temperature.




POIKILOTHERMIC ADAPTATIONS

POIKILOTHERM

Initial

Metabolism

Temp,

Figure 2. Schematic representation of tempeyature relations Ina poikilotherm.
Metabolism decreasee more steeply than body temperature, Acclimation results in
a rise in metabolism at low temperature and a fall at high tempawture, thus tending
toward relative constancy of metabolism as the environmentaltempsrature changes,
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Figure 3. Precht's patterns of metabolic scclimationincold. Animal moved from
a high temperature (t ) to alowope(t ) aml metabolic rate falls direotly along eclid
line. Rate remains at & if no ecclimation orcurs with time (ven't Haff agprazimetion);
rate rises to 2 if acclimation is complete. Pattemn 1 represents over-compsnsation,
3, partial compensation, amd 5, under-compensetion or reverse acclimation. Modi-

fied from Precht, 1958.




POIKILOTHERMIC ADAPTATIONS

Tolerance of sudden temperature stress, called ''resistance
acclimation' by Precht, is also modified. This is shown by shifts of
both high lethal and low lethal temperatures according to acclimation
(Fry et al., 1946; Fry, 1947). The curves describing rise or fall of
the two lethal temperatures as a function of acclimation need not be
parallel, and the area enclosed by both curves, the tolerance zone,
is species specific. The relation of temperature tolerance or resist-
ance acclimation to capacity acclimation is not known, and further
knowledge of heat and cold death might indicate which processes are
altered, Stress tests provide a useful tool for analysis of acclima-

tion.

Poikilothermic vertebrates differ from homeotherms in that
they tend by compensation to maintain relatively similar activity
when body temperature changes, whereas the homeotherm maintaing
constant temperature. There is no "comfort' or thermoneutral zone
for the poikilotherm 88 long as chill or heat coma are avoided. Effi-
ciency of feeding and general bady activity increese in a non-linear
fashion up to some "optimal' temperature which may be only a few
degrees below the lethal point. Furthermore, there is no evidence in
poikilotherms for a sequence comparable to Selye's stress syndrome
of mammals.

Whether or not hortnones areinvolved in the enzymatic changes
of metabolic acclirnetion in poilkdlotherms is not known. Evidence
concerning thyroid participation in adaptation of fish is conflicting
(Hoar, 1959). Aslight increane in height of thyroid epithelium at ele~
vated but not °at reduced temperatyres was reported for the minnow
(Phoxinus) (Barrington and Matty, 1954), and in trout the thyroid
shows signs of increased activity in the cold (Olivereau, 1955b).
However, no histological change was found in thyroids of catfish,
cagp, tench, eel, Mygil, or Scyllium after acclimation in cold (7 C-
14 C) or warm (0 C-23.5 C) (Olivereau, 198%a,b,c). Thiourea
treatment is said to eliminate metabolic differences between cold-
and warm-acclimated crucian carp (Carassiug (Suhrman, 1955), but
thiourea increases the differences in Leuciecup (Auerbach, 1957).
Resistance to cold in long-day goldfish increases when thyroid hor-
mone is injected (Koar, 1958). Thiourea increapes cold resistance
of goldfish and decreases that of the crucian carp (Carassius)
(Precht, 1958). Iodine uptake by the thyroid is slightly increased by
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cold in a minnow (Umbra) but not in Fundulus (Berg et al., 1959).
Temperature effect on the thyroid of amphibians is negligible. How-
ever, seasonal variations in thyroid activity ofbothfish and amphi~-
bians, probably associated with photoperiod, are considerable. The
adrenals of poikilothermic vertebrates produce corticosteroids
which seem to function primarily in potassium and sodium balance;
no role in carbohydrate metabolism has been found in poikilotherms
(Jones etal., 1959). The amount of hydroxycorticosteroid in the blood
of a fish may be increased after swimming, but no response to tem-
perature stress has been reported (Jones et al., 1959), Changes in
metabolic enzymes in compensation for temperature occur inyeast
{Precht, 1956) and in invertebrates where thyromin and iodinated
tyrosines and corticosterone do not function as they do 1n homeo-
therms. Also, the biochemical chénges of poikilotherms in tem-
perature adaptation can be either an incresge or a decrease in
specific enzymes. It seems likely that the acolimetion of poikilo-
therms is either 8 direct effect of temperature on angyme forming

" systems or an indirect engyme induction due to ¢iffarantial wtiliza-

tion of substrates at different temperatures. Thus there is little
similarity in the metabolic acclimation of poikdiotherms snd honeo-
therms. )

DIFFICULTIES AND METHODS IN ACCLIMATION MEASUREMENT

The analysis of biochemical mechanisms of temperature accli-
mation is beset with many difficulfies. The identification of limiting
steps involves extrapolation to theintact animal from mesagurements
on tissue slices, homogenates, isolated mitochondria, and purified
enzymes. Such extrapolation is difficult and hasad on severa] as-
sumptions, Itisnotpossible to provide invitro conditions which dup-
licate in all respects those under which a?x—(—a;fzyme functions in vivo,
Balance of organic as well a3 inorganic ions, concentrations of co-
factors and hormones cannotbeduplicated, nor can spatial organiza-
tion, as of particulates in a cell, An important part of acclimation
involves regulation by theneuroendocrine system, Yetthe integrated
system can be analyzed only by taking it apart. One method of
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identifying changes in enzyme activity is to observe effects of in-
hibtors; yet these are not nearly so specific as desired. Another
method is to purify enzymes, but extraction precedures are often un-
certain as to recovery or loss of activity., A common method is to
supply an excess of a specific substrate so that the enzyme acting on
it is made limiting; this provides auseful comparison between sys-
tems treated differently (as by temperature), but it does not tell
much about limiting steps invivo,. Tracing labelled substrates is in-
formative and has not often been used in acclimation biochemistry,
although it has indicated a general similarity of metabolic paths in
fish and mammals (Brown, 1960; Brown and Tappel, 1959; Martin
and Tarr, 1961). Useful information can be obtained from kinetic
studies of both intact and dissected systems.

A serious problem, especially with poikilotherms, is the identi-
fication of appropriate environmental variables. Three factors, tem-
perature, nutrition, and photoperiod, interactinan inextricable way.
Many fish and amphibia eatlittle inthecold, and it has been common
practice to observe acclimation in starved animals. Unfortunately a
fish starvedoat 25 C is not comparable in its food reserves to one
starved at 5 C. Alsoifeachis fed ad libitum, the absorption of food
may be so slowin thg cold that the nutritional state is different from
that of one fed at 25 C.Wehave evidence that the metabolic differ-
ences are greater in starved than in fed goldfish kept at low and high
temperatures, Various methods, such as feeding followed by cross
acclimation so that the total time spent at the two temperatures is
the same for both groups, have been used in an effort to approach
nutritional equivalence, but no method is fully satisfactory.

Photoperiod has marked metabolic effectin fish and amphibians.
Ekberg (1961) found agreaterdifference between enzymes from cold
and warm acclimated fishon a 17-hour than on a 7-hour photoperiod;
he also found a marked seasonal difference in the metabolic response
ol voldfish gills. Roberts (1961) observed a photoperiod effect
on Carassius carassius at 20 C bul not at lower temperatures,
Hoar (1955; Hoar and Robertson, 1959) observed seasonal dif-
lerences  in temperature tolerance and in oxygen consumption
by wcoldlish even when acclimiated  at the same temperature;

these seasonal effects reflect photoperiod and may be associated
with enhanced thyroid activity on short photoperiod. Froes show

marked seasonal differences i many of therr physiological proper-

9
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ties independent of temperature. Itis important, therefore, that pho-
toperiod be kept the same for different conditions of temperature
acclimation.

Another difficulty in metabolic acclimation results from the
differences between active anc rest (standard) metabolism and the
impossibility of controlling .uovement in poikilotherms. There is
evidence that active and rest metabolism follow slightly different
enzyme pathways. Data from anesthetized fish differ from those
from quiescent awake ones; hence anesthetics are usually avoided.

Kinetic analyses have been useful in studies of enzyme induction
and of the role of amino acid pools in protein synthesis, but such a-
nalyses have. ot often been applied to problems of acclimation.

The time-course of acclimation deserves more attention. One
related method is to compare the rate-temperature curves of stabil-
ized rate functions for poikilothermic animals that have been differ-
ently acclimated (Prosser, 1958).Such curves permitsome specula-
tion concerning the mechanism ofacclimation (Figure 4). When there
Is no acclimation, the rate-temperature curves coincide for animals
from either temperature (Figure 4a). This lack of acclimation has
been described for winter and summer Cunner {(Haugaard and Irving,
1943) and for a variety of insects and shore invertebrates. One type
of acclimation to cold is atranslation of the rate curve to the left or
upward (Figure 4b) without change in slope.Suchsimple translation
has heen observed for O consumption by the scorpene trout (Gelin-
€0, 1959), cocarboxylaseof the eel (Carlsen, 1953), oxygen consump-
tion by salamanders, Kurycea (Vernberg, 1952) and Triturus (Riech
ct al., 1960), for metabolism of some northern and southern species
of frogs (Tashian, 1957), of the lizard Sceloporus at 16 C and 23 C
(Dawson and Bartholomew, 1956) as well as for numerous inverte-
brates (Prosser, 1961).

A third pattern (Figure 4¢) is rotation ahout a midpoint, i. e,,
change in slope or ¢ only. Thisoccurs for ()0 consumption by the
European ecl with an ntersection of curves for 11 C and 26 C
acclimation at about 210 C (Precht, 1951) and also for metabolism
by the salamander Plethedon (Vernberg, 1952). The most common
pattern 1s u combination of translation with rotation. When the Q

of cold-acchmated animals s less than that of warm-acelhimate

10




‘ETPUITUY [RIPWII{OO8 PIOO ') STeWIUR palBUILD
i uIem ‘g "Saanjersdur®] JUSIDNIIP 1B PSINEVIW SUONOWN] 91 *PIOd Ul SUOPOUTY 318 JO UOIIBWII[OOB JO SuIaned -F aamdiy

3ivd 907

POIKILOTHERMIC ADAPTATIONS

G703 04
NOLLV I3V
40 SNH3ILive

L
3LVvH 9507

SRRy @ NOIJOWIfII0 OU ©




PROSSER

ones, the two curves may intersect by extrapolation above the normal
temperature range (Figure 4d). Examples for vertebrates are heart
rate of the newt Triton (Mellanby, 1940), metabolism of cottid fish,
winter and summer, northern and southern latitudes (Morris, 1961),
and O_ consumption by frogs acclimated to SOC and 25 C (Riech et
al., 1960). If the Ql of cold-acclimated animals is higher (Figure
4e), the two curves may intersectat a low temperature, often by ex-
trapolation. Above the intersection the rate is greater for cold-ac-
climated than for warm-acclimated animals, This i% reported for
O _ consumption by the crucian carp acclimated to 5 C and 26 C
(Suhrman, 1955) and for O2 consumption by brain tissue of goldfish

(Freeman, 1950).

Translation of a rate-temperature curveimplies achangein ac-
tivity (in a thermodynamic sense) and may be caused by change in
enzyme concentration, changein the relative activities of enzymes in
series or in parallel, or a change in controlling conditions---ioni¢
strength, pH etc. Rotation of a rate-temperature curve implies a
change in Q__ and hence in activation energy and may resuilt from
alteration of]t%e enzymatic protein, change in some co-factor, or a
shift incontrolof a reactionto alternate enzymatic pathways. Differ-
ent tissues of the same animal may show different patterns of meta-
bolic acclimation, e. g., the heart of goldfish shows no change, but
skeletal muscle, and to a lesser degree liver, shows acclimation
with a reduction of QlO in the cold.

Metabolic and Enzymatic Changes

A number of selected examples of compensatory acclimation of
metabolism of intact poikilothermic vertebrates is givenin Table I.
A greater oxygen consumption of ¢old- than of warm-sacclimated ani-
mals when measured at intermediate temperatures is indicated for
lampreys (Scherbakov, 1937), eels (Precht, 1951), marine fish Fun-
dulus and Gellichthys (Wells, 1935a,b), goldfish for both active and
standard metabolism (Kanungo and Prosser, 1959a), and frogs (Riech
1960). The extent to which photoperiod and nutritional state modify
these differences is not clear, but the principal experimental vari-
able in cach experiment was temperature. When measured at the ac-
climation temperatures, the maximum active metabolism is lower
than the maximum standard metabolism (Fry and Hart, 1948b); if

12
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Animal

lamprey
(Scherbakov, 1937)

ael
(Precht, 1951)

Carassius gibello
crucian carp
(Suhrmann, 1955)

Carassius carassius

cArassius
(Roberts, 1960)

gold fish
(Kanungou, Prosser,
19594)

Gillichthys
(Wells, 1835)

frog
(Riech et al., 1960)

frog
(Jankowsky, 1960)

Teble 1. Metabolic acclimation of intact polkilothe rmic vertebrates.

Active

Temperature
of
Measurement

16°

200

2°

Standacd ) o

]

259

22

10°
mo

15°
25

[« ]

Acclimation Temperature
and Oxygen Consumption

per Wet Weight

1.5-3.5°
0.21 mgOy/g,, /hr

11°
5 10109/ 100 gy/hr
7.mli0,/100g,,/hr

50

4.4 m10y/100gw/hr
16.5 mi0,/100g,,/hr
24.6 m107/100 gy /hr

4-70

70 m10,/kg/hr
72 miO,/kg/hr

10°

8.7 miOy/100gy/hr
13.7 mlOg/100 gy hr

11,29 mI05/100 gy, lir
19.33 ml02/ 100 ggp/br

10-12°
0.11 gme/hr

50
8 miO;/100gw/hr
11 mi0,/100gy,/nr

10
158 mm3/nr/g2/3
411

13

15-17°
0.14

26°

26°
3.3
6.8
18.1

20°

Per Cent by which
Cold Exceeds Warm

50%

180%
0%

39
128%
83¢

168 (7 br dey) 58%
238 (17 br day) 690G

w0
6.64
7488

2.78
12.2

30°
L9

as°
30
7.8

a5°
122
7

4§
169

)

1089
%

0%
o9
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mectabolism of animals acclimated to extreme temperatures is mea~
sured over the entire curve, the two maxima are similar (Kanungo
and Prosser, 1959a) (Figure 5). Species differences maybe marked
as between Carassius carassius and C. gibelio (Suhrman, 1955 and
Roberts, 1960); C. carassius shows aninverseortype 5 acclimation,
C. gibelio a positive or type 3 acclimation,

Data for oxygen consumption by tissue slices, homogenates, and
whole gills are given in Table II. There is some disagreement for
the same tissue among investigators, and some tissues show more
temperature compensation than do others. Ingeneral, skeletal mus-
cle shows more change thandoes liveror heart. FFor brain, compen-
sation is reported by two authors and lack of compensation by two,
Gills of fish show marked metabolic compensation. For both gills and
muscle, Roberts (1960) reports higher daytime metabolic rates and
slightly greater differences between warm- and cold-acclimated
tissues when the fish have been on ashort day (7-hour) photoperiod
than on a long day (17-hour) photoperiod. No attempt has been made
to equate the O consumption by various tissues to the total by the
intact animal an%i to evaluate the relative contributions of each, but
the percentage of change found for isolated tissues is less than for
intact animals,

lividence for acclimatory effects on somc enzymes of poikilo-
thermic vertebrates and not on other enzymes is summarized in
Table III. The reported enzymatic effects are insufficient to account
for the observed changes in metabolism. Differcnces in some de-
hydrogenases and electron transport enzymes have been reported.
Gills from cold-acclimated goldfish were more sensitive to cyvanide
(BEkberg, 19568) (and liver more sensitive to antimycin (Kanungo and
Prosser, 1959h)), while liver showed no significantdifferences with
respect to inhibition by cyanide, azide, carbon monoxide, or amytol
(Kanungo and Prosscr, 19590). Cocarboxylase showed some compen-
sation in liver and questionable cffect in muscle (Carlsen, 19539).
Succinic dehydrogenase of eel liver as measured by methylene bluc
reduction showed considerable change (Precht, 1951). In goldfish
this enzyme was altered in muscle and inliver when measured on a
protein (but not on a wet weight) basis (Murphy, 1961). Malic dehy-
drogenasc of goldfish liver showed considerable mverse acclima-
tion (Precht's type 5) (Murphy, 1961). Cytochrome oxiwdase showed

IR
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Temperature Acclimation Temperature Per Cent by
Tissue of and Og Consumption per which cold
and animal Measurement Unit Weight Wet (w) or Dry (d) Exceeds Warm
Muscle
Crucian carp 79 (7 hr dep 20° (7 hr)
(Roberts, 1960) x° 100 ol /g Nz »1 ug
79 17 W dep)
a° wr 186 38%
sunfish ue 28°
(Roberts, 1961) 2s° 0023 uity/mgeNe  GOM? 889
goldfish 9% (32 br dey) »°
(Murphy, 1981) 2° suncinets 882 410,/ mggAx M3 n.s.
: (6-8 days)
. 814 {2325 daye) »s (31
. 0° glucces 538 (6-9 days) " n.s.
887 (30-35 dsy®) - 1494
frog (R. pipiens) ?° w
(Riech et al., 1960) " 160 mm¥/gy e " .y
frog (R. temporariey L P
(Jankowsky,1980) 0 (V] am’/w ¢13 o,
Gills
goldfish 1 %°
(Ekberg, 1958) 10° (Feb.) 0.007 » p/ongaltc  0.100 149
180 " 0.507 wid g/rngu/ir DA 113
26° 147 widy/mgi /N 0.523 1069
Crucian carp &9 (7 ar ap R0° (7 br day) 260
(Roberte, 1960) 2° 181 movd /g A 548
7% (A7 hr dey 2° (17 h)
0° 518 409 26Q%

Table 1. Oxygen consumption by tigsues (usually with glucose) from poikilo-
thermic vertebrates acclimated at different temperatures. (n.s., not significant)
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Tissue
and Animal

Liver
goldfigh
(Ekberg, 1968)

gokifish
(Nanungo, Progsesr
1os8)

gokiflel
(Murpby, 1403

froy
(Rlech ot &l., 1240)

Brala
sunfieh
(Raberts, 1681)

goMitioh
(Preemaen, 14T

goldlied
(Exbery, 1850)

Heart
goldfisd
{Murphy, 1061)

oy
(Riach st al., 1980}

Temperature
of
Measurement

10°
22°

mO

18°

25°

'O

109°

22°

10°

309

25°

Acclimation Temperature
and Oy Consumption per
Unit Weight Wet (w) or Dry (d)

10°
0,821 p10,/mgq/hr
1,989
1.44

10°
1.2 p10o/mgq/hr

5()
363 110,/g,/hr
697 u10,/g,, /hr

50
32

10°
0.519 p 109/ mgy/hr

¥ 1§0/gy/min

10°
1.83 p1/mgg/hr

50
530 1100/ gy /or
888 12109/gw/Nr
1744 11109/ gu /D2

50
225 11109/ gy,/0r

30°
0.454
0.849
141

30
0.84

30°
403
727

300

25°
0.521

6.2

300
1.5

.300

493

7517
1524

300

Per Cent by

which
Exceeds

374
64%
n.s.

439

n.s.
n.s.

n.s,

80%

n.8.

n.s.
N.d.
n.s.

n.s.,

Cold

Warm

2




Temper
Oxidative of
Enzymes

Measurement

PROSSIER

ature

Acclimation Temperature and Enzyme

Activity Per gm Wet Weight

Cold
Succinic dehydrogenase
eel liver 119
{Precht, 1451) .43
goldfish hiver 5°
(Murphy, 1561) 15 15.9 u1/g,,/min
259 17 u1/g,/mn

golkdfish muscle
{Murphy, 1969

Cocarboxylsee
eel liver
(Carigen, 1959)
eel muacle
(Carlaen, 1953)

Malic dehytirogeness
godlish fiver
(Murphy, 1951) 15°

m()

Cytochrome ¢ oxidage
goldfigh liver
{Murphy, 1861) 159

25

goldtieh muscle
(Murphy, 1961)

DPNH cytochrome raductase
goldfish Liver
(Murphy, 1961}

TP NH cytochrome roductsge
goidfish lver
(Murphy, 186])

Catalase
carp gtil
{Biberg, 1961)
ael lver
(Pracht, 1851)

CN inhibitlon
gotdfiah gill
(EXbarg, 1968)
goldfteh liver
(Ekberg, 1958)
goldfigh liver
(Kanungo, Prosser, 1959)

8.11 k10,/g,;/min

440

390

50
9.15 u10p/gy/hr
14.7 u l/L;w ‘nun

5()
15.0 u1/g/min
23.4 u1/gy/min
-236 u 1/mgpr/min
13.9 1109/ /min

219.7
Y

0

e 14 b
459 %

or mg Protein

Warm

269
.24
30°
14.3
19.9

8.64

345

30°

57.5F

61.2F

Per Cent by
which Cold
Exceeds Warm

794,

n.8.
n.s.

21%

28%

n.g.?

-444,
34,59,

= os
E.mill
S
=2

n.N.
454

n.s.

No eignificant difterence in tnhibition by CO, CN, anide.
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Acelimation Temperature and Enzyme
Activity Per gm Wet Weight
or mg Protein

Per Cent by which
Cold Exceeds Warm

Hexose monophosphute
shunt enzyines

Cold Warm
Glucose - 6-PO, dehydrogenuse
Crucian carp gill 59 250
{Ekberg, 196]) 44.2 arb. umts 43.9 n.s
goldtish hver 59 300
(Murphy, 196) O~ 298 0.548 -46%,
6 ~ PO, - gluconic dehydrogenase
Crucian carp gil 59 259
(Ekberg, 961 110 arb. amty 4.7 1349,
goldhah Lver 50 30°
{(Murphy, 19€]) 0.041 0.034 n.s.
Glycolytic enzymes
Aldolage
Crucian carp gt 5" 259
(Ekberg, 961) 96.3 64.3 0%
Anaerobic acid production
Cructan carp gl 59 259
(Ekberg, 1961) 263 (7 hr, day) 176 (7 hr. day) 494,
326 (17 hr, day) 194 (17 hr. day) 689,
Lactic dehydrogenase
gokifwh liver & 300
(Murphy, 1861) 1 g 1415/g,, n.g.
19.1()/111,;!”; 11 mgy,, 65%
10A inhibition
gokifish giit U RIS

{Exherg, 1958)

52.6 % mhih.

To4% inhil

Table [I1. Actlvity of emgymes from porkilothernne vertebrates acclimated in
different temperatures. (--Values, 1nverse acelimation, or Precht's Type 5). (n.s.
not significant), Enryme ectivities in different units of measurement.
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either no effect or a veryslight compensation and goldfish liver has
no such excess of cytochrome oxidase as rat liver (Murphy, 1961).
Catalase showed no change (Carassius gill, Ekberg, 1961) or an in-
verse or type 5 acclimation (eel liver, Precht, 1951). No differences
between warm-~ and cold-acclimated goldfish were found for DPNH
reductase and TPNH cytochrome reductase (Murphy, 1961). Wide
variability in P/Oratios led to equivocal results (Kanungo and Pros-
ser, 1959a; Murphy, 1961).

The enzymes of the hexose monophosphate shunt show very low
activity in fish, and their importance is doubtful (Brown, 1960). For
example, the activity of glucose-6-phosphate dehydrogenase in gold-
fish liver is only 3% of thatin rat liver (Murphy, 1961). This enzyme
showed no compensation in crucian carp gill (Ekberg, 1961) and an
inverse (type 5) acclimation in goldfishliver (Murphy, 1961). Another
enzyme of the shunt, 6-phospho-gluconic dehydrogenase, showed a
large compensation in crucian carp gills, but no change in goldfish
liver homogenates. The suggestion (Kanungo and Prosser, 1959b)
that there might be increased use of the monophosphate shunt in the
cold seems invalid.

The most important metabolic changes in acclimation to cold
seem tobe inglycolytic enzymes. Sluggishfish such as carp are said
lo survive anaerobically in the cold (Blazka, 1958). Active fish such
as the Kamloops trout show an increasein lactic acid concentration
in muscle of as much as 4 1/2 times in 9 minutes of exercise and
elevated lactic acid persisted for severalhours post-exercise (Black
et al., 1960, 1961). Blood lactate inunexercised trout and salmon is
high in comparison with mammals and may rise as much as 6 to 10
fold after exercise (Black ct al., 1960). Pyruvate follows the same
time course as lactate. A trout accumulates lactic acid and pays off
an G _aebt (Black ot al., 1960); @ crucian carp does not accumulate
lactate but increases its CO_ excretion (Blazka, [968). 1t appears
that fish rely considerably on glycolytic metabolism. Lactic dehy-
drogenase activity is high in goldfish liver, and it shows some tem-
perature compensation (Murphy, 1961). Total acid production by cru-
cian carp gills was elevated in cold-acclimation, but the CO_ pro-
duction wis not (Ekberg, 1961). Aldolase was markedly increased in
carp gills by cold acclimation(kkberg, 1961). lodoacetate sensitivity
of goldfish gills was less o the cold. It appears that the most
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striking enzymic increases 1n fishtissuesinthecold are in those of
glycolysis. However, intermediate acids mustultimately be oxidized
and the relatively small changes in electron transportenzymes aie
difficult to explain.

The preceding evidence indicates that some enzymes change and
others are unaltered in the compensatory acclimation of figh, that
corresponding enzymes differ fordifferenttissues, and that enzymes
may either increase or decrease according to temperature. The
meaning of inverse acclimation (e. g., malicdehydrogenasein gold-
fish liver and catalaseineelliver)isnot clear. In general, the more
an animal is taken apart,the lessis the apparent acclimation. In oyr
laboratory Murphy recently examined the activity of numerous en-
zymes of goldfish liver and has had difficulty obtaining statistically
significant differences between those from cold- and warm-acclima.
ted fish. The range of variability is very great for those genetically
heterogeneous fish and reproducibility of experiments poor. Cer-
tainly there is no evidence for a general change in activity of all me-
tabolic systems, and major effects are probably inthe integration of
metabolism.

Non-enzymatic Chemical Changes

Other changes besides those in enzymes of intermediary meta-
bolism have beennoted in cold-acclimation, Changes in water content
may be significant for marine fish. At1.6°C in sea-water the tide-
pool fish Girella lost 23% of their water, and they suzvived only 2
days, whereas in 459 sea-water at the same temperature no water
loss was observed and survivsl was pratenged (Doudoroff, 1938;. In
fresh-water fish, however, an increase of 2 in water content was
reported for goldfish after 2 gays std © (Meyer et al., 1856) and a
decrease after 25 days at § € {Hoar and Coltle, 1962). %Oldﬁsh
liv((): r showed no significant difference in water contentfor § C and
30 C acelimation (Murphy, 1961).

0

Protein content of li%er from goldfish acclimated at 5 C was

9.9 and from those at 30 C was 12.5% (Murphy, 1961); no change
was found in the protein content of muscle.
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Changes in lipids have been reported. Acclimation of goldfish to
cold was accompanied by increased unsaturation of tissue lipids and
acclimation to heal by a decreased unsaturation (Hoar and Cottle,
1952). In cold the tissue phospholipids of goldfish increased in re-
lation to cholesterol, but no consistent correlation was observed be-
tween the ratioot cholesterol to phospholipid and thermal resistance.
Also no good correlation was found betweendietary lipid unsaturation
and thermal resistance, although a high cholesterol diet increased
resistance tobothheatand cold (Irvineetal,, 1957). Preliminary oh-
servations indicate a higher percentage of stearic and palmitic acids
in liver of 30 C-acclimated than of cold-acclimated goldfish
(Murphy and Jghnsmn, 1961). Liver of goldfish from 50 C had 1.769
lipid, from 30 C had 3.97% lipid. The iodine numbers were as fol-
lows: 30o C, 87.7; 150 C, 100.3;5 C, 102.3; hence the liver lipid is
more unsaturated in the cold-acclimated state. Similar changes were
noted by Houar and Cottle (1952). In view of the central nervous
changes to be reported below, it is likely that numerous changes in
the lipids of cell membranes will be found.

What mechanisms urderly biochemical changes ?Changes in lip-
ids must depend ondifferences in sotne synthetic enzymes. As stated
above, there is no evidence for invelvement of the adrenal cortex and
conflicting evidence tor involvement of the thyroid in temperature
acclimation of poikilothermic vertebrates. Much more work should
be done on possible hormonal regulation of metabolism. However,
present evidence favors a direct effect of temperature. This could
occur in several possible ways: (1) Inthe cold, the total meiabolisni
is lower than at high acclimation temperatures; hence metaholic sub-
strated in general may accumulate, and these muy induce nore in-
termediary enzymes st several levels, (2) an intermediat: such as
pyruvate {or lactate) may accumulate because its degradative en-
zymes have 3 higher Q_ than those enzymes forming it, and thus
this inter mediate tmuy reach concentrations which induce an alternate
path. If B&C, in the system:

A wsjp B @ C

f)

D esp L

has a high QIO , Baccumulates and may induce the enzyme catalyzing

99
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B [:) D. (3) An accumulation of products of one step can repress or
can stimulate an earlier step in a sequence. The actions (2) and (3)
may be on enzyme-forming RNA or even on the DNA template. In
naturc the capacity of a particular enzyme-forming system to change
can formi the basis for selection under temperature stress.

The biological significance of the chemical changes in tempera-
ture acclimation is uncertiain, Many enzymes show enhanced activity,
some are unaltered, and 2 few decreased inaction after cold accli-
mation. No calorimetric measurements of total energy liberation
have been made, and determination of P /O ratios for liver mitochon-
driu have led to equivocal results, The lipid changes are in the dir-
ection of lower melting points inthecold, A fish or a salamander at
a low temperature is never das active as 4t a high temperature,

Behavior and nervous changes

In a temperature gradient a fish "selects' a temperature where
the frequency of spontaneous movements is least; this selection is
determined by sensory input from cutaneous thermoreceptors and
Is upsct by lesions of the forebrain (Sullivan, 1954; Iisher, 1958).
The "selected" temperature is higher than a low temperature of ac-
climation and lower than a high acclimation level (Sullivan and Fish-
er, 1953, 1954), and shifts according to acclimation (Fry and Har,
1948a). When maximum swimming speed is measured at different
temperatures, the optimal temperature rises (Fry and Hart, 19484),
and the temperature at which active swimming stops is higher
(Roots, 1961) as the acclimation temperature rises.

The O, consumption neasured in maximum swimming activity
rises with femperature more rapidly over a low temperature range
and then more slowly than does the standurd or rest metabolism
(Figure 6). The difterence between the two curves (active and stand-
ard) tor fully acchimated fish is considered a measure of extra en-
ergy availuble for swimming, the "scope of activity" of Fry. This
difference curve or scope of activity rises to a maximum in lake
trout (Salvehinus) at a temperature close to that of maximum cruising
speed (-Gilj-s-on_und Fry, 1854), and it has been suggested that the

maximum motor activity determined by the energy available te
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the fish (Fry, 1947). The change after acclimation of the temperature
at which swimming is maximum is, according to this view, due to
compensatory metabolic alterations such as have beendescribed a-
bove. Certainly no animal can move more rapidly than energy can
be made available to it. Fisher (1958) has questioned whether the
maximum metaboiism per se determines the cruising speed or
whether the limit may be imposed in thenervous system. It is possi-
ble to increase oxygen consumption beyond that at maximum cruis-
ing speed by electrical stimulation (Basu, 1959). Some fish (trout)
show two temperature optima for cruising, and these can be altered
by brain lesions; swimming rate is affected by light intensity (Fish-
er, 1958). It appears, therefore, that available energy is not the only
limiting factor for activity.

In addition to changes in the temperature preferendum and tem-
perature of maximum cruising speed with acclimation, or the tem-
perature of sudden reduction in swimming, other measurements in-
dicate adaptive alterations in the central nervous system. Conduction
in peripheral nerves is blocked by cold, and the critical temperature
for cold block declines with cold acclimation (Roots, 19%1). Spgnal
reflexomovement of the fins of goldfish was blocé{ed at %0 C,5 C
and 1 C respectively for fish acclimated to 35 C, 25 C, and 15
C; the reflex persisted at below 1O C in fish acclimated to 5 C.
Roots has conditioned fish to avoid either a light or dark end of a
divided agquarium, and also to interrupttheir breathing rhythm when
given a visual stimulus. The cold-blocking temperatures of these
conditioned 1(‘)eflexes is higher than for simple reflexes,e. g., block
occurs at 15 Cfor 25 C-acclimated fish, Thus a hierarchy of tem-
perature sensitivity is lound, with midbrain functicns mostsensilive,
spinal functions less so, and peripheralnerve least sensitive to cold
(Roots, 1961).

Similarly in two species of skate (Raja) sensitivity of nerve and
muscle to heat decreases in the following series: myoneural junc-
tion, nerve conduction, striated muscle contraction, and heart and
gut muscle activity (Battle, 1926). It is concluded that important a-
daptive changes occur inthenervous systemduring temperature ac-
climation. Changes in nervous function reflect chemical alterations
of excitable membranes and subtie changes in interneuronic inter-

action which are totally unknown. In the absence of the insulative
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changes which occur in homeotherms, the nervous changes under-
lying behavior are of particular importance in poikilotherms.

Resistance to Temperature Extremes

In nature, the adaptations favoring survival at extremes of heat
or cold maybe more important than compensations in the mid-range.
Some geographic races of fish (e. g., Salvelinus alpinus) have been
shown to differ in their lethal temperatures butnot in temperatures
of maximum cruising speed (McCauley, 1958). The literature on
change of lethal temperature with acclimation is extensive (Brett,
1956), but very little is known of the responsible cellular changes.
Some orgaﬁé are more sensitive thanothers; for example, the brain
is more sensitive than the hearti, but the chemical bases for such
ditfferences are unknown. Differences in inactivation temperatures
have been observed for some enzymes from thermophilic and meso-
philic bacteria (Koffler, 1957), and the inactivation temperature for
amylases, pepsin, and trypsin from fish is lower than for the same
enzymes from mammals (Chesley, 1934; Vonk, 1941). Acetylcholine
acetylase of a [ish (Labrus) brain is maximally active at 25" C and
is inactivated at 37" C, whereas corresponding temperatures for the
same enzyme from rabbit brain are 420 C and 470 C respectively
(Milton, 1958), Changes in lipids as shown by their melting points
may be important for cell permeability. The effect of endocrines,
such as the thyroid, on heat death was mentioned above. It may well
be that more marked changes occur in resistance to temperature
extremes than as metabolic compensations within thenormal range,
and there may be little relation between the compensations of capa-
city adaptation and the stress responses of resistance adaptation.

CONCLUSIONS

Acclimation of poikilothermic vertebrates to temperature is
hasteally different from that in homeotherms in thatcompensations

of poikilotherms tend toward mamtenance of relatively constant
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metabolism and behavior with changing body temperature, whereas
the acclimation of homeotherms tends toward maintenance of con-
stant body temperature. Some poikilotherms showno compensations,
but their body processges remainslow (as inhibernation) at low tem-
peratures.

No consistent pattern is yet evident for biochemical changes.
According to in vitro measurements, some enzymes appear to com-
pensate; many do not. Glycolysis may be most affected in fish. The
meaning of lipid changes is not clear, althoughlower melting points
in the cold are found in fish as well as in peripheral fat of mammals.

The integrated metabolic system of intact animals shows more
consistent compensation than isolated enzymes, Undoubtedly hor-
mones are important in acclimation, as shown by the effects of
photoperiod. However, there is evidence for direct effects of tem-
perature, possibly through some sort of enzyme induction. Marked
differences occur in the response of different organs and tissues to
temperature.

Behavioral compensations reflect a heirarchy of differences in
nervous adaptations with complex conditioned responses being most
sensitive and peripheral nerve conduction least., These changes in
sengitivity of nervous systems tocold mightberelated to alterations
in membrane lipids.

Changes in resistancetoextremetemperature stress are clear-
ly indicated dy decline in temperatures of both heat and cold death
with redyced acclimation temperature. Mechanisms of changes in
resistance to temperature extremes are unknown as are the rela-
tions between compensation (capacity) acclimation and resistance
acclimation.
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DISCUSSION

HUDSON: Dr. Prosser, do you see any signifiance in the
lower blocking temperature of the peripheral nerves compared
with the higher parts of the CNS, since functionally, as far as the
animal is concetned, if the cord is not responding it would not
do any good to have the nerves responding?

PROSSER: I am not surethatIcan give you any offhand answer.
Certainly, the complex behavior which permits feeding and escape
from predators would be very necessary for survival. Perhaps this
means merely that integration is the important thing, This cold-
hardiness of peripheral nerves has been seen before; synaptic
transmission shows cold block at a higher temperature than nerve

conduction.

ADAMS: Dr. Prosser, do you see any change in the lower
lethal temperature in poikilothermic vertebrates as a result of
acclimation to higher temperatures, or the converse? One of the
questions, of course, in homeothermic literature is the inter-
relationship of cold and heat acclimatization.

PROSSER: Yes, Precht has reported cases where acclima-
tion occurred in both directions. But the curves of Fry and his
associates arec quite clear in showing a change in the lower lethal
temperature with acclimation which may or may not be parallel
to thce change in the high lethal temperature. Both of his curves

shift in the same direction.

HART: Do lower lethal and upper lethal temperatures both

change in the same direction?

PROSSER: Yes., [ wish we knew more about Lhe mechanism
of this process. 1 have a feeling that we need to use stress tests.,
We have been looking at chuanges in the tolerated mid-range of
temperature. There arce virtually no data on the eritical tempera-
tures ol enzyme functions. We know very little about changes in
denaturation temperatures. Dr, Junsky s doing something with this

and might want to comment on it.
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I should say in respect to the mechanisms of acclimation that
there has been some indication that one can change the tempera-
tures of inactivation of enzymes., The prize example of this is in
the thermophilic bacteria, where Koffler* and othersohave shown
that the cytochromes function at temperatures up to 70 C, where~
a.sothe corresponding proteins from mesophils are knocked out at
35 C. This is a fantastic difference. It must mean that there is a
difference in tertiary structure in the same enzyme protein.

HART: I wanted to ask you aboutthosecurves which you showed
of activity metabolism versus temperature--was it for the green
sunfish, which is a different species, or was it.for the goldfish you
showed ?

PROSSER: The activity curve that I showed you was for the
green sunfish. Your curves have been for goldfish and they were
smaller goldfish than we used. We have not been able to get such
complete curves for the goldfish; that was the reason I did not
show you goldfish data. We bhave some curves, but for some rea-
son we have not had as good luck getting complete swimming
curves for them as for the green sunfish.

HART: Those are beautiful curves. These curves agree with
the general concept that Fry developed, which is that the activity
would be determined by the difference between standard and active
metabolism.

PROSSER: Yes, I think that is so.

HART: | wondered if you had any data on the resting versus
dactive metabolism to compare with those active metabolism data?

PROSSER: Not for the green sunfish.

HART: Does this conflict with Fry's concept?

sKoffler. H. 1957. Enzyme of thermal bacteria. Bacteriol. Rev. 21:227-240.
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PROSSER: No, I do not think it conflicts. All I am saying is
that I think that Fisher's data* suggests that there are central
nervous components which are involved in the swimming responses
in addition to the metabolic ones. The difference between our
curves and your data** is that your activity curves rise to a peak
and then drop off rather gradually. The ones which Dr. Root has
obtained come up to a peak as you saw, and drop off very steeply.

HART: Yes, but the active metabolism may drop off very
rapidly, too.

PROSSER: Yes, I think it does. In the data which I showed
you from Kanungo, the curves would come up tQ a maximum. The
shape is somewhat different from those of Fry . The metabolism
of these goldfish was measured at different temperatures. It was
not measured at the temperature of acclimation only as it was in

Fry's data.

HANNON: In the data that you have just presented, I have seen
a number of instances where the effects of temperature on poikilo-
therms and homeotherms are quite similar. For example, in many
poikilotherms acclimatization tocold is accompanied by an increased
metabolic rate. We see this same effect in small mammals such

as the rat.

PROSSER: For a different reason, though.

*[isher, K. C. 1959. Adaptation to temperature in fish and small mammals.
Physiological Adaptation. pp 3-49. Ed. C. L. Prosser. Amer. Physiol. Soc.,

Washington.

**lry, F. E. J. and J. S. Hart. 1949. Cruising speed of goldfish in relation to
temperature. Jour. Fish. Res. Bd. Canada. 7:169-175.

AFry, F. E. J. and J. S. Hart. 1948. Relation of temperature to oxygen con-
sumption in goldfish. Biol. Bull. 94:66-77.
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HANNON: This may or may not be true; I do not feel that we
have enough evidence at the present time to justify any firm con-
clusions either way. One basicdifferencebetween these two types of
animals that should be noted, however, is the decline in the meta~
bolic rate of the poikilotherm when he is exposed to high ambient
temperatures. This isquite in contrastto the response of the homeo-
therm, in which exposure to high ambient temperatures has either
no effect on or increases the metabolic rate.

This high temperature decline in the metabolic ratein fish and
other poikilotherms is most interesting to me from the standpoint
of its similarity to the effect of temperature on many enzymes.
There are a great many enzymes that show increasing activities
with increasing temperature until some critical point, or tempera-
ture oplimum, is reached. Beyond this temperature optimum the
activity declines. In many enzymes thisdecline athigh temperatures
is reversible, provided the point of protein denaturation is not
reached. I would imagine that a similar reversible inactivation
would also apply to the overall respiratory metabolism of poikilo-
therms.

PROSSER: Yes, but I do not think that the same thing is hap-
pening here. This is a result ofacclimation. The direct metabolism
temperature effect is what one f{inds in short term exposure to the
heat. The acclimatory reduction in metabolism at high temperature
takes days to develop, just as does the increase in metabolism in

cold.

HANNON: To the best of my knowledge, instead of reducing
metabolism at high temperatures, as the poikilotherms do, the
mammals increase their heat loss. ThisIfeelis a basic difference.

At the cellular and sub-cellular level, I was quite impressed
by the many striking similarities between the metabolic activities
of poikilotherms and homeotherms following cold-acclimatization.
In fact, I do not feel there are as many incongruities here as you
do. For instance, you have given a number of exaumples where cold
acclimatization leads to an increase in the metabolic rate of the
inticct animal. You have also shown with whole cell preparitions
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that this increase is reflected in a similar increase in the meta-
bolic activity of several tissues such as liver and muscle. We find
essentially the same results with small mammals. Then to carry
such studies a step further you have also given a number of instances
where cold acclimatization in the poikilotherm produces changes
in enzyme activity that are the same as we find in rats. I would
include among these latter effe¢ts succinic dehydrogenase, cyto-
chrome oxidase, glucose-6-phosphate dehydrogenase, and lactic
dehydrogenase as well as DPNH and TPNH cytochrome ¢ reductase
which are not affected by prolonged cold exposure in either type
of animal. It is true that there are several instances where poikilo-
therms and homeotherms are at first glance quite different in
their responses to prolonged cold exposure. This, however, may
or may not be significant since even in one species cold exposure
can lead to quite a variety of effects.

There are a number of factors that can influence the nature
of the results obtained from in vitro tissue metabolism studies.
In intact cell preparations, for—example, we have the problem of
quite limited exogenous substrate permeability or utilization. This
is particularly true for those substrates thatexistin an ionic form.
But it is also true for such a common metabolite ag glucose. In
vilro metabolic rate of whole cell preparations, therefore, is
largely dependent upon the availability of endogenous substrate,
and we must be quite cautious in interpreting them.

PROSSER: That is why we used homogenation.

HANNON: Homogenates are also notoriously bad for oxidizing
free glucose. They will not do it like the intact animal will.

PROSSER: We have used succinate, too.
HANNON: Practically everybody, I think, has reported an
increase in succinate oxidation in the liver and muscle of cold-

acclimated mammals. Skin has also shown this increase.

PROsSSER: Do you find an increase in the monophosphate
shunt enzymes?
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HANNON: In our own work we have found a decrease in both
liver and muscle after one month of acclimatization. Other people
who have acclimatized their animals for a much longer period
find no change in the system. This brings up another question: A
number of investigators, including some of the workers at Dr. Hart's
laboratory, Heroux in particular, have found thatthe liver metabol-
ism of animals that are subjected to seasonal, outdoor acclimatiza-
tion is the same in both summer and winter. Along similar lines,
we have found that liver metabolism varies withthe duration of expo-
sure. It goes through a peak--in our particular circumstances at
one month--and then it falls back to the normal levels. It would
appear then, that the initial response to a low temperature, at least
in this organ, is an increase in metabolism per unit mass of tissue.
With longer exposure, however, we find an increase in the rela-
tive size of the liver. Metabolically, this increase in mass replaces
the increase in unit activity, and theliverthus retains a high meta-
bolic rate by virtue of its size.Inotice in your data that practically
all of the metabolic rates are expressedas oxygen consumption per
gram ol tissue, and there is no indication of whether the relative
mass of tissue has changed. You do have evidence that the protein
content does change, but I would like to ask whether there were any
changes in relative liver mass comparable to those we have observed

in rats.

PROSSER: Dr. Murphy has found thc changes in liver size and
in the same direction that you find them. That is, the liver of a
goldfish that has been held at 30 C is very small, whereas the one
that has been held at 5O Cis large. We thought it has more fat on
@ounit weight basis. It does not, It has less fat. You are finding

that the fatty acid metabolism increases, are you not?

HANNON: Yes, but we have studied only the liver, Dy, Depocas,
I believe, has found thit the intact animal can oxidize fatty acid

at greater rates in the cold, Am 1 correct, Dr. Hart?
HART: Yes, but not associated with accelinmition. There is a

greater elevation ot oxudition in the cold, hut there was no change

associated with acebimation,
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PROSSER: What about the Krebs cycle enzymes?
HART: No alteration.

PROSSER: How about the glycolytic ones?

HANNON: In general, we have found that the overall metabolic
capacily of the Krebs cycle is increased by prolonged cold exposure.
In the one month cold-exposed animal this is evidenced by an in-
crease in the activity of all the Krebs cycle oxidases we have stu-
died. At the enzyme level, cold exposure may or may not lead to
an increased activity. Thus, in the eleciron transportsystem of the
liver, it was found that the activities succinic and malic dehydro-
ecnase and cytochrome oxidase were elevated following one month
in the cold. DPNH-cytochrome  reductase, on the other hand was
unaffected. Similar increases in Krebs cycle activity have also been
secn in muscle. On thebasis of thesedata, we might tentatively con-
clude that the primary effect of cold exposure (at least after one
month) is an increase in the metabolic capacity of those reactions
that are rate-limiting, e.g. succinic and malic dehydrogenase and
cylochrome oxidase. This conclusion, however, mayhave tobe modi-
fied for animals that have been exposed for intervals longer than
once month. Also, we have only limited data on how cold exposure
affects muscle lissue, and we have no idea how changes in relative
mass might affect the results that are obtained.

PROSSER: Were these Krebs cycle activity measurements cal-
culated on a unit weight basis?

HANNON: That is correct. The increase in oxadation will pro-
hably disappear with exposures that would Lead to an increasce in the
relative amount ol tissue. In response o an eavlicr comment, |
should mention that faty acwd oxidaton, at least the oxidation ol
palmitie acid, does proceed ata prester rate o the oo tissae ©

the cold=acelimatized rat.

PROsSSER: The [actor ol exposure tme, 1 am sure, is vory
mmportant. We hive used periods ot one to three weeks hechusoe
this aorees with acelmation time tor Tethal temperatures. How-

cever, Dee Murphy showed e some duta taken from experiments
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on muscle where both glucose and succinate were used as sub-
strates. Her values for cold-acclimated fish seemed not to change
at all. They stayed high, so that after some weeks the value in the
cold was higher than the warm, hence the acclimation response
was reduced activity in the warm acclimated animals with virtually
no change in the cold acclimated animals. All the enzyme data that
I gave you were from fish that had been on a 12 hour photoperiod.

HANNON: A number of things are variables here that we know
very little about. And one of them is the variable of intermittent.
exposure. Other factors are the effects of changes in light as well
as changes in the age or changes in the size of the animai. All of
these variables, at least potentially, could lead to a big difference
in the type of response you get.

HART: I would like to ask one other thing in connection with
the enzyme work; since there appear to be large changes asso-
ciated with the overall activity of the animal during acclimation,
I wonder if enzymes associated withthe maximum metabolism might
Le worth investigating.

PROSSER: How are you going to find these?

HART: I wonder if the cytochrome oxidase activity would have
some bearing on this.

JANSKY: We could expect some differences inthecytochrome-
oxidase activity and especially in the shifting of the optimum of
this enzyme according to the temperature of acclimation. We have
sume evidence about it on insects.

HART: What would be your opinion of this approach, Dr.

Jansky?

JANSKY: [ would say we could {ind some differences in the
maxtmuny metabolism, and especially in the shifting of the tem-

perature for maximal enzyme acuvity.,
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PROSSER: Yes, I think the shifting of the optimum is very
important, and this is one of the things that we are proposing to
do soon, but I am not sure that I would agree that the cytochrome
oxidase system is necessarily the limiting one for activity meta-
bolism since these enzymes seem always present in excess. Are
you implying that this is the principal route for activity as opposed
to standard metabolism?%

HART: I would not like to say anything about that now, since
we will hear more evidence about this later on.

HANNON: I think at this time we might point out that after
one month of acclimatization you do find anincrease in cytochrome
oxidase activity. 1 feel that it is important to keep in mind that
practically all hydrogen transport from Krebs cycle oxidations
eventually channels through this particular enzyme. Thus, it would
seem likely that cytochrome oxidase may not be as much in excess
as the activity measurements might suggest. In fact, it may even
be rate limiting. If this proves true then cytochrome oxidase would
be a very good index of maximal metabolic capacity.

PROSSER: Yes, but we found very little effect on any of the
Krebs cycle enzymes that we have looked at. I do not understand
the inverse acclimation of some of them. I doubted the phenomenon
on the basis of Precht's experiments. However, we came up with
two enzymes which show it, and it is highly significant.

IRVING: One of the things that impressed me is that when we
look at the changes of the influences of temperature on various
functions we expect to see some more ov less continuous slopes,
that is, something which will relate the rate to temperature in the
fornm of a curve; and yet many changes of behavior occur explo-
sively at given temperatures, whether it be the flight or the biting
ol the insccts, or the sensation of same. Insects do not half fly.
They either completely fly or they are completely quiescent. Of
course, they also have certain reverse or discontinuous changes--

as, for example, inthedischarge of cold receptors, which apparently
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constitute a whole area or population with different temperature
thresholds. Abrupt physiological changes in temperature constitute
the animal's own analysis of what the situation is because he must
then expunge all other influences of everything else at those par-
ticular moments.

PROSSER: This is something we are going to explore. We hope
soon to probe in the brain with electrodes and see if we can find
some different recording of electrical activity atdifferenttempera-

fures.




EVOLUTION OF TEMPERATURE REGULATION
IN BIRDS

William R. Dawson *

The possession of homeothermy by birds and mammals has ex-
ercised a major influence on their evolution, both through the bio-
logical opportunitiesithas afforded and through the physiological de-
mands it has imposed. The evolution of the mechanisms responsible
for this condition merits consideration not only because of its im-
portance to these groups of vertebrates, but also because it com-
prises a major step in a general trend within the Animal Kingdom
toward increasing control of internal state. The present discussion
will deal primarily with the evolution of the mechanisms of tempera-
ture regulation in birds, although reference will be made to mam-
mals where comparisons are appropriate. The developmentof tem-
perature regulation in this lattergroupis treated in detail elsewhere
(Johansen, 1962).

THE HISTORICAL BACKGROUND

Current concepts of the origin and early deploymentof birds are
largely a matter of deduction, owing to the very incomplete fossil re-
cord. The structure of the earliest known bird, Archeopteryx litho-
graphica, from the upper Jurassic of Bavaria, places the origin of
the class among the thecodont reptiles (Swinton, 1960). Birds appear
to have arisen from a single line which appeared with the radiation
of this reptilian order in the Triassic. The stage in the development
of this line at which homeothermy was achieved is unknown, and for
this reason subsequentreferences to the establishment of this condi-
tion in the "avian evolutionary line' are intentionally vague. Swinton
(1960) suggests thattheimmediate antecedents of birds were arbore-
al and at least partially homeothermic, and thattrue flight was not

spreparation of this paper was supported in part by u grant from the National

Science Foundation (G-9238).
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achieved until after the appearance of effective temperature regula-
tion.

The adaptive radiation of birds, in good part made possible by
the possession of homethermy, apparently began shortly after birds
first appeared. However, it did not proceed at a constant rate. As
far as can be determined from known fossils, the major flowering
of avian evolution occurred early in the Tertiary. By the end of the
Eocene most of the known orders of birds had appeared, and by the
end of the Miocene, most Recent families of birds were probably in
existence, Today there areover 8,000 species ofliving birds, repre-
senting some 28 orders and 161 families. Six orders and 39 families,
not counting fossils of uncertain taxonomic position, are known to
have become extinct (Storer, 1960). All contemporary birds appear
highly modified for their respective adaptive niches, and none is es-
pecially primitive. Beddard (1898:160-161) concluded, "the few spe-
cially reptilian features in the organisation of birds have, so to speak
been distributed with such exceeding fairness through theclass that
no type has any great advantage over its fellows;." In contrast,
mammals include both primitive and highly advanced types. Among
the former, the monotremes, though specialized in some respects,
have many of the structural features of therapsid reptiles (Simpson,
1959).

BODY TEMPERATURE

Central bodyotemperatures of active birds are generally main-
tained between 38 Cand43 C,withthe limits for individual species
being narrower (King and Farner, 1960). Perhaps utilization of this
band of temperatures resulted from a compromise between two un-
favorable ranges of temperature (Burton and Edholm, 1955).On one
hand, it was far enough above the rather moderate temperatures
which apparently prevailed in the Triassic and Jurassic (Brooks,
1949) so thatphysiological changes required to cope with minor fluc-
tuations in ambient temperature would he relatively small. On the

46




EVOLUTION OF AVIAN TEMPERATURE REGULATION

other hang, it was sufficiently far below thelethal temperature level
(about 47 C for contemporary birds) that moderate elevations of
body temperature resulting from activity, for example, could be sus-
tained without injury.

The fact that the central body temperatures of birds do fall in
a fairly narrow band indicates that relatively little diversification
of this physiological character has occurred in the evolution of birds
subsequent to the establishment of homeothermy. One consequence
of this conservatism has been to render the fundamental level of
body temperature non-adaptive to climate (Scholander etal., 19502;
Irving and Krog, 1954; Scholander, 1955; and Irving, 1960), although
temporary hypothermia and hyperthermia appear to have roles in
short-term adjustments to cold and heat, respectively, in some spe-
cies. Steen (1958) found that freshly captured small birds adjusted
to winter conditions in Oslo, Norway. These included Titmice (Parus
major), Green Finches (Chloris chloris), Bramblings (Fringilla
montifringilla), House Sparrows (Passer domesticus), Tree Spar-
rows (P. montanus), and RedopollsO(Acanthis flammea). They became
hypothermic by as muchas9 t010 C when exposed to cold at night.
However, hypothermia did not develé)p in these birds when they were
experimentally acclimated to -10 C. Bartholomew and Dawson
(1958) regard hyperthermia as a regular feature of the response of
birds {o heat. The tolerance by these animalsof as much as 4 C in
excess of normal levels allows establishment of a favorable condi-
tion for heat transfer from body to environment when environmental
temperatures rise to near thelevel of body temperatures maintained
in cool environments. This response isofgreat significance in arid
regions because it reduces thedemands for evaporative cooling from
what they would be in hot weather ifbody temperatures were main-
tained constant. The statement concerning the non-adaptiveness of
body temperature of course pertains to central body temperatures
and not to the temperatures of the peripheral tissues, particularly
in the legs, of birds. Variation in the temperatures of these tissues
comprises an important component of physical thermoregulation in

these animals (Irving and Krog, 1955).

The fact that the general level of body temperature adopted by
birds exceeds that of mammals may confer a slight advantage in
wirm environments, but its effect on heat exchange is probably in-
consequential in cold ones. The dhfference in thermal levels for the
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two classes probably reflects nothing more than differences in the
temperature relations of the independent reptilian stocks from which
they emanated. Variations in levels of activity and lethal body tem-
peratures comparable in extent to the differences separating birds
and mammals can be found among contemporary reptiles, desert
lizards and snakes for example, (Cole, 1943; and Cowles and Bo-
gert, 1944).

The stabilization of body temperature at a high level in birds
may have demanded physiological adjustments beyond those con-
cerned with the establishment of thermoregulatory capacities, even
if the antecedents of the first homeotherms in the avian line had
utilized high body temperatures for activity in the manner of many
contemporary reptiles, particularly lizards. These animals, despite
their utilizing body temperatures similar to those of homeotherms
for activity (see Cowles and Bogert, 1944; Norris, 1953; and Fitch,
1956), apparently have not developed the capacity for prolonged
existence at a high thermal level. Wilhoft {1958) found that main-
tenance of fence lizards (Sceloporus occidentalis) at their activity
temperature (34o C) for approximately three months resulted in the
death of some animals, increased frequency of molting in some, and
increased thyroid activity in all. None of these changes was observed
in the control animals, which were allowed a more normal thermal
pattern in which warm body temperatures alternated with cooler
ones. The duration of the daily periods spent at warm body tem-
peratures by heliothermic lizards such as Sceloporus and Uma is
apparently controlled in partby the parietal eye (Stebbins and Eakin,
1958). Elimination of this structure or shielding it from radiation
significantly increased the extenttc which the lizards exposed them-

selves to sunlight.

EVOLUTION OF THERMOREGULATORY PROCESSES

The evolution of the complex array of processes on which home-
othermy depends must have involved many steps. [thas been possi-
ble o gain some insight into the probable nuture and sequence of
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these steps in mammals by comparisonofspecies representing pri-
mitive and more advanced levels (see Eisentraut, 1960) in develop-
ment of homeothermy, This approach was employed in the classic
study by Martin (1903) and has mostirecently been utilized by Johan-
sen (1961). Such an approachis less usefulin attempting to trace the
evolution of temperature regulation inbirds because of the absence
in the contemporary avifauna of especially primitive forms with re-
spect to attainment of homeothermy (see "The Historical Back-
ground'). In the subsequentdiscussionagooddeal of dependence has
been placed on information concerning the ontogeny of temperature
regulation inbirds and ondata on the physiological responscs of con-
temporary reptiles to temperature. Due regard has been given the
difficulties of deriving evolutionary interpretations from such in-
formation: Ontogeny may only recapitulate phylogeny when expedi-
ent, and contemporary reptiles are for the most part far removed
from any line of direct importance to the history of hirds.

Behavior of Significance in Temperature Regulation

Significant behavioral patterns in management of temperature
relations are widespread and presumably of considerable antiquity
among vertebrates. The abilily of fishes to select particular tem-
peratures in experimental gradients is well known, and it appears
that this type of behavior plays a role in the distribution of at least
some specles in nature (Sullivan, 1954). More pertinent to a con~
sideration of the evolution of temperature regulation in birds is
the ability of reptiles under favorable conditions to control their body
temperatures by behavioral meuns (Cowles and Bogert, 1944 ; Bogert,
19494, 1949b; Norris, 1953; Fitch, 1956; and saint-Girons and Saint-
Girons, 1956). Selection of suitable microclimates and absorptionof
solar radiation allow many species to establish characteristic and,
in some cases, very high levels of body temperature when they ave
abroad and active. The extent of the control of body temperature
which can be achieved by behuvioral means when sutticient solar
radition s available s indicated by the Andean lizaed (Liolaemus
multiformis), which Pearson (1954) tound could mamtmn s tempera-
ture above: :5()(' C by basking, even thoughnearby shade temperatures

wele at or below freezing.
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Undoubtedly the first homeotherms in the avian linereceived a
considerable legacy of thermally significant behavioral patterns
from their reptilian antecedents. Indeed, the evolution of physiologi-
cal mechanisms for regulation of body temperature may well have
been originally concerned with augmenting thermoregulatory be-
havior. As physiological capacities for temperature regulation im-
proved, behavior came to occupy the ancillary role in the manage-
ment of the heat economy evident in birds today. Many species, as
a result of their migratory habits, are able to exploit various en-
vironments on a seasonal basis and to evade unfavorable conditions
to a great extent. Birds resident in hot climates modify the impact
of their environments to some extent by utilizing shade, minimizing
activity, and, in some cases, bathingduring the heat of the day (Daw~
son, 1954). In a few instances birds resident in cold climates also
employ behavioral mechanisms in coping with winter conditions. For
example, at night ptarmigan (Lagopus) utilize the shelter afforded by
burrows in the snow (Irving, 1960) and Creepers (Certhia brachyda-
tyla) huddle together in bunches of 10 to 20 (Lohrl, 1955). In general
it appears that birds, particularly the smaller ones, are less suc-
cessful in evading the extreme conditions of their environments than
their mammalian counterparts. The factthatmost desert birds are
diurnal and fail to take advantage of the shelter afforded by under-
ground burrows forces them to contend with heatas well as aridity.
This has an important effect on their water economies because it
requires rapid rates of evaporalive water loss (Bartholomew and
Dawson, 1953; Bartholomew and Cade, 1956; Dawson, 1958). Such
is not the case in most small desert mammals, which are fossorial

and nocturnal (see Schmidt-Nielsen and Schmidt-Nielsen, 1952).
The failurc of birds in cold climates to utilize underground bur-
rows and nests also deprives them of effective means of protec-

tion utilized by many mammals.

With the establishment of homeothermy in the avian line, the
general thermal requirements for development became vestricted
to a4 fuirly narrow range ol temperatures a few degrees below the
level of body temperature madults. This restriction must have been
accompanied by the evolution of eluborate patterns of parental be-

havior, which are evident in contemporary birds (Kendeigh, 1952).
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Incubation in birds is nicely regulated sothatthc eggs are maintain-
ed within the appropriate temperature range most of the time, de-
spite external conditions (compare Huggins, 1941; Irving and Krog,
1956; and Eklund and Charlton, 1958). Incubation is facilitated in
many birds by the development under hormonal control of a well-
vascularized and defeathered incubation patch (Bailey, 1952). The
uniformity of incubation temperatures for most species indicates
that little diversification of the thermal requirements for develop-
ment occurred after they were originally defined.

Considerable diversity of parental behavior with respect tothe
post-hatching phase of development in birds is evident, and this is
consistent with the wide variation in the state of maturity of the
young on emerging from the egg (see "Patterns in the Ontogeny of
Temperature Regulation'). The behavior of the parents nicely com-
pensates for any thermoregulatory deficiencies inthe young, so that
development proceeds under essentially homeothermic conditions
(Kendeigh, 1952) independent of external temperatures. The activi-
ties of the parent birds include not only protecting the young from
cold by brooding, but alsoshielding them from solar radiation under
certain conditions, as noted in pelicans (Pelecanus erythrorhynchos
and P. californicus) and Herons (Ardea herodias) by Bartholomew
et al. (1953) and Bartholomew and Dawson (19 54a) and in Nighthawks
(Chordeiles minor) by Howell (1959). As youngbirds attain effective
temperature regulation, the role of parental behavior in their heat

economy progressively declines.

Thermostatic Mechanisms

It is difficult to trace the originofthe neural mechanisms con-
trolling temperature regulation inbirds, if only because these mech-
anisms have thus far been characterized in only the most general
terms. Regulatory activity appears to he controlled principally by
thalamic or hypothalamic centers (Rogers, 1928; Rogers and Lackey,
1923y, although somece activity persists after these centers have been
climinated (Kayser, 1929a, 1929b). In the Domestic Fowl (Gallus
gullus) shivering can he clicited by stimulationof cutaneous cold re-
ceptors or of centralareas through reductionof skin temperature or

ceniral body temperature, respectively (Randell, [o43), Panting
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appears to be controlled by a center in the midbrain, judging by von
Saalfeld's observations on Rock Doves (Columba livia), and cannot
be elicited by peripheral stimulation (Randall, 1943).Pantingis un-
affected by vagotomy in the rockdove, butis abolished by this opera-
tion in the Domestic Fowl (Hiestand and Randall, 1942).

Whatever the details of the original and presentfeatures of the
mechanisms governing temperature regulation in birds, itis appar-
ent that they must have been dependent fundamentally on a capacity
for the detection of absolute temperature (as opposed to detection
of temperature change). This capacity is not an original develop-
ment by homeotherms, but also must be present in many poikilo-
therms, judging by the widespread distribution of temperature selec-
tion among them (Fry, 1958). The functional basis of absolute tem-
perature detection is little understood, although analysis of the non-
adapting fraction of the thermal sensitivity of some peripheral re-
ceptors is providing some information (Bullock, 1955). The means by
which it is accomplished in the behavioral regulation of body tem-
verature by reptiles is unknown, but recent work (DeWitt, personal
communication) suggests that in the lizard (Dipsosaurus dorsalis),
and presumably inotherspecies, itis actually the temperature of the
brain or one of its parts thatis regulated. Rodbard (1948) claims to
have demonstrated the existence of a thermally sensitive area in the
hypothalamus of the turtle, which controls blood pressure, and on
this basis suggests that the thermoregulatory centers of homeo-
therms evolved from ahypothalamic area controllingcirculatory ac-
tivity, such a conclusion seems premature considering the absence
of information on the neural mechanisms responsible for controlling
thermoregulatory behavior and panting in reptiles.

Metabolic Lievel and Chemical Regulation

The basal metabolic rates of birds and mammals are as much as
cightfold greater than the resting metabolic rates of reptiles of com-
parable size at the same body temperature (Martin, 1903; Benedict,
1932, 1938; and Dawson and Bartholomew, 1958), and the intensifica-
tion of metabolism has apparently comprised a mostimportant step
in the evolution ol homeothermy. Zeuthen (1953) has suggested that
this intensitfication was achieved through prolongntion of the develop-

mental phase i which metabolism and s1ze ave nearly proportonal,
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Hemmingsen (1960) emphasizes that the transition from a poikilo-
thermic to a homeothermic metaboliclevel was to a great extent de-
pendent on an increase in the area ofthe respiratory surfaces. Ob-
viously this transition exercised a profound effect on the respiratory,
circulatory, and other organ systems of the nascent homeotherms.
The bolstering of the capacity of these systems, which served to sus-
tain heightened demands of metabolism, probably contributed subse-
quently to the development of the thermoregulatory processes. For
example, modifications of the cardiovascular system, which allowed
operation with a higher cardiac output and higher systemic blood
pressure, probably improved capacities for transport of heat over
those possessed by reptiles.

The elevation of the general level of metabolism made possible
the development of effective chemical regulation. Such regulation
appears to provide the initial means by which young birds control
body temperature in moderate to cool environments. For example,
the development of temperature regulation in young House Wrens
(Troglodytes aedon)at an ambient temperature of 18 C is closely
correlated with the appearance of muscle tremors (Odum, 1942).
Similarly, in young domestic fowl, the ability to maintain body tem-
peratcx)lre at a high level during exposure to an ambient temperature
of 20 C initially appears tobe associated with the acquisition of the
ability to shiver (Randall, 1943). These observations suggest that the
development of chemical thermoregulation was one of the initial
steps in the evolution of homeothermy inbirds. Martin (1903) reuch-
ed a similar conclusion for the evolution of this condition in mam-
mals on the basis of his studies of temperature regulation in adult
monotremes, marsupials, and placentals. If this suggestion is cor-

rect, the advent of chemical thermoregulation must have provided
the initial means by which a level of body temperature established
under favorable conditions as a result of suitable behavioral pat-
terns and of an intensificd level of metabolism could be maintained

in cooler surroundings.

The principal development in the evolutionof chemical thermo-
regulation in the avian line has concerned mechanisms for varying
muscular heat production. Increasing muscle tonus and, ultimately,
shivering are the principal means besides activity by which con-
temporary birds augment their heat production (Steen and knger,
19575 King and Farner, 1960}, The ability tosustain elevated levels

N
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of heat production for long periods of time appears well developed
in many birds, particularly small northern species. These birds,
which include the Snow Bunting (Plectrophenax nivalis) studied by
Scholander et al. (1950b), the Yellow Bunting (Emberiza citrinelia)
studied by Wallgren (1954), the several previously mentioned species
studied by Steen (1958), the Evening Grosbeak(Hesperiphona vesper-
tina), and Red and White-winged Crossbills (Loxia curvirostris) and
L. leucoptera) studied by Dawson and Tordoff (1959 and unpublished),
have lower critical temperatures well above the ambient tempera-
tures which they encounter in their habitats during winter. Although
it would seem advantageous for these animals tobe able to supplant
the thermogenesis achieved by shivering with that stimulated by hor-
monal substancesin meeting their requirements for elevated heat
production, they appear not to possess the latter mechanism (Hart,
1958).

Once the intensification of metabolism had been achieved in the
avian line, relatively littlediversification of metabolic level appears
to have occurred, other than that associated with the diversification
of body size. Although the relation of basal metabolism to body
weight in birds is less well known, particularly at the extremes of
size, and apparently more complex than thatfor mammals (King and
Farner, 1960), it appears similar in arctic, temperate, and tropical
species. This has led Scholander, Irving, and associates to empha-
size that basal metabolic rate is fundamentally non-adaptive fo cli-
mate (Scholander etal., 1950a; Scholander, 1955; Irving et al., 1955,

and Irving, 1960).

Physical Regulation

The various components of physical regulation, which serve to
alter heat loss by modification of rates of heat transfer and evapora-
tion, probably did not arise simultaneously inthe avian evolutionary
line. The ability of contemporary reptiles such as the lizards Dipso-
saurus dorsalis and Sauromalus obesus to pant when heated (C—m\'lo.s
and Bogert, 19-44: Dawson and Bartholomew, 1958; Dill, 1938) sug-
gests that this mechanism for enhancing evaporative cooling could
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have appeared in thislineas alegacyfrom its reptilian antecedents.
T